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Abstract— These studies have indicated there is present in rat lung microsomes a mixed-function oxidase
enzyme system capable of metabolizing parathion to paraoxon and to diethyl phosphorothioic acid.
In addition. analogous to previous results using rat liver microsomes, the sulfur atom released in
the metabolism of parathion to paraoxon was found to covalently bind to lung microsomes. In
contrast to liver, the metabolism of parathion by rat lung microsomes is not inducible by pretreatment
of the animals with phenobarbital or 3-methylcholanthrene. The metabolism of parathion by lung
microsomes is stimulated by NADPH and oxygen and is inhibited by carbon monoxide, anaerobic
conditions. SKF-525A and piperonyl butoxide. There is also present in a particulate fraction of rat
brain equivalent to microsomes an enzyme or enzyme system capable of metabolizing parathion to
paraoxon and to diethyl phosphorothioic acid. The metabolism of parathion to paraoxon by rat brain
microsomes is also accompanied by the release and covalent binding of the sulfur atom of parathion.
The activity in rat brain microsomes is stimulated by oxygen and NADPH and inhibited by carbon
monoxide. anaerobic conditions, SKF-525A and piperonyl butoxide. These data suggest that cytoch-
rome P-450-containing mixed-function oxidase enzyme systems are responsible for the NADPH-stimu-

fated catalytic activity toward parathion found in rat lung and rat brain microsomes.

The organophosphate insecticide parathion (diethyl p-
nitrophenyl phosphorothionate) is metabolized by
mammalian hepatic mixed-function oxidase enzyme
systems to its toxic metabolite paraoxon (diethyl p-
nitrophenyl phosphate) [1-3] and to its essentially
nontoxic metabolites diethyl phosphorothioic acid
plus p-nitrophenol [4.5].

The principal cause of death in mammals exposed
to parathion is respiratory failure. It has been gener-
ally assumed that the sequence of events leading to
respiratory failure is the hepatic mixed-function oxi-
dase catalyzed metabolism of parathion to paraoxon,
a potent inhibitor of acetyicholinesterase, followed by
transfer of the paraoxon via the circulatory system
to the lung and brain, where inhibition of this enzyme
results in respiratory failure. However, it has recently
been suggested that the metabolism of parathion and
other cholinergic phosphorothionate triesters to their
toxic oxygen analogues in extrahepatic tissue may be
of greater importance in regards to the toxicity of
this compound [6,7].

There have becn relatively few studies of the extra-
hepatic metabolism of parathion in mammals. Kubis-
tova [8], using an anticholinesterase assay for para-
oxon. found evidence for the metabolism in vitro of
parathion to paraoxon in tissue slices from the small
intestine, lung, kidney and suprarenal gland of the
adult female rat. However, no activity was detectable
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in slices of heart muscle, diaphragm, spleen, pancreas,
brain or ovaries. Neal [4] and Nakatsugawa et al.
[9], using 9000g supernatants and whole homo-
genates, respectively, of various tissues of the rat, were
able to detect significant metabolic activity toward
parathion in the lung and kidney but found only ques-
tionable activity in the brain, intestine, spleen, pan-
creas and heart. Alary and Brodeur [10], using homo-
genates of various tissues of the rats, detected parath-
ion-metabolizing activity in the intestine, lung and
kidney but not in the brain, serum or skeletal muscle.

Of the various extrahepatic tissues, the metabolism
of parathion to paraoxon in the brain and lungs is
most likely to be of importance in regard to its toxi-
city [6]. The lung appears to be a particularly impor-
tant tissue in this regard since the cause of death in
acute poisoning is respiratory failure resulting from
the paralysis of the muscles of respiration, bronchio-
constriction, accumulation of fluid in the lungs as well
as central nervous system effects [11].

Although detailed studies of the metabolism of par-
athion by rabbit lung microsomes have been carried
out [6], no comparable studies using rat lung micro-
somes have yet been conducted. The purpose of this
study was to examine in detail the metabolism of par-
athion by rat lung microsomes. In addition, a particu-
late fraction from rat brain equivalent to micro-
somes was examined for its ability to metabolize
parathion.

METHODS

The ethyl-['*C}- and [**S]parathion (6-10 uCi/
pumole) used in these studies were products of the
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Amersham-Searle Corp. NADP, glucose 6-phosphate
and glucose 6-phosphate dehydrogenase were pro-
ducts of Boehringer-Mannheim. SKF-325A was a gift
of Smith, Kline & French. Piperonyl butoxide was
obtained from the K & K Laboratorics.

Adult male Sprague-Dawley rats weighing between
150 and 250 g were used in these studies. Pooled
lungs from eight rats were homogenized in 3 vol. ice-
cold 025 M sucrose, first in a Waring blender (10
sec at top speed) and then in an all glass Potter—
Elvehjem homogenizer using twelve passes. The
pooled brains of eight rats were homogenized in 0-25
M sucrose using eight passes of a Teflon-glass Potter-
Elvehjem homogenizer. These homogenates were cen-
trifuged at 9000 ¢ for 10 min. The supernatants were
removed using a large syringe and recentrifuged at
9000 ¢ for 10 min. The resulting supernatant was cen-
trifuged at 250.000 ¢ for 30 min. The precipitates from
these centrifugations were resuspended in 025 M suc-
rose and centrifuged again at 250,000 ¢ for 30 min.
The precipitates were resuspended in 0-05 M Hepes
buffer (pH 7-8) and used immediately. All operations
were carried out at (0-4°. No attempt was made to
determine the homogeneity of these preparations as
regards contamination with particulate matter other
than endoplasmic reticulum. However, for the sake
of simplicity, the precipitates from the centrifugation
at 250,000 g will be referred to throughout the
remainder of this manuscript as microsomes.

Microsomes isolated from the lungs and brains
were incubated in 0-05 M Hepes buffer {(pH 78) with
labeled parathion in the absence or presence of an
NADPH-generating system (5 pmoles NADP, 15
umoles glucose 6-phosphate and 1 unit glucose 6-
phosphate dehydrogenasc). The incubations were car-
ried out in serum stoppered 50-ml Erlenmeyer flasks
at 37 using a reciprocating shaker bath. The total
volume of the incubations was 2:0 ml containing I'5
to 2:5 mg brain or lung microsomal protein/ml. Par-
athion concentrations of 5 x 10” ¥ and 15 x 107° M
were used in the incubations containing lung and
brain microsomes respectively. The incubation time
was 2 min after a 35-min temperature equilibration
period using lung microsomes and 5 min after a 5-min
temperature equilibration period using brain micro-
somes. In both cases the reactions were started by
injecting parathion dissolved in 50 pl methanol
through the stopper and terminated by injecting 100
ul concentrated HCL The procedures used for mea-
suring paraoxon and diethy!l phosphorothioic acid
formation as well as those used to quantitate the
covalent binding of sulfur to the microsomes have
been described previously [4.12].

In the incubations examining the effect of atmos-
pheres of carbon monoxide and nitrogen on the rates
of metabolism of parathion, serum stoppered 50-ml
Erlenmeyer flasks containing microsomes and the
NADPH-generating system, if applicable, were held
on ice, and the appropriate mixture of carbon monox-
ide and air or nitrogen and air was bubbled through
the solutions for 5 min, After a 5-min period of tem-
perature cquilibration, the reactions were started by
injecting labeled parathion dissolved in methanol
through the stopper. Oxygen-free nitrogen and car-
bon monoxide were obtained by passing these gases
through deoxygenating towers. cach of which con-

tained 200 ml of (0-09%; sodium anthroquinone-2-sul-
fonate and 5%, sodium dithionite in -1 N NaOH.

Rats pretreated with phenobarbital received intra-
peritoneal injections of 50 mg/kg of sodium pheno-
barbital in distilled water daily for 5 days followed
by sacrifice 24 hr after the last injection. Animals pre-
treated with 3-methylcholanthrene received a single
intraperitoneal injection of 20 mg/kg of 3-methylcho-
lanthrene in corn oil followed by sacrifice 72 hr after
the injection.

The estimates of the apparent K, and b, values
and the standard deviations of thesc cstimates were
calculated using a computer program written for this
purpose [13]. The standard normal deviate test was
used to test for significant differences between the
apparent K,, and ¥, values.

RESULTS

Various particulate fractions of rat lung were exam-
ined for their ability to metabolize parathion to para-
oxon and diethyl phosphorothioic acid. In thesc
studies the rat lung was homogenized in 3 vol of
0-03 M Hepes buffer, and the supernatant remaining
after a 20-min centrifugation of the homogenate at
600 ¢ (600 ¢ supernatant), the precipitate from a 10-
min centrifugation at 8000 ¢ (mitochondria), the pre-
cipitate from a centrifugation of the 8000 ¢ superna-
tant for 30 min at 250,000 ¢ (microsomes} and the
supernatant from the final centrifugation (soluble)
were incubated with ['*CJparathion as described in
Methods. The results are shown in Table 1. As can
be seen, the rat lung is capable of catalyzing the meta-
bolism of parathion to paraoxon and diethyl phos-
phorothioic acid. In addition, the data in Table I in-
dicate that the enzyme activity is located primarily
in the microsomal fraction. The small amount of acti-
vity in the mitochondrial and soluble fractions is
thought to be the resuit of microsomal contamination
of these fractions. However, no attempt was made

Table |. Examination of the rate of formation of paraoxon
and diethyl phosphorothioic acid using various particulate
fractions of the lungs of adult male rats*

Metabolitet
{pmoles formed/min/0-5 g
wel wt lung)

Diethyl
phosphorothioic
Cell fraction Paraoxon acid
600 ¢ Supernatant 91t + 119 S66 + S
Mitochondria 199 + 9 88 + 16
Microsomes 711 + 101 343+ 0
Soluble 132 + 19 S5+2

*A 5 x 107° M concentration of ['*Cpurathion was
incubated with the various particulate fractions equivalent
to 0-5 g wet wt of the pooled lungs of cight rats for 2
min as described in Methods. All incubations contained
the NADPH-generating system described in Methods. The
rates of formation of paraoxon and diethyl phosphoroth-
ioic acid werc estimated as described previousty [12].

+ Means + standard deviations of the means of dupli-
cate determinations using microsomes isolated from a
pooled sample of cight rat lungs.
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Table 2. Effect of the presence or absence of NADPH on
43S binding, paraoxon and diethy! phosphorothioic acid

formation*
Reaction measured NADPH+
(pmoles;min/mg protein) Plus Minus
3*S binding 170 + 10 1440
Paraoxon formation 158 + 4 5+0
Diethyl phosphorothioic
acid formation 36+ 2 14+0

* TheS x 1073 M concentrations of [*°S]- (determination
of %S binding) or ['*CJparathion (determination of para-
oxon and diethyl phosphorothioic acid formation) were
incubated with microsomes isolated from the pooled lungs
of eight adult male rats in the presence and absence of
an NADPH-generating system, and the rates of 3°S bind-
ing, paraoxon and diethyl phosphorothioic acid formation
determined as described in Methods. The procedures used
to estimate metabolite formation or sulfur binding have
been described previously [12].

+ Means + standard deviations of the means of dupli-
cate determinations using microsomes isolated from a
pooled sample of cight rat lungs.

to verify this by measurement of the activity of micro-
somal marked enzymes in these fractions. All sub-
sequent studies with rat lung were carried out using
the microsomal fraction.

When [**S]parathion is incubated with micro-
somes isolated from rat liver in the presence of
NADPH. an amount of sulfur. roughly equivalent to
the amount of paraoxon formed in these incubations,
becomes covalently bound to the microsomes [12].
It has been shown that the bound sulfur is that which
is released in the mixed-function oxidase catalyzed
metabolism of parathion to paraoxon. These studies
have also shown that the rate of the mixed-function
oxidase catalyzed metabolism of parathion to para-
oxon may be ecstimated by measuring either the
amount of paraoxon in the incubation mixture at the
end of the incubation or the amount of sulfur cova-

Jently bound to the microsomes. In light of these

results, it was of interest to incubate [3>S]parathion
with lung microsomes, in the presence and absence
of NADPH. and to compare the rate of sulfur binding
to these microsomes with the rate of formation of
paraoxon in equivalent incubations containing
['“C]parathion. In addition, the rate of formation of
diethyl phosphorothioic acid in the incubations con-
taining ['*C]parathion was also measured. The
results of these experiments are shown in Table 2.
In all cases, the rates of the three reactions in the
absence of NADPH were less than 10 per cent of
those seen in the presence of NADPH. Consequently,
the rates of these reactions in the absence of NADPH
were disregarded in subsequent experiments. Analo-
gous to the results obtained using rat liver microsomes
(12]. the rate of sulfur binding was very similar to
that of paraoxon formation using equal aliquots of
the same preparation of lung microsomes.
['*C]Jparathion was incubated with lung micro-
somes in the presence of NADPH, and the amount
of ['*C] covalently bound was compared with the
amount of [**S] bound in an equivalent incubation
containing [*°S]parathion. The results showed that
the amount of ["*C] bound was only 10 per cent

that of [3°S] (data not shown). Thus, the majority,
if not all, of the sulfur bound to the lung microsomes
is free of the remainder of the parathion molecule.

Using rat liver microsomes [ 14] or rabbit lung mic-
rosomes [6], the rate of formation of diethyl phos-
phorothioic acid is approximately 50 per cent that
of paraoxon formation. As shown in Table 2, rat lung
microsomes appear to metabolize parathion to
diethyl phosphorothioic acid at a rate which is only
about 25 per cent that of paraoxon formation.

The pH optimum for the metabolism of parathion
to paraoxon using rat lung microsomes was exam-
ined. The results showed a broad pH optimum with
the maximal rate occurring between pH values of 7
and §5.

The effect of heating the rat lung microsomes on
their ability to metabolize parathion to paraoxon was
also examined. It was found that heating of the micro-
somes to 100° for 5 min completely abolished the
NADPH-stimulated metabolism of parathion to para-
oxon.

The apparent K,, and 1, values for parathion
metabolism by rat lung microsomes as measured by
the rate of sulfur binding, paraoxon and diethyl phos-
phorothioic acid formation are given in Table 3.
There is not a statistically significant difference
between the apparent K, or V., values for paraoxon
formation and the analogous kinetic constants for sul-
fur binding. As was the case with liver microsomes
[12], the sulfur bound when parathion is incubated
with rat lung microsomes is most likely that relcased
in the metabolism of parathion to paraoxon. Also.
analogous to the experiment using hepatic micro-
somes [12], the rate of binding of sulfur to lung mic-
rosomes is apparently equal to or greater than the
rate-limiting step in the series of reactions leading to
the release of sulfur from parathion. The data shown
in Tables 2 and 3 indicate that the rate of metabolism
of parathion to paraoxon by rat lung can be esti-
mated by measuring ecither sulfur binding or para-
oxon formation. The measurement of sulfur binding
has the advantage of being faster and requiring less
expenditure of effort than the measurement of the

Table 3. Apparent K,, and ¥, values for the metabolism

of parathion to diethyl phosphorothijoic acid and to para-

oxon measuring either *°S binding or paraoxon forma-
tion directly*

v,

max

Apparent K,,  (pmoles/min/

Reaction measured (x 107° M) mg protein)
35S binding 53+ 18 184 + 15
Paraoxon formation 79 + 21 206 + 25
Diethy! phosphorothioic

acid formation 90 + 42 57T+ 7

* [3383- or [!*C]-labeled parathion in concentrations of
025 x 107° M, 05 x 107 M, 1 x 107> M, 2 x 107° M
and 4 x 107* M was incubated in duplicate for 2 min
with microsomes isolated from the pooled lungs of eight
adult male Sprague-Dawley rats as described in Methods.
The procedures used to estimate the rate of *°S binding,
paraoxon and diethyl phosphorothioic acid formation have
been described previously [12]. The apparent K, and V,,,
values were determined as described in Methods.
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Fig. 1. Linearity with time of parathion metabolism by
rat lung microsomes as measured by sulfur binding. Each
point represents the mean =+ standard deviation of the
means of duplicate determinations at each time point.
[**S]parathion (5 x 107% M) was incubated with lung
microsomes and an NADPH-generating system as de-
scribed in Methods. The procedures used to estimate the
sulfur binding have been described previously [12].

amount of paraoxon present at the end of the incuba-
tion period.

The linearity of parathion metabolism with time
as measured by sulfur binding to lung microsomes
is shown in Fig. 1. The reaction appears to be linear
for only 2 min or less. Because of the technical diffi-
culties involved in carrying out the simultaneous in-
cubation of a number of samples with reaction times
of less than 2 min, the experiments described in this
paper were carried out using incubation times of 2
min.

Figure 2 compares the amount of sulfur bound to
lung microsomes using increasing concentrations of
microsomal protein and a constant amount of
[**STparathion (5 x 107% M). As can be seen, the
binding of sulfur is linear in the range of 0-5 to 3-0
mg protein/ml. A range of I'5 to 2-5 mg lung microso-
mal protein/ml was used throughout these studies.

The effect of pretreatment of rats with phenobarbi-
tal or 3-methylcholanthrene on the NADPH-stimu-
lated release and binding of labeled sulfur to rat lung
microsomes was examined. The data from these ex-
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periments indicated there were no significant differ-
ences in the rate of the release and covalent binding
of the labeled sulfur to microsomes isolated from the
phenobarbital- or 3-methylcholanthrene-pretreated
animals compared to untreated. It thus appears that,
in contrast with rat liver microsomes [12], the
enzyme or enzyme system in rat lung microsomes
which catalyzes the metabolism of parathion to para-
oxon with the release of a reactive form of sulfur
is not subject to induction by phenobarbital or 3-
methylcholanthrene. An experiment in which the rates
of paraoxon and diethyl phosphorothioic acid forma-
tion were measured was also carried out. Again. no
significant difference in the rate of metabolism of par-
athion to these two metabolites by lung microsomes
was detected in animals pretreated with phenobarbi-
tal or 3-methylcholanthrene compared to untreated.

The effect of atmospheres containing varying con-
centrations of carbon monoxide, nitrogen and oxygen
on the rate of sulfur binding and the rate of formation
of paraoxon and diethyl phosphorothioic acid using
rat lung microsomes is shown in Table 4. When the
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Fig. 2. Examination of sulfur binding using increasing

lung microsomal protein concentrations. Each point repre-

sents the mean + standard deviation of the means of dupli-

cate determinations at cach protein concentration. The in-

cubation time was 2 min and the [?*S]parathion con-

centration was 5 x 107° M. The data are presented as

the total pmoles of *°S bound/min at each protein
concentration.

Table 4. Effect of atmosphercs of carbon monoxide, nitrogen and oxygen compared to air
on the binding of 3°S and the formation of paraoxon and diethyl phosphorothioic acid*

Atmosphere **S bindingt

Paraoxon formationt

Diethyl phosphorothioic
acid formationt

(pmoles/min/mg protein)

Air 197 + 10 |
CO air (90:10) 37+ 6
N, -air (90 : 10) 20%2 1
N, 26+ 3
0, 147 + 7 I

+3 51+ 1
+9 12+0
+ 24 73+ 1
+ 4 440
+ 13 343

* The atmospheres were created as described in Methods. Incubations were done with
5 x 1073 M [**S]parathion to estimate the rate of 3°S binding and with 5 x 107% M
[!*C]parathion to estimate the rate of paraoxon and diethyl phosphorothioic acid formation.
The incubation procedures are described in Methods. The procedures used to estimate sulfur
binding. paraoxon and diethyl phosphorothioic acid formation have been described pre-

viously [12].

+ Means + standard deviations of the means of duplicate determinations using microsomes
isolated from a pooled sample of eight adult male rat lungs.
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Table 5. Effect of SKF-525A, piperony! butoxide and ben-
zopyrene on the metabolism of parathion to paraoxon*

Paraoxon
formationt
(pmoles/min/
Additions mg protein} % Inhibition
None 148 + 21
SKF-525A (3 mM) 624+ 0 58
Piperonyl butoxide
(1 mM) 87+ 1 41
3.4-Benzopyrene
(1 mM) 147 + 1 0

* Acctone (0-1 ml) was used as the solvent for the inhibi-
tors. An equivalent amount of acetone was added to the
incubations containing no inhibitor. ['*CJparathion (5 x
107* M) was incubated with lung microsomes in the pres-
ence and absence of the inhibitors. In these experiments,
both the inhibitors and parathion were present in the incu-
bation mixture along with lung microsomes during the 5-
min temperature equilibration period. The reactions were
started by adding the NADPH-generating system. Other
details of these incubations are described in Methods. The
procedures used to estimate paraoxon formation have been
described previously [12].

+ Means + standard deviations of the means of dupli-
cate determinations using microsomes isolated from a
pooled sample of eight adult male rat lungs.

incubations were carried out in an atmosphere con-
taining carbon monoxide-air (90:10), the rate of
binding of labeled sulfur as well as the rate of forma-
tion of paraoxon and diethyl phosphorothioic acid
was strongly inhibited compared to those incubations
carried out in air. When the lung microsomes were
incubated with labeled parathion in an atmosphere
of nitrogen-air (90 : 10) the rate of formation of these
three metabolites was consistently increased com-
pared to incubations carried out in air. On the other
hand, when the incubations were carried out in
oxygen-free nitrogen, the rate of metabolism of par-
athion was strongly inhibited. When the incubations
were carried out in an atmosphere of purc oxygen,
the rate of formation of these three metabolites was
decreased in comparison with incubations carried out
in air. These data suggest that some optimal level
of oxygen is required for the maximal rates of meta-
bolism of parathion by lung microsomes and that
concentrations above and below this level inhibit
these reactions.

The mixed-function oxidasc catalyzed metabolism
of parathion using rat liver microsomes is inhibited
when the incubation is carried out in the presence
of certain alternate substrates for this enzyme system
[14]. Two of these inhibitory alternate substrates are
SKF-525A [14] and piperonyl butoxide (R. A. Neal,
unpublished observations). The ability of SKF-525A
or piperonyl butoxide to inhibit the metabolism of
parathion by lung microsomes was examined. In
addition, the ability of 34-benzopyrene to inhibit
parathion metabolism by lung microsomes was also
examined. The results of these studies are shown in
Table 5. As can be seen, both SKF-525A and piper-
onyl butoxide inhibited the metabolism of parathion
by lung microsomes. However, 3.4-benzopyrene. a
good substrate for the mixed-function oxidase system
referred to as arylhydrocarbon hydroxylase, did not

exhibit any inhibitory effect on parathion metabolism.
These latter data suggest that the enzyme system in
rat lung which is responsible for parathion metabo-
lism is distinct from arylhydrocarbon hydroxylase.

It has been shown previously that sulfur becomes
covalently bound to brain tissue after administration
in vivo of [?°S]parathion to adult male rats [15]. It
was, therefore, of interest to examine if the metabo-
lism of parathion to paraoxon and to diethyl phos-
phorothioic acid could be demonstrated using a par-
ticulate fraction from rat brain equivalent to micro-
somes. In addition, the ability of brain microsomes
to catalyze the release and covalent binding of the
sulfur atom of parathion was also examined. The
results of these experiments are shown in Table 6.
From these data, it appears that there is a measurable
conversion of parathion to paraoxon and to diethyl
phosphorothioic acid in the absence of NADPH.
However, in the presence of NADPH there was a
small but significant increase in the formation of these
two metabolites. The data from the experiment mea-
suring the rate of labeled sulfur binding are ncarly
identical to those seen when the formation of para-
oxon was measured.

An examination of the effect of pH on the
NADPH-stimulated metabolism of parathion to para-
oxon by rat brain microsomes revealed a broad pH
optimum with the maximum rate occurring between
pH values of 72 and §'5.

The linearity with time of the NADPH-stimulated
parathion metabolism by brain microsomes, as mea-
sured by sulfur binding, is shown in Fig. 3. The reac-
tion appears to be nearly linear for about 5 min. Con-
sequently, a 5-min incubation time was used in those
experiments involving rat brain microsomes.

The apparent K, and V,,, values for the NADPH-
stimulated metabolism of parathion by rat brain mic-
rosomes as measured by sulfur binding, paraoxon and
diethyl phosphorothioic acid formation are shown in
Table 7. The apparent K,, or V., values for the
NADPH-stimulated sulfur binding using rat brain
microsomes are not significantly different from these
same constants for paraoxon formation. This suggests

Table 6. Effect of the presence and absence of NADPH
on *°S binding, paraoxon and diethyl phosphorothioic
acid formation*

NADPH+
Reaction measured
(pmoles/min/mg protein) Plus Minus
358 binding 7241 48 + 4
Paraoxon formation 78 + 2 48 + 0
Diethyl phosphorothioic
acid formation 6+ 1 2+

*The 15 x 107% M concentrations of *S- (sulfur bind-
ing) or ["*Cjparathion (paraoxon and diethyl phosphor-
othoic acid formation) were incubated with microsomes
isolated from the pooled brains of eight adult male rats
in the presence and absence of an NADPH-generating sys-
tem as described in Methods. The procedures used to esti-
mate *°S binding, paraoxon and-diethyl phosphorothioic
acid formation have been described previously [12].

+ Means + standard deviations of the means of dupli-
cate determinations using microsomes isolated from a
pooled sample of eight rat brains.
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Fig. 3. Linearity with time of parathion metabolism by
rat brain microsomes as measured by NADPH-stimulated
sulfur binding. Each point represents the mean + standard
deviation of the means of two determinations. [*3S]parath-
ion (15 x 107" M) was incubated with brain microsomes
for varying time periods in the presence and absence of
NADPH as described in Methods. The NADPH-stimu-
lated binding of sulfur in each incubation was determined
by subtracting the amount bound in the absence from that
bound in the presence of an NADPH-generating system.

that as was the case with rat liver [12] and rat lung
microsomes. the sulfur bound to brain microsomes
is that released in the metabolism of parathion to
paraoxon.

The effect of pretreatment of rats with phenobarbi-
tal and 3-methylcholanthrene in vive on the rate of
NADPH-stimulated binding of sulfur to brain micro-
somes in pitro was also examined. As with rat fung
microsomes, there was not a significant difference in
the rate of labeled sulfur binding to the microsomes
of the brains of the phenobarbital-pretreated and 3-
methylcholanthrene-pretreated animals compared to
untreated (data not shown).

The effect of incubation of parathion with rat brain
microsomes in atmospheres containing varying con-
centrations of carbon monoxide, nitrogen and oxygen
is shown in Table 8, Compared to incubations carried
out in air, incubations conducted in atmospheres of
90 : 10 carbon menoxide-air or nitrogen—air had no
significant effect on the rate of NADPH-stimulated

Table 7. Apparent K,, and b, values for the NADPH-
stimulated metabolism of parathion to paraoxon and to
diethyl phosphorothioic acid®

Km Ll’nux
Reaction measured (x 107° M)  (pmoles/min/
mg protein}
38 binding 30+ 03 4042
Paraoxon formation 24 + O3 41+ 7
Dicthyl phosphorothioic
acid formation 59 + 09 6+ 1

# [3%87- or ['#C]-labeled parathion in concentrations of
Px 1005 M 2 x 107" M. 4x 107" M and 8 x 107°
M was incubated in duplicate for 5 min in the presence
and absence of an NADPH-generating system, with micro-
somes isolated from the pooled brains of eight adult male
Sprague-Dawley rats as described in Methods. The
amounts of sulfur bound, paraoxon or dicthyl phosphoro-
thioic acid formed in the absence of NADPH were sub-
tracted from the amounts found in the presence of
NADPH and the differences used to calculate the apparent
K, and b, values.
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Table 8. Effect of atmospheres of nitrogen, carbon monox-
ide and oxygen, compared to air, on paraoxon formation*

NADPH-stimulated
paraoxon formationt

Atmosphere {pmoles/min/mg protein}
Air 46 + 10
N,-air (90 : 10) 59 + 10
CO-air (90:10) S0+ 11
Ny-air (99: 1) 101 + 20
CO-air (99 : 1) 8+ 2
N, 10 + R
O, 4+ 5

* The various atmospheres were created as described in
Methods. The incubations were carried out using 5 x
107 °M concentrations of [**CJparathion as described
in Methods and paraoxon formation was estimated as de-
scribed previously [12].

+ Means + standard deviations of the means of duph-
cate determinations using microsomes isolated from u
pooled sample of eight adult male rat brains. The values
represent the difference in the rate of formation of para-
oxon in the presence compared to the absence of an
NADPH-generating system.

metabolism of parathion to paraoxon. However,
when the incubations were carried out in an atmos-
phere of 99 : 1 nitrogen-~air there was a significant in-
crease in the rate of paraoxon formation in the pres-
ence but not the absence of NADPH. In contrast.
when the incubations were carried out in an atmos-
phere of 99 :1 carbon monoxide-air therc was a sig-
nificant decrease in the rate of metabolism of parath-
ion to paraoxon in the presence of NADPH. This
concentration of carbon monoxide did not affect the
rate of formation of paraoxon in the abscnce of
NADPH. When the incubations were carried out in
an atmosphere of oxygen-free nitrogen. there was a
marked inhibition of the rate of metabolism of par-
athion to paraoxon both in the presence and. to a
lesser extent, in the absence of NADPH. When the
reaction was carried out in an atmosphere ol 100°,
oxygen, the rate in the presence of NADPH was inhi-
bited. These data indicate that there is a requirement
for oxygen for the NADPH-stimulated metabolism
of parathion to paraoxon by rat brain microsomes.
although the concentration of oxygen required for the
optimal rate of this reaction is low.

If, as the previous results suggest. the NADPH-
stimulated metabolism of parathion by brain micro-
somes is catalyzed by a cytochrome P-430-containing
enzyme system, it appeared possible that SKF-525A
and piperonyl butoxide might be inhibitors of these
reactions. Recall that these compounds are inhibitors
of parathion metabolism by rat liver [14] and rat
lung. Table 9 shows the effect of simultaneous incuba-
tion of SKF-525A or piperonyl butoxide and parath-
fon with rat brain microsomes on the ratc of forma-
tion of paraoxon from parathion. The NADPH-
stimulated rate of paraoxon formation by rat brain
microsomes was markedly or completely inhibited in
those reactions containing both SKF-525A or piper-
onyl butoxide and [**C]parathion. The ratc of forma-
tion of paraoxon seen in the absence of NADPH was
not affected by the presence of SKF-525A or piper-
onyl butoxide.
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Table 9. Effect of SKF-525A and piperonyl butoxide on
the metabolism in vitro of parathion to paraoxon by rat
brain microsomes*

NADPH
stimulated
paraoxon
formationt
(pmoles/min/
mg protein)

Addition ¢, Inhibition

44 + 4
240 95

None

SKF-525A (3 mM)

Piperonyl butoxide
(1 mM} 0+0 100

* Acetone was used as the solvent for the inhibitors. An
equivalent amount of acetone was added to the incuba-
tions containing no inhibitor. ['*Clparathion (15 x
107 ° M) was incubated with brain microsomes in the pre-
sence and absence of the inhibitors and in the presence
and absence of an NADPH-generating system as described
in Methods. Additional details of the procedures used in
these experiments are described in Table 5.

+ Means + standard deviations of the means of dupli-
cate determinations using microsomes isolated from a
pooled sample of eight rat brains. These values represent
the difference in the rate of paraoxon formation in the
presence compared to the absence of an NADPH-generating
system.

When the brain microsomes were heated to [00”
for 5 min prior to incubation with parathion, the
NADPH-stimulated metabolism of parathion to para-
oxon was completely eliminated. However, the heat-
ing of the microsomes did not affect the conversion
of parathion to paraoxon seen in the absence of
NADPH.

DISCUSSION

The results of these experiments have shown that
parathion is metabolized by rat lung and rat brain
microsomes in a manner which is qualitatively similar
to that previously shown using rat liver microsomes
[4.5]. As with liver microsomes, both paraoxon and
diethyl phosphorothioic acid are products of the
NADPH-stimulated metabolism of parathion by rat
lung and rat brain microsomes. There are some major
quantitative differences, however. The maximal rates
of metabolism of parathion by rat lung and rat brain
microsomes are about 20 and 3 per cent respectively,
of those scen using rat liver microsomes when the
rates are calculated on the basis of microsomal pro-
tein concentration. In addition. a lesser percentage
of the parathion is metabolized to diethyl phosphoro-
thioic acid by rat lung and rat brain microsomes
compared to rat liver microsomes.

The apparent K, values for parathion for metabo-
lism to paraoxon and to diethyl phosphorothioic acid
using rat brain microsomes are quite similar to those
determined using rat liver microsomes [12,14]. How-
ever, the K,, values for parathion for formation of
these two metabolites using rat ung microsomes are
about five times less than those determined using rat
liver microsomes. The higher affinity of the enzyme
system in rat lung microsomes for parathion may be
of importance concerning the comparative ratc of

metabolism of parathion to paraoxon in vivo. Using
saturating substrate concentrations, the rate of meta-
bolism of parathion to paraoxon by rat liver micro-
somes is about five times that using rat lung micro-
somes. However, under conditions in vivo one would
not expect to achieve saturating parathion con-
centrations at the active sites of these enzymes. There-
fore, the differential in the rate of metabolism of par-
athion by the endoplasmic reticulum in these two
organs in vivo would probably be less than that scen
at saturating substrate concentrations under conditions
in vitro. This. of course. assumes that the affinity for
parathion determined in vitro is similar to that in civo,
a question which it is not possible to answer.

The metabolism of parathion by both rat lung and
rat brain microsomes is stimulated by NADPH and
inhibited by carbon monoxide, by anaerobic condi-
tions and by SKF-525A and piperonyl butoxide. both
of which are substrates for the hepatic mixed-function
oxidase enzyme system. These data, coupled with the
fact that the NADPH-stimulated metabolism of par-
athion by these two enzyme preparations is abolished
by heating to 100° for 5 min and inhibited by incuba-
tion at pH values less than 7 and greater than 85,
imply that cytochrome P-430-containing mixed-func-
tion oxidase enzyme systems are responsible for the
metabolic activity seen. We were able to detect the
presence of cytochrome P-450 in lung but not in rat
brain microsomes. The failure to detect cytochrome
P-450 in brain microsomes may have been because
the concentration is too low to be detectable by the
conventional method [16] used to quantitate this
enzyme.

The apparent K, and V,,,, values for sulfur binding
to rat fung and rat brain microsomes were not signifi-
cantly different from the analogous constants for para-
oxon formation. Similar results were obtained using
rat liver microsomes [12]. These and other data led
to the conclusion that the sulfur bound to rat hver
microsomes incubated with [**S]parathion was that
released in the mixed-function oxidase catalyzed
metabolism of parathion to paraoxon [12]. The
results of the present study imply that a similar con-
clusion is applicable to the binding of sulfur to rat
lung and rat brain microsomes incubated with
[**S]parathion. The release and binding of sulfur to
these microsomes may be the reason for the rapid
departure of the rate of metabolism of parathion from
linearity (Figs. 1 and 3). A previous study [12] has
shown that incubation of parathion with rat liver mic-
rosomes in the presence of NADPH leads to a de-
crease in the concentration of cytochrome P-450
detectable as its carbon monoxide complex and a
decrease in the rate of metabolism of benzphetamine
compared to microsomes incubated with parathion
m the absence of NADPH. Carbon disulfide (CS,)
1s metabolized by rat liver microsomes to carbonyl
sulfide (COS) [17]. As with parathion [12], the sulfur
atom released becomes covalently bound to the mic-
rosomes. The mechanism of metabolism of CS, [17]
is thought to be analogous to that proposed for the
metabolism of parathion to paraoxon [18,19]. Ad-
ditional studies with CS, [20] have shown that incu-
bation of CS, with rat liver microsomes for varying
periods of time in the presence of NADPH leads to
a rapid (2 min or less) and progressive decrease in
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the level of cytochrome P-450 detectable as its carbon
monoxide complex and a comparable decrease in the
ability of these microsomes to metabolize CS, and
benzphetamine compared to controls incubated with
NADPH but without CS, or CS, in the absence of
NADPH. Incubation of rat liver microsomes with
paraoxon [12] or COS [20] does not affect the level
of cytochrome P-450 or metabolic activity toward
benzphetamine. Thus, it appears that the binding of
sulfur released in the metabolism of parathion to para-
oxon or CS, to COS by rat liver microsomes rapidly
mhibits the metabolism of thesc substrates. It appears
quite possible that the rapid departure from linearity
of the metabolism of parathion by rat lung and rat
brain microsomes is also the result of the binding
of the sulfur atom released in the metabolism of par-
athion to paraoxon, leading to an inactivation of the
mixed-function oxidase enzyme system catalyzing the
reaction. )

Prior treatment of rats with compounds known to
induce hepatic mixed-function oxidase activity toward
parathion has been shown to decrease the toxicity
of parathion in these animals [10,21-23]. In addition,
male rats have a higher hepatic mixed-function oxi-
dase activity toward parathion in vitro than females
but are less susceptible to the acute toxic effects of
parathion than are females. It has been postulated
[10] that the decreased toxicity of parathion in
phenobarbital-pretreated rats was a result of selective
induction of the metabolism of parathion to its non-
toxic metabolite diethyl phosphorothioic acid rather
than to the anticholinesterase metabolite paraoxon.
Thus, the amount of paraoxon formed in the liver
of the phenobarbital-pretreated animals was less than
in untreated animals, and the amount of paraoxon
available to inhibit acetylcholinesterase in the lung
and brain was decreased. This postulate was based
on the finding that less diethyl phosphate, a product
of the action of csterases on paraoxon, was excreted
in the urine of phenobarbital compared to untreated
rats. However, as has been pointed out previously
[24]. the actual concentration of paraoxon cxcreted
in the urine was not measured in this study. and
no attempt was made to determine how much of the
paraoxon formed in the liver of these two treatment
groups had been inactivated by reaction with proteins
in the liver and serum. The work ol Lauwerys and
Murphy [25] and of Triolo ¢t al. [26] has shown
that “binding” and subsequent inactivation of para-
oxon by proteins in the liver and plasma is a
reaction important for the toxicity of this compound.
The most probable explanation for this “binding™ is
the reaction of paraoxon with “serine active center”
esterases and amidases in liver and serum leading to
the formation of diethyl phosphate derivatives of these
enzymes. This conclusion is supported by the finding
that this “binding” is rapid and irreversible and is
abolished by the heating of serum to 100 [26]. The
examination of the metabolism of parathion by hepa-
tic microsomes from phenobarbital-pretreated rats in
vitro [4] also does not support the postulate of the
selective induction of diethyl phosphorothioic acid
formation in vivo [10]. These studies [4] showed an
equal induction of the metabolism of parathion to
paraoxon and to dicthyl phosphorothioic acid. In
addition. the apparent K, value for the metabolism

of parathion to diethyl phosphorothioic acid using
hepatic microsomes from phenobarbital-pretreated
rats was slightly but significantly greater than the
apparent K, value for parathion for formation of para-
oxon [14]. Therefore. even at less than saturating
parathion concentrations, as will be encountered in
vivo, the rate of metabolism of parathion to dicthyl
phosphorothioic acid compared to paraoxon would
not be expected to be greatly different than that scen
in vitro.

An alternate hypothesis for the mcreased resistance
to parathion of rats which have been pretreated with
inducers of the hepatic mixed-function oxidase
enzyme systcm is that there is an increase in the rate
of the metabolism of parathion in the induced ani-
mals to both paraoxon and diethyl phosphorothioic
acid. followed by hydrolysis of a portion of the para-
oxon to dicthyl phosphate by various esterases and
a "binding” of the remainder of the paraoxon to spe-
cific proteins in the liver and serum [25.26]. Thus.
any paraoxon formed in the liver is either hydrolyzed
to inactive products or is bound to proteins in the
serum and liver and never reaches sensitive tissucs
such as the lung or brain. The overall effect of this
increased rate of hepatic metabolism of parathion in
induced animals compared to noninduced would be
lower concentrations of parathion at the active
centers of enzymes in the lungs and brains capable
of metabolizing parathion to paraoxon, which would.
in turn, inhibit acetylcholinesterase in these organs.
Inherent in this alternative hypothesis is the proposal
that any paraoxon formed in the liver of non induced
rats is also hydrolyzed or bound and never reaches
the lung or brain. However. in the noninduced rats
the rate of hepatic metabolism of parathion is less
than in induced animals. and the concentration of
parathion at the active centers of enzymes in the Tungs
and brains of these animals capable of metabolizing
parathion to paraoxon is greater than in induced ani-
mals and the toxicity of a particular dose of parathion
is greater.

The livers and plasma of rats have a large capacity
for hydrolyzing paraoxon [10.27]. In fact. the rate
of hydrolysis of paraoxon by these enzymes in the
liver greatly cxceeds the rate of formation of this
metabolite by the mixed-function oxidase enzyme sys-
tem in this organ [10]. However, the differences in
the apparent K, values for parathion for paraoxon
formation in the liver (approximately 1077 M) and
for paraoxon for its hydrolysis by the various cster-
ases (approximately 10™* M) probably reduce the dif-
ferential in the rate of formation and the rate of hy-
drolysis of paraoxon in rivo. However, when the com-
bination of hydrolysis and binding to specific proteins
in the liver and serum is considered. it appears un-
likely that any paraoxon formed in the liver reaches
the lung and brain.

Evidence supporting the view that the formation
of paraoxon in the liver is not the mechanism by
which parathion exerts its toxicity comes from the
work of Jacobsen ¢t al. [7]. These workers have found
that parathion is five times more toxic to partially
hepatectomized rats than to sham-operated controls.
If the liver is the organ primarily responsible for the
toxicity of parathion. one would expect that animals
with a decreased hepatic capacity to metabolize par-
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athion to paraoxon would be less rather than more
susceptible to the toxic action of this compound.

Considering these various data, it appears likely
that the mechanism of acute toxicity of parathion
and, perhaps. other cholinergic phosphorothionate
insecticides to mammals is the result of metabolism
to their toxic oxygen analogues in the lung and brain.
The toxic oxygen analogues. for example, paraoxon, are
likely to be more persistent in these organs since no
enzyme capable of the hydrolysis of paraoxon was
detectable in  these tissues [10]. The clear
demonstration of the ability of mammalian lung and
brain to catalyze the metabolism of parathion to para-
oxon is essential to this hypothesis. This study and
a previous study using rabbit lung microsomes [6]
have, in fact. established that these organs are capable
of this reaction.

REFERENCES

. 1. C. Gage. Biochem. J. 54, 426 (1953).

. A. N. Davison, Biochem. J. 61, 203 (1955).

. R. D. O’Brien, Nature, Lond. 183, 121 (1959}

. R. A, Neal, Biochem. J. 103, 183 (1967).

. T. Nakatsugawa and P. A. Dahm, Biochem. Pharmac.
16. 25 (1967).

. R, A. Neal, Toxic. appl. Pharmac. 23. 123 (1972).

. P. L. Jacobsen, R. C. Spear and E. Wei, Toxic. appl.
Pharmac. 26. 314 (1973).

. J. Kubistova, Archs int. Pharmacodyn. Thér. 118, 308
(1959).

9. T. Nakatsugawa. N. M. Tolman and P. A. Dahm, Bio-

chem. Pharmac, 18, 1103 {1969).

-3 o s e b o—

[

10. J. G. Alary and J, Brodeur, J. Pharmac. exp. Ther. 169,
159 (1969).

11. D. Grob. in Hanbuch der Experimentellen Pharmacolo-
gic (Ed. G. B. Koelle). Vol. XV. p. 989, Springer. Berlin
{1963).

{2. B. J. Norman. R. E. Poore and R. A. Neal. Biochem.
Pharmac. 23, 1733 (1974).

13, R, M. Wolcott. W. K, Vaughn and R. A, Neal. Toxic.
appl. Pharmac. 22, 213 (1972).

t4. R. A. Neal, Biochem. J. 105, 289 (1967).

15. R. E. Poore and R. A. Neal. Toxic. appl. Pharmac. 23,
759 {1972).

16. T. Omura and R. Sato. J. biol. Chem. 239, 2370 {1964},

17. R. R. Dalvi. R, E. Poore and R. A, Neal, Life Sci. 14,
1785 (1974).

18. K. A. Ptashne, R. M. Wolcott and R. A. Neal. J. Phar-
mac. exp. Ther. 179, 380 (1971).

19. K. A. Ptashne and R. A. Necal. Biochemistry 11, 3224
{1972).

20. R. R. Dalvi, A, L. Hunter and R. A, Neal, Chem
Biol. Interact. 10. 347 (1975}

21, 1. G. Alary and J. Brodeur, Can. J. Physiol. Phariac.
48. 829 (1970).

22, D, C. Villeneuve, W, E. J. Phillips and J. Syrotiuk,
Bull. envir. Contam. Toxic. 5. 125 (1970).

23. W. L. Ball, J. W. Sinclair. M. Crevier and K. Kay.
Can. J. Biochem. Physiol. 32, 440 (1954).

24. S. K. Chapman and K. C. Leibman, Toxic. appl. Phar-
mac. 18, 977 (1971}

25. R. R. Lauwerys and S. D. Murphy, Toxic. appl. Phar-
mac. 14, 348, (1969).

26. A. 1. Triolo, E. Mata and J. M. Coon, Toxic. appl.
Pharmac. 17, 174 (1970).

27. T. W. Fuhremann, E. P. Lichtenstein, R. N. Zahiten,
F. W. Stratman and H. K. Schnoes, Pestic. Sei. 5. 31
{1974).



