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Abstract. The metabolism and pharmacokinetics of vinyl chloride (VC) have been extensively studied in
rodents and humans, but the maximum velocity (V and Michaelis constant (K ) for the activation of VC
by microsomal monooxygenases in vitro have not yet been determined. Using a new sensitive assay, the

max)

epoxidation of VC by rat liver microsomes (adult Sprague—Dawley) at concentrations from 1 ppm to 10° ppm
in the gas phase was measured. In the assay, the reactive VC metabolites chloroethylene oxide and
2-chloroacetaldehyde were trapped with excess cAMP, yielding 1,N ®-etheno-cAMP (ecAMP) which was
quantitated by HPLC fluorimetry. The trapping efficiency of electrophilic VC metabolites by cAMP was close
to 10%. The specificity of the method was confirmed by purification of ecAMP on an immunogel. The VC
concentration in the gas phase was measured by GC/flame ionization detection, while in the aqueous phase it
was calculated from the partition coefficient between air and the microsomal suspension. Activation of VC by
rat liver microsomes followed Michaelis—-Menten kinetics with K, = 7.42 = 0.37 (£SD) pM and V.

4674 + 46 pmol * mg protein~ ' * min~ . Inhibitor studies and immunoinhibition assays showed that VC was
activated by cytochrome P450 (CYP) 2E1 down to 1 ppm in the air phase. Based on the metabolic parameters
determined, the uptake of VC by rats in vivo can be accurately predicted. BIOCHEM PHARMACOL 55;9:1445-1452,
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VCS§ induces liver tumors in humans and rodents [1, 2] and
is mutagenic in a number of experimental systems [1, 3].
Both adverse effects of VC are mediated through its
activation into chloroethylene oxide by microsomal mono-
oxygenases [4, 5]. Four DNA adducts have been identified
in rodents exposed to VC (reviewed in [6]), including a
major adduct, 7-(2-oxoethyl)guanine, and three minor
etheno adducts (1,N°-ethenoadenine, 3,N*-ethenocy-
tosine and N?,3-ethenoguanine) which exhibit promuta-
genic properties (reviewed in [7, 8]). Chloroethylene oxide
and its rearrangement product 2-chloroacetaldehyde can
both react in vitro with nucleic acid bases to yield etheno
derivatives [9, 10].

The pharmacokinetics and metabolism of VC have been
well characterized in several mammalian species, including
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humans [11], where VC is mainly metabolized in the liver
[12]. In rats exposed by inhalation, the uptake of VC is
perfusion-limited at low concentrations and follows first-
order kinetics; above 250 ppm, the metabolic absorption of
VC is saturated and the uptake kinetics are of zero-order
[13]. Pharmacokinetic studies in humans have shown large
interindividual variations in uptake and metabolism of VC
[12]. This variability has been confirmed by in vitro studies
where VC was activated by human liver microsomes [5, 14,
15]. CYP 2E1 is thought to be the major CYP isozyme
involved in the bioactivation of VC both in humans [5] and
rats [16]. It has been shown that the phenobarbital-
inducible CYP 2B1 can also metabolise and activate VC in
rats [17, 18]. However, these studies were carried out at
high VC concentrations, and the possible involvement of
other CYP isoforms at low concentrations was not ad-
dressed. In addition, the kinetics of enzymatic activation of
VC in vitro had not yet been established. For these reasons,
we determined the kinetics of VC activation by rat liver
microsomes over a large concentration range, from 1-10°
ppm in the air phase. A sensitive assay, based on the
measurement of ecAMP formed by the two reactive VC
metabolites chloroethylene oxide and 2-chloroacetalde-
hyde in the presence of cAMP, was used [19, 20]. To
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characterise the CYP isozymes involved, the effects of some
chemical inhibitors and monoclonal antibodies on VC
activation were also examined.

MATERIALS AND METHODS
Chemicals

cAMP, ecAMP, edAdo, NADPH, diethyldithiocarbamate,
and chlorzoxazone were obtained from Sigma Chemical
Co. Formic acid (ultrapure grade) was obtained from
Normatom-Prolabo. Sepharose CL 4B and protein
A/Sepharose CL 4B were purchased from Pharmacia-LKB.
Tetrabutylammonium phosphate (Pic A reagent), obtained
from Waters—Millipore, was diluted to a concentration of 5
mM in water before use. Murine monoclonal antibody
EM-A-1 (supernatant from hybridoma cell cultures), pre-
pared as described previously [21], was obtained from
Professor M. F. Rajewsky (Institute of Cell Biology, Uni-
versity of Essen, Germany). Monoclonal antibodies against
rat CYP isozymes (clones 1-91-3, 1-7-1 and 2-66-3, directed
against CYP 2E1, CYP 1A1/1A2 and CYP 2B1/2B2,
respectively) [22-24] and antibody HyHel (against chicken
lysozyme) were obtained from Dr. S. S. Park (Laboratory of
Comparative Carcinogenesis, National Cancer Institute,
Frederick, MD). Pure (>99.9%) VC was a gift from
Elf-Atochem (St Fons, France). Gas mixtures of VC in N,
(at concentrations of ca. 10, 100, 1,000 and 30,000 ppm)
were purchased from Airgaz. Before use, VC was transferred
to gas sampling bags (Tedlar bags from Chrompack).

Preparation of Microsomes

Liver microsomes were prepared from 5-week-old male
Sprague-Dawley rats, as described [25]. Pools of microsomes
from five animals were used in the experiments. Stock
microsomal suspensions (stored at —80°) were prepared in
0.1 M of potassium phosphate buffer (pH 7.4) supple-
mented with 1 mM of K,EDTA, 0.1 mM of dithiothreitol
and 20% (v/v) glycerol. They contained ca. 10 mg of
proteins/mL (measured using the Protein Assay from Bio-
Rad S.A.) and 0.95 nmol of CYP/mg of proteins (measured
according to Omura and Sato, [26]).

Microsomal Assays

Enzymatic reactions were carried out in 39.2 mL serum type
vials fitted with screw caps and Teflon-lined septa (Su-
pelco). The microsomal reaction mixture contained 25 mM
of cAMP, 1 mM of NADPH and 100 pL of microsomal
suspension (~1 mg of proteins) in 1 mL of 50 mM of
Tris-HCI buffer, 8 mM of MgCl,, pH 8.0. The mixture was
prewarmed in a stirring water bath at 37° for 1 min, and VC
was injected at different concentrations into the headspace
using gas-tight syringes (Hamilton Co.). The enzymatic
reaction was initiated by injecting an NADPH solution
and, after a rapid stirring on a vortex, allowed to proceed at
37° for 30 min. It was stopped by addition of 80 wL 0.5 M
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of formic acid to lower the pH to 4.1. Vials were then
transferred at 100° for 30 min to complete the formation of

ecAMP [19].

Determination of VC Concentration in the Headspace

Concentration of VC in the headspace was measured by
GC (118- X 1/8 in. stainless steel column packed with
80/100 mesh Porasil C, Supelco). The GC system was
equipped with a hydrogen flame ionization detector. VC
was analyzed at a constant oven temperature of 150°. The
injector and detector were held at 200°. The helium carrier
gas flow was adjusted to ca. 20 mL/min.

Determination of Partition Coefficients

The liquid/air partition coefficients for VC were deter-
mined with 0.9% (w/v) saline and microsomal suspensions,
using a modified version of the headspace vial equilibration
technique [27, 28]. One mL of VC at 30,000 ppm was
injected into the headspace of a 39.2-mL vial (vial I)
containing 1 mL of aqueous phase. The latter consisted of
stock microsomal suspension diluted tenfold in 50 mM of
Tris-HCI buffer, pH 8.1, and supplemented with 25 mM of
cAMP. After 30 min at 37°, 1 mL of headspace from each
vial was removed and analyzed by GC to determine its
concentration in VC (C,;). One hundred pL of the
aqueous phase were transferred (using a gas-tight syringe) to
a second vial (vial II) with an internal volume of 1.62 mL.
After 30 min at 37°, 100 wL of the gas phase in vial II were
collected and analyzed by GC to determine the concentra-
tion of VC (C,,). The partition coefficient K was calcu-
lated by equation (1):

Cglvgl

K=——
(CgI_CgZ)Van

(1)

where V,, and V,, are the volumes of the gaseous and
aqueous phases in vial II, respectively.

Quantitation of ecAMP

Samples containing ecAMP were supplemented with
edAdo (40 ng/mL) as an internal standard and analyzed by
HPLC fluorimetry using a Waters—Millipore model 510
liquid chromatograph coupled to a Perkin—Elmer LS40
fluorescence detector and to an SP 4290 integrator (Spec-
tra-Physics). Samples were injected onto a Nucleosil C18
column (25 cm X 4.6 mm, 10-pwm particle size, Société
Francaise Chromato Colonne) and eluted in acetonitrile/5
mM of Pic A reagent (13.5: 86.5, v/v) at a flow rate of 2
mL/min. The fluorescence of column effluent was moni-
tored at excitation and emission wavelengths of 300 and
415 nm, respectively. The ratio of areas measured for
ecAMP (retention time =~ 5.1 min) and edAdo (retention
time =~ 2.8 min) was used to calculate ecAMP concentra-
tion in the samples. The detection limit was 0.2 pmol.
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Purification of ecAMP on Immunodffinity Columns

In some experiments, ecAMP formed in the microsomal
mixtures was prepurified on immunoaffinity columns before
the HPLC analyses. Immunoaffinity columns were prepared
with antibody EM-A-1, as described previously [20]. After
addition of edAdo as an internal standard, samples were
diluted up to 2 mL with 11.5 mM of phosphate-buffered
saline (pH 7.4) containing 0.02% (w/v) sodium azide and
filtered through 1 mL of a Sepharose CL 4B gel to remove
precipitated proteins. They were then loaded at 4° onto
immunoaffinity columns and purified [20]. This improved
assay permitted the measurement of metabolic activation of
VC down to a concentration of 1 ppm in the air.

Determination of the Ratio of VC Metabolised to
€cAMP Formed

To determine the yield of ec AMP formed by reaction of VC
metabolites with cAMP, assays of VC activation were
carried out in 1.62- and 1.40-mL vials, in the presence of
0.5 mL of microsomal reaction mixture. One hundred or
125 pL of 900 ppm VC were injected into the headspace of
the reaction vials and of empty vials (containing no
aqueous phase). After incubation for 25 min at 37° a
100-pL aliquot of the headspace was withdrawn for GC
analysis. Forty pL of 0.5 M of formic acid were added to the
reaction vials which were further incubated at 100° for 30
min. The amount of VC metabolised Qy, was calculated
from equation (2):

Qu = C,Vr — Cu(V, + KV,) (2)

where V1, V,, and V, are the internal volume of the empty
vials and the volumes of the aqueous and air phases in the
reaction vials, respectively; C,; and C,, are the headspace
concentrations of VC in the empty and reaction vials,
respectively, and K is the microsome/air partition coeffi-

cient of VC.

Chemical Inhibitions and Immunoinhibitions

Three hundred uM of diethyldithiocarbamate [5], 50 uM
chlorzoxazone [29] and 10 mM ethanol [30, 31] were used
for chemical inhibition assays. They were added to the
microsomal reaction mixtures which were preincubated for
3 min at 23° before the addition of VC and NADPH. The
enzymatic reactions were performed as described above.
The immunoinhibition assays were performed with the
following monoclonal antibodies against rat liver CYP
isozymes: clone 1-91-3 specific for ethanol-inducible CYP
2E1, clone 1-7-1 specific for methylcholanthrene-inducible
CYP 1A1/1A2, and clone 2-66-3 specific for phenobarbi-
tal-inducible CYP 2B1/2B2 [22-24]. Clone HyHel, an
antibody against chicken egg lysozyme, was used as a
negative control. The antibodies were incubated with
microsomes for 15 to 30 min at 23° before the addition of
the other components. Their concentration was selected in
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order to reach the maximal inhibition of enzymatic activity.
The total protein concentration (immunoglobulins plus
microsomal proteins) in the reaction mixture was main-
tained at 1 mg/mL.

Calculation of Data

Unless otherwise specified, results are reported as means =+
SD of triplicate assays. Linear and nonlinear regressions
were performed using the SigmaPlot software from Jandel
Scientific GmbH. Analyses of variance were done with the
Stata Statistical Software (Stata Corp.).

Estimation of K,, ., Following In Vivo Inhalation

K app after in vivo inhalation was estimated from the
Michaelis constant K, using a pharmacokinetic model
developed by Andersen [32]. Firstly, C, .., the maximum
transhepatic concentration gradient sustainable at a he-
patic blood flow Q; , was calculated as V. /Q, with Q; =
0.0136 L/min for a 250 g rat (estimated from Fiserova—
Bergerova, [33]). Then, the C_,, and K, values were used
in equation (3) to calculate K, , ., the arterial concentra-
tion of VC at which the concentration gradient across the
liver is C___ /2:

max

Koapp = —5— % D) (3)

where d = C,./2K,..
To estimate K, after in vivo inhalation, the K, .. must
be divided by the steady-state blood/gas concentration ratio

or effective partition coefficient (N )1/, given by equation

(4):

N
1+ F(Cmax/ZKm,app)(QT/Valv)N

(N 112 = (4)

where N is the thermodynamic blood/air partition coeffi-
cient of VC (N = 1.68; [34]), F the fraction of cardiac
output perfusing the liver (F = 0.22; [33]), Qy the cardiac
output (Qp = 0.068 L/min for a 250 g rat; estimated from
Fiserova—Bergerova, [33]) and V_,, the alveolar ventilation
(V4 = 0.084 L/min for a 250 g rat; estimated from

alv

Fiserova—Bergerova, [33]).

RESULTS
Optimisation of the Assay

Using closed systems, one limitation with equilibration
methods is the depletion of substrate during incubation in
presence of the metabolic system. In our study, this was
minimised by using vials with an empty volume of 39.2 mL
and adding 1 mL of the microsomal system (see below).
Control incubations were run without NADPH to demon-
strate that VC was not lost unspecifically from the vials. To
optimise the assay, the effect of different components on
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the activation of VC at 1 ppm in the air phase was
investigated. After 30-min incubations, the ecAMP formed
was purified by immunoaffinity and measured by HPLC
fluorimetry. It was found (data not shown) that the yield of
€cAMP increased linearly with: 1) the concentration of
microsomal proteins (with a maximum obtained at 1 mg of
protein/mL, followed by a decrease); 2) the concentration
of NADPH (up to 0.5 mM of NADPH, followed by a
plateau); and 3) the concentration of the trapping agent
cAMP (up to 25 mM). Using these optimal conditions (1
mg of protein/mL, 1 mM of NADPH, 25 mM of cAMP),
the formation of ecAMP as a function of time was then
measured in presence of low (1 ppm), intermediate (800
ppm) and high (982,000 ppm) concentrations of VC in the
air phase. At all concentrations of VC, the yield of ecAMP
increased linearly with time during the first 60 min. Our
kinetic studies showed that equilibration occurred within 1
min after the addition of NADPH.

Partition Coefficient of VC

The microsomal mixture/air partition coefficient for VC,
needed to calculate the substrate concentration in the
aqueous phase, was determined to be 0.56 = 0.13 (N = 7).
Using the same method, the saline/air partition coefficient
was found to be 0.41 = 0.16 (N = 4), which is very close
to the value of 0.43 reported by Gargas et al. [28].

Ratio of VC Metabolised to ecAMP Formed

To determine the efficiency of cAMP in trapping the
reactive metabolites of VC, the disappearance of VC from
the headspace was measured in parallel to the formation of
ecAMP in the aqueous phase. In the presence of 25 mM of
cAMP, the molar ratio of VC metabolised to ecAMP
formed was found to be 9.85 = 0.85 (N = 6).

Kinetics of VC Metabolism

The kinetic parameters for VC oxidation by rat liver
microsomes were determined by measuring the formation of
e€cAMP at concentrations of VC in the headspace ranging
from 1 to 982,000 ppm. ecAMP was separated by HPLC
together with a known amount of edAdo, used as an
internal standard, and quantitated by fluorimetry. The
specificity of the assay was confirmed by performing a
prepurification of ecAMP formed in the microsomal mix-
ture on an immunoaffinity gel (specific for 1,N °-etheno-
adenine nucleotides or nucleosides) before analysis by
HPLC fluorimetry: similar levels of ecAMP were found
with and without the immunopurification step. This im-
munopurification step was necessary for accurate measure-
ment of ecAMP at low concentrations (e.g., ecAMP formed
in the presence of 1 or 2 ppm of VC). Since at these low
concentrations, the presence of contaminating ecAMP in
the commercial cAMP preparation interfered with the
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FIG. 1. Kinetic of metabolic activation of VC by rat liver
microsomes in vitro. The solid line is the computer fit of the
Michaelis-Menten equation to the data. The following constants
were deduced: V= 4674 * 46 pmol/mg protein/min and K,

max

= 7.42 + 0.37 pM.

analysis, cAMP was prepurified on the immunogels before
use.

The curve representing the metabolic rate V (pmol VC
metabolised/mg protein/min) as a function of the substrate
concentration S (wM) was characteristic of Michaelis—
Menten kinetics (Fig. 1). In Fig. 1, V was obtained from the
quantity of ecAMP measured multiplied by 9.85, and S was
calculated from the initial concentration of VC in the gas
phase, using a partition coefficient of 0.56. A correction
was made as follows to take into account depletion of the
substrate due to metabolic degradation (this depletion was
not negligible, i.e. >10%, below 500 ppm VC). A numeric
simulation showed that the substrate concentration in the
aqueous phase and the metabolic rate both decreased in a
virtually linear fashion with time under our experimental
conditions. Therefore, the average substrate concentration
S during the 30-min incubation was calculated and used to
determine the kinetic parameters for VC activation (Fig.
1). In absence of VC, a background of 21.3 * 5.1 pmoles of
ecAMP (N = 6) was measured in the microsomal system,
following a 30-min incubation at 30°. This was probably
due to the concurrent, NADPH-dependent formation of
ecAMP by lipid peroxidation products in the microsomal
suspension [20]. The metabolic rate V was corrected for this
background (Fig. 1).

Nonlinear regression of the data shown in Fig. 1 (ob-
tained between 1 and 15,000 ppm VC) yielded the follow-
ing Michaelis-Menten parameters: K, .. = 7.42 * 0.37
(£SD) pM and V.. = 4674 = 46 pmol/mg protein/min.
The Lineweaver—Burk plot representation showed a linear
relationship between 1/V and 1/S for atmospheric concen-
trations of VC ranging from 40 to 15,000 ppm (not shown).
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FIG. 2. Formation of ecAMP from cAMP in presence of rat liver
microsomes and 2 ppm VC: effects of different substrates or
inhibitors of CYP 2E1. Assays (1 mL) contained 25 mM of
cAMP and 1 mg of microsomal proteins. Additions (+) or
omissions (—) in the different assays were as follows: I, + VC;
II, + VC, + diethyldithiocarbamate (300 uM); III, — VC, +
diethyldithiocarbamate; IV, + VC, + chlorzoxazone (50 pM,
dissolved in 20 pL of methanol); V, — VC, + chlorzoxazone;
VI, + VC, + 20 pL of methanol; VII, + VC, + ethanol (10
mM); VIII, — VC, + ethanol. Values represent means = SD of
3 to 5 determinations. With the exception of assay VI, all other
assays were significantly different from assay I (P < 0.001,
Bonferroni multiple comparison test).

The parameter values obtained using this linear transfor-
mation were: K, .= 6.44 = 0.58 pM; V. = 4589 *
296 pmol/mg of protein/min. No significant deviation from
this linear relationship was observed at low concentrations
of VC, down to 1 ppm: the slope of the reciprocal plot was
(1.417 = 0.044) X 10> pmol/mg of protein/min * pM
between 40 and 15,000 ppm, and (1.402 + 0.054) X 10~
pmol/mg of protein/min * WM between 1 and 24 ppm. This
indicates that a single isozyme was involved in the bioac-
tivation of VC. The metabolic rate measured at 982,000
ppm VC was also consistent with these kinetics.

max

Chemical Inhibitors of VC Oxidation

To verify whether CYP 2E1 was the only isozyme involved
in the activation of VC at low concentrations, microsomal
assays were carried out at 2 ppm VC in the presence of
chemical inhibitors of CYP 2E1 (Fig. 2). In the presence of
300 pM of diethyldithiocarbamate, the formation of
ecAMP was inhibited by 64% (assay 1I) as compared to the
assay without inhibitor (assay I). Addition of 50 pM of
chlorzoxazone (dissolved in 20 wL of methanol) to the
reaction mixture led to a similar reduction (50%) in the
formation of ecAMP (assay IV). Methanol alone (at 2%
final concentration) had no significant effect on the acti-
vation of VC (assay VI). In contrast, the formation of
€cAMP was inhibited by 60% in the presence of 10 mM of
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FIG. 3. Activation of VC (4000 ppm) by rat liver microsomes:
inhibitory effect of antibody 1-91-3 directed against CYP 2E1.
Two hundred-microliter microsomal suspensions containing
100 pg of proteins were preincubated at room temperature with
varying amounts of antibody 1-91-3 (completed with a nonspe-
cific antibody to keep the total protein concentration constant).
After 15 min, microsomal reactions were started by the addition
of cAMP (25 mM), NADPH (1 mM) and VC. Values (ex-
pressed as % residual activation) represent means * SD of 3
determinations.

ethanol (assay VII). The residual levels of ecAMP formed
in the presence of VC and either of the three inhibitors
(assays II, IV, VII) were similar to the levels measured in
the absence of VC (assays 111, V, VIII), thus indicating that
a complete inhibition of VC oxidation was achieved under
these conditions.

Immunoinhibition of VC Oxidation

Microsomal reactions were also performed in the presence
of several monoclonal antibodies that inhibit specific
CYPs. Clone 1-91-3, directed against CYP 2E1, was an
efficient inhibitor of the oxidation of VC by rat liver
microsomes, at high (Fig. 3; 4,000 ppm VC) as well as low
VC concentrations (Fig. 4; 1 ppm VC). The other two
antibodies tested, 1-7-1 and 2-66-3, did not inhibit the
formation of ecAMP (data not shown). The level of
ecAMP measured after microsomal incubations in presence
of 1 ppm of VC and of antibody 1-91-3 (Fig. 4, assay II) was
similar to the background level detected in microsomal
mixtures without VC (Fig. 4, assay III).

Prediction of Metabolic Constants In Vivo

Under the assumption that all the metabolic absorption of
VC in wvivo is accounted for by the hepatic tissue [12], we
can use the metabolic constants determined in this study to
estimate the rate constants for the metabolism of VC in
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FIG. 4. Formation of ecAMP from cAMP in presence of rat liver
microsomes and 1 ppm of VC: inhibition by antibody 1-91-3
directed against CYP 2E1. Assays (1 mL) contained 25 mM of
cAMP and 0.5 mg (assays I and II) or 1 mg (assay III) of
microsomal proteins. I: with 0.5 mg of antibody HyHel (against
chicken lysozyme); 1I: with 0.5 mg of antibody 1-91-3; III,
control without VC. Values represent means *= SD of 6
experiments. Data in assay Il were significantly different from
those in assay I (P < 0.001, Bonferroni multiple comparison test).

rats. The in vivo V. can be extrapolated directly from the
inwitro V... Considering that the liver represents 4% of rat
body weight and contains approximately 1% by weight of
microsomal proteins, we can calculate a maximum rate of
metabolic uptake of 112 wmol of VCl/kg bw/hr in rats.
Because the metabolic absorption of VC is perfusion-
limited [13], the in vitro K, value cannot be directly
converted into an inhalational K, in rats. Applying the
pharmacokinetic model developped by Andersen [32] to
describe the metabolism of inhaled gases and vapours (see
Materials and Methods), the following constants were
calculated: C,,, = 34.31 pmol/L of blood; K, .., = 19.04
pmol/L of blood; N ¢, = 1.28; inhalational K
14.88 pmol/L of air (equivalent to 360 ppm).

mapp

DISCUSSION

Using an assay based on the trapping of the reactive
metabolites chloroethylene oxide and 2-chloroacetalde-
hyde by cAMP to vyield the fluorescent product ecAMP
[19], we investigated the kinetics of VC oxidation by rat
liver microsomes. These kinetics were established over a
large range of VC concentrations, including low concen-
trations to which humans have been and even may be
exposed today. The data show that VC oxidation follows
Michaelis—-Menten kinetics, with a V. of 4674 = 46
pmol * mg protein” ' * min~ ' and a K, of 7.42 + 0.37 uM.
As confirmed by inhibition and immunoinhibition assays,
a single isozyme, CYP 2El, is involved in the activation
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of VC by hepatic microsomes from adult, noninduced
Sprague—-Dawley rats, at concentrations ranging from 1 to
982,000 ppm.

Despite numerous reports on the metabolism of VC, its
kinetic constants had not yet been reported, reflecting the
general difficulty in studying enzyme kinetics of volatile
organic chemicals (see e.g. [16, 35]). Most often, the
kinetics of these volatile compounds have been established
by measuring their disappearance from the air phase in the
presence of an aqueous microsomal suspension (gas uptake
methods; e.g. [27, 36, 37]). The problems associated with
these assays have been discussed by Hwang et al. [35]. They
include large variations in kinetic results and insignificant
depletion rate of substrate in the gas phase. In this work, we
applied a variation of the vial-equilibration method [27]
and measured the reactive metabolites formed in the
aqueous suspension, following their trapping with cAMP
[19, 20]; thereby, we were able to measure activation of VC
down to 1 ppm. One disadvantage of our method is that
analysis of multiple vials is required. A similar system, but
with adenosine as the trapping agent, was previously used
by Guengerich et al. [5] to study the activation of VC in the
presence of human hepatic microsomes; however, it was not
designed for studies at low substrate concentrations.

Lineweaver—Burk plots have been used to determine how
many isozymes could contribute to the microsomal metab-
olism of dialkylnitrosamines [38, 39]: polyphasic kinetics
were considered as indicating the involvement of several
isozymes with different K, and V... The reciprocal plot
for VC activation by rat liver microsomes shows a single
regression line between 982,000 and 1 ppm, thus pointing
to a single isozyme.

The involvement of CYP 2EI in the metabolic activa-
tion of VC by human liver microsomes has been demon-
strated previously by Guengerich et al. [5]. Earlier studies
with isolated rat hepatocytes had indicated that the meta-
bolic activation of VC (at 100 ppm in the gas phase) was
inhibited by ethanol, thus pointing to an ethanol-sensitive
CYP [40]. More recently, Barton et al. [16] provided
evidence for the metabolism of VC in Sprague—Dawley rats
being associated with the activity of CYP 2E1. The phe-
nobarbital-inducible CYP 2B1 is also able to oxidize VC
[17, 18], but is present at very low levels in the liver from
untreated rats [41]. To confirm that CYP 2E1 was involved
in the activation of VC at low concentrations (1 and 2
ppm), we carried out chemical inhibition and immunoin-
hibition assays. The formation of ecAMP was efficiently
inhibited by diethyldithiocarbamate, chlorzoxazone and
ethanol (Fig. 2). Diethyldithiocarbamate has been estab-
lished as a mechanism-based, selective inhibitor of human
P450 2E1 [5]. Chlorzoxazone, which is oxidized by CYP
2E1, inhibits the metabolism of other CYP 2E1 substrates in
a competitive manner [29]. Ethanol is known to be an
inhibitor of CYP2E1-related activities in wvitro [30, 31].

Gas uptake studies in rats have shown that, at low
concentrations, the metabolic absorption of VC is perfu-
sion-limited, following first-order kinetics; above 250 ppm,



Kinetics of Vinyl Chloride Oxidation by Rat Liver Microsomes

the kinetics become zero-order [13]. A Michaelis-Menten
model has also been applied to describe with a good
approximation the metabolism of VC in rats [42]. Assum-
ing that the liver is the major organ involved in the
metabolic activation of VC [12], the in vitro V, obtained
in this study can be converted directly into an in vivo V__,
yielding a value of 112 wmol/kg bw/hr. In male Wistar rats,
Filser and Bolt [13] measured a V. of 110 pmol/kg bw/hr.
Gehring et al. [42] calculated the metabolic constants for
inhalation of [**C]-VC in male Sprague—Dawley rats from
the total radioactivity bound to the carcasses and found a
Vnax Of 91.3 pwmol/kg bw/hr. Omitting an outlying data
point from these data, Chen and Blancato [43] recalculated
a V.. of 107.5 pmol/kg bw/hr. The concordance of the
V hax extrapolated from in wvitro measurements with the
values determined in experimental animals shows that
virtually all the metabolic absorption of VC in vivo occurs
in the liver.

To convert the in vitro K, into an inhalational K, .,
we used the equations established by Andersen [32] and
calculated a value of 14.88 wmol/L of air. Filser and Bolt
[13] reported data compatible with an inhalational K,
of 10 wmol/L of air and Gehring et al. [42] reported a value
of 13.76 wmol/L of air. After recalculation, the latter
studies yielded a K, of 14.93 pwmol/L of air [43]. Therefore,
our predicted metabolic parameters in vivo are very close to
those determined experimentally. This further supports the
theoretical model developped by Andersen [32] to describe
the metabolic absorption of inhaled genotoxicants under
perfusion-limited conditions and suggests that the pharma-
cokinetics of VC in humans could be predicted with an
acceptable accuracy from the kinetic constants measured
with human liver microsomes.

In conclusion, the kinetic constants measured in this
study should be useful in physiologically based pharmaco-
kinetic modelling and cross-species extrapolation (see, e.g.
[36, 43, 44]). The assay can also be applied to investigate
the metabolism of VC, and of other carcinogens that form
etheno adducts [7], by human liver microsomes and at low
substrate concentrations.
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