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ABSTRACT

Microsomal fractions were prepared from the liver of rabbits to investigate the effects of para-
quat (methyl viologen) on generation of metabolites of halothane under the optimal aerobic and
anaerobic conditions. Halothane (CF,CHCIBr) is known to undergo oxidative and reductive bi-
otransformation in the hepatic mixed function oxidase system including cytochrome-P450 redue-
tase and cytochrome P450. The results showed that paraquat inhibited generation of metabolites
of halothane under these conditions. Generation of the aerobic metabolite, trifluoroacetic acid
(CF;CO0H), and anaerobic metabolites, 2-chloro-1, 1, 1-trifluoroethane (CF,CH,Cl) and
2-chloro-1, 1-difluoroethylene (CF,CHCI), were inhibited 50% by 4.96 mM and 35.8 mM para-
guat, respectively. Possible mechanisms were speculated on to account for the inhibitory effects:
one being the impaired formation of halothane-cytochrome P450 complex by addition of para-
quat, and the other the diversion of electrons from cytochrome-P450 reductase to generate ac-
tive paraquat radicals. It is concluded that paraquat inhibits NADPH-dependent biotransformation
of halothane catalyzed in mixed function oxidase system.
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The herbicide paraquat (methyl viologen; 1,
1’-dimethyl-4, 4'-bipyridylium dichloride) is highly
toxic toward mammals, the cytotoxicity being usual-
Iy associated with severe damage to the vital
organs®*%"®), Paraquat toxicity is associated with
its ability to be cyclically reduced and oxidized and
in this process to generate active oxygen species
such as O, and OH #2303 Paraguat radicals
react rapidly with O, to give O, (k, = 7.7-10°
M1sM?, and its subsequent reactions. These reac-
tive products may be the basis of toxieity®'?,
Lipid peroxidation of the cell membrane is there-
fore assumed to be a main feature of the cytotox-
icity of paraquat®*®. However, two different lines
of evidence have been demonstrated in vitro by us-
ing microgsomes; inhibited lipid peroxidation®™ and
facilitated lipid peroxidation through enhanced
generation of 0,2, Involvement of eytochrome
P450 in the pathway of lipid peroxidation may ac-
count for this diserepancy®!27-30,

The biotransformation of drugs may also be modi-
fied by paraquat, as they are catalyzed by P450 in
the hepatic mixed function oxidase system includ-
ing eytochrome-P450 reductase and P450. From the
standpoint of clinical anesthesia, the interaction be-
tween paraquat and halothane (CF,CHCIBr), an
anesthetic also used for the patients of paraquat of
paraquat poisoning, requires Iinvestigation.
Halothane is known to undergo oxidative biotrans-
formation to the stable end product, trifluoroace-
tic acid (TFAA; CF,COOHY%® and to undergo

reductive biotransformation to form the volatile
metabolites, 2-chloro-1, 1, 1-trifluoroethane (CTFE;
CF,CH,CH) and Z2-chloro-1, 1-difluoroethylene
(CDFE; CF,CHC)'"***) We examined the interac-
tion between paraquat and the biotransformation of
halothane to clarify the role of P450 in viiro by
measuring metabolites of halothane using gas
chromatography®®? and ion-exchange chromato-
graphy”'%).

MATERIALS AND METHODS
Chemicals
Deionized water was used to prepare buffer-A
(0.1 M potassium phosphate buffer, pH 6.0) and
buffer-B (0.1 M potassium phosphate buffer, pH
7.4). Halothane was purchased from Hoechist

- Japan. NADPH and cytochrome ¢ were from

Boehringer Mannheim, West Germany. Paraquat
dichloride (methyl viologen) was a generous gift
from ICI Japan. Determination of TFAA, CDFE
and CTFE was made using authentic materials;
TFAA was from Katayama Chemical Japan, and
CDFE and CTFE were from PCR incorporated,
Florida, USA. Other reagents were of analytical
quality.
Preparations

Male, Japanese white rabbits each weighing about
4.0 kg were allowed access to standard laboratory
food and water ad Iibitum. All rabbits were starved
overnight and were killed by neck dislocation. The
liver was weighed and homogenized with ice-cold
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buffer-B in a Teflon glass homogenizer. The result-
ing homogenate was centrifuged at 10000 x g for
60 min. The supernatant was then centrifuged at
105000 x g for 60 min, and the microsomal pellet
was collected. Microsomes were washed by
resuspending in buffer-B to the original volume and
by resedimenting at 105000 x g for 60 min. The
microsomal pellet was then stored at -80°C until
it was utilized. All operations were performed at
4°C.

Generation of TFAA and analysis

The microsomal pellet was resuspended in buffer-
A for the optimal assay conditions for TFAA in
vitro as previously described™. Briefly, the reac-
tion mixture (final volume of 1.4 ml) containing
mierosomes (3.57 M P450), 5.0 mM halothane, var-
ious concentrations of paraquat, ranging from 0
mM to 10.0 mM, and NADPH (final concentration
of 10.0 mM) was incubated at 37°C for 40 min in
a 60 em® glags flagk filled with O, and sealed with
a silicon cap. Generation of TFAA was initiated by
addition of NADPH and was terminated by
ultrafiltration of microsomal protein using Cen-
triflo™ CF-25 (Amicon, MA, USA) for 60 min a
4°C. -

TFAA was analysed by using an ion-exchange
chromatographic analyzer (model IC-100, Yokoga-
wa Hokushin Electric, Japan) equipped with an
electro-conductimetric detector. An anion exchange
resin packed in 4 mm x 250 mm stainless column
(SAX-1, Yokogawa Hokushin Electric, Japan) was
used for the immobile phase. Column temperature
was 40°C. The eluent, containing 2 mM Na,CO,
and 2 mM NaHCQ,, was used at a flow rate of 2
mimin? ',

Generation of CDFE and CTFE and analysis

For anaerobic studies, the microsomes were
resuspended in buffer-B to prepare the same con-
centrations of incubations as under aerobic
conditions™®. Aliquots were added to 15 em® test
tubes, in which O,free N, was purged, sealed
with a silicon cap. The mixtures were incubated at
37°C in the presence of paraquat, ranging from 0
mM to 30.0 mM. The reaction was initiated by in-
jection of NADPH.

Both CDFE and CTFE were analyzed 40 min af-
ter the addition of NADPH by the head-space gas
method®; 0.5 em® of head space gas was used for
gas chromatographic analysis. Determination of
CDFE and CTFE was made using authentic
materials, which were run as controls by using
heat-denatured microgomes under the same eondi-
tions. Aliquots of the head-space of the sample
were injected onto a 4 mm X 3 m stainless steel
column packed with 60/80 mesh 20% of dioctyl-
phthalate {Gasukuro Kogyo Inc., Japan). The
column temperature was 100°C in a gas chromato-
graph (model GC-4A, Shimadzu, Japan) equipped
with a flame ionization detector. The carrier gas
was helium at a flow rate of 30 em*min!. CDFE

and CTFE eluted from the column at approximate-
ly 0.80 and 1.06 min, respectively™'?. The sum of
CDFE and CTFE was assumed to be the entire
amount of anaerobic volatile metabolites generat-
ed in this system.
Agsays and generation of paraquat radicals

Optical spectroseopy was carried out at 37°C us-
ing a recording spectrophotometer (model UV 300,
Shimadzu, Japan). The content of P450 was deter-
mined by the method of Omura and Sato®. The
spectral effects of paraquat and halothane on differ-
ence spectra of P460 were monitored in the
microgomal suspension in buffer-A containing 5.0
oM P450, 10.0 mM paraguat and 10.0 mM
halothane under aerobic conditions. The spectral
changes induced by paraquat and halothane under
anaerobic conditions were also demonstrated using
buffer-B in the same reagent concenirations under
aerobic condition. Reactions under anaerobic con-
ditions were carried out in cuvettes which allowed
purging the reaction volume with Op-free N,.

The blue-colored paraquat radicals were deter-
mined by measuring absorbance at 600 nm” so as
to exclude Soret band absorption of P450 around
395 nm, another abgorbance of blue-colored para-
quat radicals. Anaerobic reactions were carried out
in cuvettes which allowed purging the reaction
volume with Oy free N, Generation of paraguat
radicals was anaerobically measured by adding
NADPH (final concentration of 1.0 mM) info the
reaction mixture. Thig contained buffer-B and
microsomal protein (0.5 uM P450) at various para-
quat concentrations (0.2, 1.0 and 2.0 mM) in a fi-
nal volume of 3 mi in the presence or absence of
5.0 mM halothane without addition of exogenous
iron. The aectivity of eytochrome-P450 reductase
was assayed by measuring the absorbance at 550
nm of NADPH-cylochrome ¢ reductage activity in
buffer-B by the method of Yasukochi and
Masters™.
Statistics

From the reciprocal plot of generation of metabo-
liteg againgt the paraquat concenfration, 50% inhibi-
tory concentration (IC50) was calculated under both
aerobic and anaerchic conditions. Lines drawn
through data points were determined by linear
regression analysis. Generation of TFAA under aer-
obic conditions and sum of CDFE and CTFE un-
der anaercbic conditions are described as “per nmol
P450” because it is known that they are P450 con-
centration dependent.

RESULTS

" Generation of TFAA was inhibited by paraquaf. De-
termined IC50 was 4.96 mM, which was calculated
from the reciprocal plot of generation of TFAA
against paraquat concentration under aerobic condi-
tions (Fig, 1). In this figure, lines drawn through data
points were determined by linear regression analysis;
Y = 25X + 124 (R = 0.82, p<0.01).
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Fig. 1. Inhibitory effect of paraguat on generation of frifluoroacetic acid from halothane under aerobic

conditions,

Generation of TFAA was inhibited by paraquat. Four series of data sets are presented. Determined IC50
was 4,96 mM, calealated from the reciproeal plot of generation of TFAA (1/v) against paraquat concentra-

tion (right upper corner).
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Fig. 2. Inhibitory effect of paraquat on generation of volatile metabolites from halothane under anaerobic

conditions,

Generation of volatile metabolites, 2-chloro-1, 1, 1-trifluoroethane {CTFE) and 2-chloro-1, 1-difluoroethylene
(CDFE), was inhibited by paraguat. Four series of data sets are presented. Determined 1C50 was 35.3
mM, which was derived from the reciprocal plot of generation of volatile metabolites (1/v), CDFE plus
CTFE, against paraguat concentration (right upper corner).

Generation of anaerobic volatile metabolites, CDFE
plus CTFE, was also inhibited at various paraquat
eoncentrations. Determined IC50 was 35.3 mM, eal-
culated from the reciprocal plot of generation of
volatile metabolites against paraquat concentrations
under these conditions (Fig, 2). Lines drawn
through data points were determined by linear
regression analysis; Y = 54X + 190.5 (R = 0.70,

p<0.01) in this figure.

The effects of paraquat and halothane on the
difference spectra in the microsomal suspensions
under aerobic and anaerobic conditions are shown
in Fig. 3. Under aerobic conditions, addition of
paraquat induced spectra resembling those of Type
1, which suggested the formation of paragquat-P450
complex in microsomal suspensions. Halothane
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Fig. 3. Difference spectra of cytochrome P450 in the presence of paraquat and halothane under aerobic
and anaerobic conditions.

Difference spectra obtained under aerobic condition are presented in (a). Spectra B obtained after addition
of paraguat to the microsomal preparation indicated a trough at 428 nm without an apparent peak. Addi-
tion of halothane to another microsomal preparation induced type I spectra A with a trough at 423 nm
and a peak at 387 nm. Addition of halothane to the paraguat-coexisting preparation indicated spectra C
with an obvious trough at 423 nm and a peak at 382 nm, suggesting mixed type spectra of paraquat and
halothane.

Difference spectra obtained under anaerobic condition are presented in (b). Spectra E obtained after the
addition of paraquat to the mierosomal preparation indicated a trough at 422 nm without an obvious peak.
Addition of halothane fo another microsomal preparation indicated Type I spectra D with a frough at 423
nm and a peak at 387 nm. Spectral changes were observed by addition of halothane to the paraguat-
coexisting preparation. Speetra F indicated a trough at 382 nm and a peak at 423 nm, which were postu-
lated as mixed type spectra of paraquat and halothane.

paraguat were similar to those obtained under aer-

40 obic conditions, although the absorbance in differ-
@ ence spectra was larger than that under aerobic
3 e conditions, It was obvious, therefore, that forma-

tion of the halothane-P450 complex was inhibited
by addition of paraquat since they might compete
with each other for the same molecular portion of
P450 under both aerobic and anaercbic conditions.

Under anaercbic conditions, paraquat radicals
were generated by addition of NADPH (Fig. 4). In
a paraquat-coexisting preparation, generation of
paraquat radicals was not affected by halothane, In-

Paraquat Radicals (M)

4 itial generation of paraquat radicals was 21.4

TIME (min) mM-min? in the mixture containing 2,0 mM para-

quat. Generation of paraquat radicals was depen-

Fig. 4. Generation of paraquat radicals from paraguat dent on the concentration of paraquat in the

under anaerobic conditions.
Generation of paraguat radicals was anaerobically
monitored at 600 nm. Paraquat concentrations in the

mixture. This indieated that the electron diversion
from cytochrome-P450 reductase to reduce para-

mixture were 0.2 {¢), 1.0 (b) and 2.0 {a) mM. Lines quat ion mig‘ht. take Pk_ice even under such
indicated halothane in the presence (dotted line) or ab- halothane-coexisting conditions.

sence {solid line). No inhibitory effects of halothane CytOChl"?me'P‘lBO reductase activity, ‘?bs‘?l'_ved by
on generation of paraguat radicals were observed. the reduction of eytochrome ¢, was not inhibited by

paraquat but slightly enhanced (Table 1).
produced Type I spectra which were modified by
paragquat. Under anaerobic conditions, spectral DISCUSSION
changes induced by the addition of halothane and Paraquat is known to cause cytotoxicity by
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Table 1. Effect of paraguat on NADPH-cytochrome ¢ reductase activity of rabbit liver microsomes.

165

Addition Changes in absorbance % of
(uM/min) enhancement
microsomes (—) 0 —
microsomes (+)
+ NADPH (1.0 mM)} alone 3.32 —
+ NADPH (1.0 mM}
+ paraguat (1.0 mbM) 3.55 6.9
+ paraguat (10 pM) 4,13 244
+ paraguat (0.1 ud) 4.27 28.6

Slightly enhanced NADPH-cytochrome ¢ reductase activities were demonstrated by addition of paraquat.

producing lipid peroxidation in the cell membrane
in vivo*®, Paraquat is eyclically reduced and oxi-
dized by microsomal oxido-reductase plus NADPH.
During this process, it can generate active oxygen
species such as O; and hydroxyl radicals!*#228.50.33)
Peroxidation of the microsomal membrane is due
to the generation of hydroxyl radicals since lysis
of lysosomes are inhibited by hydroxyl radical
scavengers?™., Under in vitro conditions paraquat
stimulates lipid peroxidation in mouse lung
microsomal lipids through enhanced generation of
superoxide®”. On the other hand, paraquat strong-
ly inhibits NADPH-dependent lipid peroxidation®.
The diserepancy is not clear, but it may be due to
the differences in species and addition of chelated
iron. Klimek et al’™ have demonstrated that para-
quat has no effects on non-enzymatic
Fe**-supported lipid peroxidation but strongly in-
hibits enzymatic NADPH-dependent lipid peroxida-
tion in bovine adrenal cortex mitochondria.

Halothane is aerobically metabolized to generate
TFAA®*®), and anaerobically transformed to form

NADP+ fp 2red

NADPH fp2™
Hal---P4508*
Pq--P450%*
Hal
P450%+
Pq

volatile metabolites, CTFE and CDFE%#"%%) Qur
study showed that paraquat inhibits biotransforma-
tion of halothane aerobically and anaerobically. Tn
contrast, halothane had no effects on the genera-
tion of paraquat radicals under anaerobic condi-
tions. Therefore, it is speculated that only paraquat
has a major effect on the generation of metabolites.
The mechanism of paraquat-induced inhibition of bi-
otransformation of halothane may be better under-
stood by considering the mechanism of inhibited
lipid peroxidation by paraguat in vitro. As summa-
rized in Scheme 1, we found that paraquat-induced
inhibition of biotransformation of halothane cecurs
in two sequential steps. Paraquat readily accepts
electrons from NADPH fo be reduced and aerobi-
cally generates vreactive oxygen species
immediately™®. The mixed function oxidase sys-
tem including eytochrome-P450 reductase and P450
has an important role in this process because acti-
vation of paraquat and biotransformation of
halothane are both initiated in this system. The
electrons from cytochrome-P450 reductase may be

Pgt h

NS
@
A Lipid

Pq 03 ---72» peroxidation

Hal---P450%* +Pqgt

Oz
anaerobic, % aerpbi;
reduction } s, oxidation
1
\l/ TFAA+P4RG3

CDFE
P450% + CTFE

Scheme 1. Proposed reaction sequence for P450 dependent biotransformation of halothane and inhibition
steps by paraguat under aerobic and anaerobic conditions. Abbreviations used are; Hal, halothane
(CF,CHCIBr); Pqg, paraquat (methyl viologen); Pg®, paraquat radicals; TFAA, trifluoroacetic acid
(CF,;C001H);- CTFE, 2-chloro-1, 1, l-trifluoroethane (CF,CH,Cl} and CDFE, 2-chloro-1,
1-difluoroethylene (CF,CHCI), fp2; cytochrome-P450 reductase.
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diverted for the reduction of paraquat to inhibit bi-
otransformation of halothane, as shown in step 2.
Reduction of halothane-P450 complex may be in-
hibited hecause the diverted electrons are only for
the generation of paraguat radieals, not for reoxi-
dation of paraquat radicals under anaerobic incu-
bation as presented in step 3. However, oxidation
of halothane-P450 complex under aerobic prepara-
tion may be disturbed as the electrons are con-
sumed for cyclic reduction and oxidation of
paraguat to generate reactive oxygen species, It
was previously demonstrated that NADPH-
dependent reduction of P450 is strongly inhibited
by the addition of paraquat and reoxidation of P450
by paraquat is associated with the generation of
paraguat radicals, indicating the ability of P450 to
reduce paraquat'™®. Therefore, the results of this
study are consistent with these reports.

The addition of various substrates of the P450
monooxygenase system to liver microsomes causes
a characteristic difference spectra due to substrate
binding to oxidized P450"™'"®, The spectra are clas-
sified into 3 categories, Type I, Type II and reverse
Type 1, depending on the shape of the induced
spectra®™, Tn this study, paraguat was found to
alter the Type I spectrum induced by halothane, in-
dicating the changes of the spin state of P450, In
contrast, the speetrum induced by paraquat was
easily altered by addition of halothane, generating
a Type T resembling spectrum, Therefore, paraquat
may affect the formation of halothane-P450 com-
plex by changing the spin state of oxidized P450,
as shown in step 1 in Scheme 1.

Qur results indicate that the inhibitory effects of
paraquat on biotransformation of halothane involves
P450, which regulates generation of metabolites of
drugs in the microsomal mixed function oxidase
system. In the clinical setting, halothane may be
applicable for anesthesia of patients with paraguat-
poisoning because it generates a smaller amount of
metabolites toxic to the vital organs.
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