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The effect of paraquat on the in
activity of cytosol, mitochondrial
microsomal enzyme systems
D. J. ROSSOUW, CAROL C. CHASE, F. M. ENGELBRECHT

vitro
and

Summary

Subcellular fractions (mitochondria. microsomes and
cytosol) were prepared from the lungs of rabbits and
rats to investigate the effects of paraquat (Aldrich
laboratories) on the ~ctivity of some cytosol and
mitochondrial dehydrogenases and on the micro
somal respiration and reduced pyridine. nucleotide
oxidation rate. .

The normal1basal oxygen consumption of rabbit
lung mjcrosomes was 1,9 ± 0.3 nmol Oz/mg micro
somal protein/min. and the oxidation rates of re
duced nicotinamide-adenine dinucleotide phosphate
(NAOPH) and reduced nicotinamide-adenine dinu
cleotide (NAOH) were 4,29 ± 0.53 and 4,0 ± 0,55
nmol/mg microsomal protein/min respectively. One
molecule of oxygen can therefore oxidize two mole
cules of NAOPH or NAOH. and the generated hydro
gen peroxide is probably immediately broken down
by the catalase activity of the normal lung microsomal
preparation.

When A1drich paraquat (1.0 mM) was added to
microsomes metabolizing NAOPH (0.5 - 0.75 mM).
both the rate of oxygen consumption and the gene
ration of nicotinamide-adenine dinucleotide phos
phate (NAOP) were significantly (P<O.OOl) stimulated
over the first 5 minutes. and thereafter returned to
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within basal limits. When microsomes were pre
incubated with 1.0 mM paraquat before NAOPH was
added. the oxygen consumption was substantially
lower (10.01 ± 1,01 nmol oxygen/mg microsomal
protein/min). while the NAOPH oxidation rate was
almost similar to the basal rate in the absence of
paraquat This resulted in a striking dissociation in
the H/O ratiO' under these circumstances. The addi
tion of potassium cyanide (KCN) (5.0 mM) prior to
paraquat pre-incubation and followed by the addition
of NAOPH restored the stimulatory effect of paraquat
on microsomal respiration and on NADPH oxidation'
rate.

Paraquat (0,01 mM) had no effect on the reaction
rates of the following enzyme systetTls. glucose-6
phosphate dehydrogenase (G-6-PO), glyceralde
hyde-3-phosphate dehydrogenase (GAPO). lactate
dehydrogenase (LOH), malate dehydrogenase (MOH).
and isocitrate dehydrogenase (IOH). However. 0.1 mM
paraquat slightly inhibited the mitochondrial IOH
system. and 1.0 mM paraquat significantly inhibited
all the enzymes tested except for mitrochondrial and
cytosol MOH.

The addition of KCN 5.0 mM led to a total inhibition
of the LOH and MOH enzyme systems in vitro, but did
not affect the IOH. GAPO and G-6-PO systems. How
ever, when KCN was added before or after the addition
of 1.0 mM paraquat to the test systems for IOH, GAPO
or G-6-PO the inhibitory effect of paraquat was
reversed and the reaction rates returned to normal or
almost normal.

Paraquat (1,0 mM) had no effect on the nicotina
mide-adenine dinucleotide-dependent microsomal
respiration. and no basic differences were noted
between the responses of rat and rabbit lung micro
sQmes exposed to paraquat in vitro.

S Air Med J 1984; 15: 555-563.
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Although the biochemical mechanism of paraquat toxicity is
not known, its pulmonary specificity is well documented.' In
experimentally induced paraquat poisoning it has been shown
that paraquat accumulates in the lung,2 presumably by an
energy-dependent uptake mechanism. 3 Previous repons4-' from
this laboratory indicated that paraquat interferes with the
aerobic metabolism of lung cells, probably by affecting some
enzyme/co-enzyme system in the pentose phosphate pathway,
the mitochondria or the cyanide-insensitive microsomal meta
bolic pathways.

Similarly, results in the literature show that paraquat has an
effect on a variety of enzyme systems, i.e. mitochondrial
dehydrogenases,8 reduced nicotinamide-adenine dinucleotide
phosphate (NADPH) oxidases and cytochrome P-450,9 micro
somal fany acid desaturase,1O prolyl hydroxylase, II lysosomal
enzymes (acid phosphatase, cathepsin D and B-N-acetylglu
cosaminidase) and cytosolic superoxide dismutase, catalase,
glutathione peroxidase and reductase systems, glucose-6-phos
phate dehydrogenase (G-6-PD) and non-protein sulphydryl
(SH) levels in lung homogenate. 12 However, no one had studied
the reduced nicotinamide-adenine dinucleotide (NADH)- or
NADPH-dependent cytosolic, mitochondrial and microsomal
dehydrogenases of rabbit lung. We therefore decided to investi
gate the in viero effect of paraquat on different cytoplasmic,
microsomal and mitochondrial enzyme systems which play a
central and strategic role in metabolic pathways which may be
influenced by paraquat.

Paraquat markedly stimulates the pentose phosphate path
way' and thereby induces an increase in the activity of G-6-PD
to enable the lung to maintain adequate tissue concentrations of
NADPH. 12

,13 We previously reponed7 that paraquat caused an
initial and consistent increase in the 6_ 14C02production oflung
slices, but gradually inhibited 6-14C-glucose oxidation over a
period of 3 hours. Glyceraldehyde-3-phosphate dehydrogenase
(GAPD) was chosen from the glycolytic enzyme systems
because the enzyme molecule is biochemically a natural tetramer
and contains an SH group in the active site of the molecule. 14 In
view of the highly significant increase in oxygen consumption
induced by paraquat exposure in viero, to such an extent that
intracellular hypoxia may arise, we decided to investigate the
effect of paraquat on lactate dehydrogenase (LDH) because the
reoxidation of TADH via lactate formation allows glycolysis to
proceed in the absence of oxygen by regenerating sufficient
nicotinamide-adenine dinucleotide (NAD+) for the reaction
catalysed by GAPD.14

The two citric acid cycle enzymes, isocitrate dehydrogenase
(IDH) and malate dehydrogenase (MDH), were selected be
cause both enzymes operate in the mitochondrial and cytosolic
fractions of the cell. Furthermore, different pyridine nucleotide
IDH enzyme systems are known to exist, i.e. a NAD-dependent
mitochondrial enzyme and a nicotinamide-adenine dinucleotide
phosphate (NADP)-dependent mitochondrial and cytosolic
system. Both systems need manganese ions (Mn) as an
essential component in the decarboxylation reaction, and it is
believed that the intermediary product, oxalosuccinate, remains
bound to the enzyme as an intermediate in the reaction. IS While
MDH may catalyse similar reactions on the inside and outside
of mitochondria, the two enzymes may not in fact be the same
protein lS and therefore may not necessarily be similarly affected
by paraquat.

Furthermore, in view of the contradictory results regarding
the species differences in paraquat toxicity; as well as the fact
that the microsomal drug-metabolizing activity of rat lung is
relatively low in comparison with that of rabbit lung,9 we
decided to investigate the effects of paraquat on the oxygen
consumption and pyridine nucleotide metabolism of both rat
and rabbit lung microsomes.

Because paraquat is actively accumulated by rat lung, a wide
range of extracellular concentrations could, over different

periods of time, result in similar intracellular effects. Relatively
high and potentially lethal concentrations of paraquat (0,1 and
I,D mM) were chosen for the present study in order to obtain
maximal changes in viero over a shon time period. In addition,
we investigated the effect of different types of commercially
available paraquat in order to establish whether differences in
potency might account for the conflicting results from various
laboratories.

Material and methods

Male New Zealand White rabbits weighing I 500 - 2 500 g and
male Long-Evans rats weighing 180 - 220 g were used; Tissue
slices (J mm) were obtained from perfused lungs,S and mito
chondrial, microsomal and cytosol preparations were prepared
as follows: the lung slices were homogenized in a medium
containing ISO mM sucrose, 150 mM mannitol, 1 mM (n's
HCI (pH 7,4) and I mM ethylenediamine tetra-acetic acid
(EDTA) with a glass-Teflon homogenizer (0,15 mm clearance),
using two strokes of the pestle. The homogenates were then
filtered through a single layer of cheesecloth and the filtrate was
centrifuged at 1000 g for ID minutes in a precooled bench
centrifuge (IEC HN-S centrifuge) at 4°C, in order to pellet all
the remaining cell debris and nuclei.

To isolate mitochondria, the I 000 g supernatant was centri
fuged at 9000 g for 10 minutes (J-21 B centrifuge; JA 20 rotor;
Beckman). This pellet was resuspended and recentrifuged at
7000 g for another 10 minutes to get rid of some of the
contaminating microsomal and lysosomal elements. This final
mitochondrial pellet was then resuspended in 3,0 m! of a
hypotonic eris-MgS04 solution, and sonicated for two 15
second periods in a Biosonik IV ultrasonicator (Bronwill Scien
tific Inc.) at 30 kilocycles/so

The 9000 g supernatant was centrifuged at 105000 g for 60
minutes at 4°C (Spinco L2 ultracentrifuge; type 50 titanium
rotor; Beckman). This supernatant was used as the cytosol
preparation. The microsomal pellet was resuspended in eris
KCI buffer (0,15M KCl, 0,02M eris-HCI, 0,1 mM EDTA,
pH = 7,4) and recentrifuged at 105000 g at 4°C for another 45
minutes. This final microsomal pellet was again resuspended in
(n's-KCI medium to remove most of the contaminating haemo
globin. A cytosol preparation and microsomes were also pre
pared by homogenizing lung slices in a eris-KCI medium and
starting with an initial spin of 15000 g for IS minutes to pellet
cell debris, nuclei and mitochondria. Thereafter the supernatant
was treated in a similar way as described above. No basic
differences were noted in specific activity of cytosol and
microsomal enzymes.

The protein content of the cytosol, sonicated mitochondrial
and microsomal preparations was determined by the method of
Lowry ee al.'6 on the same day on fresh preparations using
crystalline bovine serum albumin (Cohn fraction V; Koch
Light Laboratories) as standard.

Different types of commercially available paraquat (supplied
by Aldrich Laboratories, Wisconsin, and by Sigma Chemicals,
London) were analysed on a mass spectrophotometer by Pro
fessor K. L. van der Merwe of the Department of Biochemistry
at the University of Stellenbosch, but no biochemical dif
ferences were detected between paraquat bought from these
two companies. I (K. L. van der Merwe - personal com
munication.)

The oxygen consumption of lung microsomes was measured
polarographically at 30°C using an oxygraph (model K-IC;
Gilson Medical Electronics) equipped with a Clark-type oxygen
electrode. The reactions were carried out in a 2,0 ml reaction
chamber containing the incubation medium ((n's-KCI buffer)
saturated with room air and maintained at 30°C in a water bath.
Lung microsomes (0,25 - 0,5 mg microsomal protein/m!) were
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allowed to equilibrate for 5 minutes in the buffer, and the
various reagents were then added via the inlet channel through
the glass stopper to yield the following final concentrations:
NADH or NADPH (Miles Laboratories) 0,5 - 0,75 mM,
potassium cyanide (KCN) (Merck) 5,0 mM, and paraquat
(Aldrich Laboratories) 1,0 mM, 0,1 mM and 0,01 mM. Aqueous
solutions' of all reagents were prepared to give the required final
concentration by the addition of not more than 100 ill to the
reaction chamber. The results were expressed in terms of nmol
oxygen consumed/mg microsomal protein/min.

The aerobic oxidation of NADH or NADPH at 30°C was
measured with a Zeiss PM6 spectrophotometer with a pro
grammed XP2 printer at 340 nm. Lung microsomes (0,25 - 0,5
mg microsomal protein/ml), NADH or NADPH (0,5 - 0,75
mM), KCN (5,0 mM) and paraquat (1,0 mM; 0,1 mM and 0,01
mM) and (n's-KCI medium respectively were added in a
specific sequence to obtain a final volume of 2,0 m!. The
oxidation rates of the reduced pyridine nucleotides were cal
culated from the slopes of the curves (see Figs 4 and 5) and
converted into nmol NADH/NADPH oxidized/mg microso
mal protein/min.

The activities of the following enzyme systems, in which the
reactions involved led to the reduction of NAD(P) or oxidation
of N AD(P)H and a change in the light absorption in the ultra
violet region with a maximum at 340 nm, were determined
spectrophotometrically acccording to the methods described in
the annotated references: G-6-PD,17 GAPD,IB and LDH19 in
the cytosol preparation, MDH20 and IDH21 in both the cytosol
and mitochondrial preparations, and the microsomal NAD(P)H
oxidase systems as described earlier.B

Conditions were standardized so that the reaction rates of the
different enzyme systems at 30°C were linear with time over a
minimum of a lO-minute incubation period. Calibration curves
for the rate of oxidation of NADH or the rate of reduction of
NADP were obtained before the start of each test system.
These values were then used together with the calculations
from the initial reaction rates of the enzyme activities to express
the results as nmol NAD or NADPH generated/mg protein/

min by the cytosol, mitochondrial or microsomal preparations
respectively.

In view of the observed effects of KCN 5,0 mM on the
NADPH-dependent microsomal enzymes, as well as the reports
by Colowick ee a/. 22 that KCN might interfere with the
spectrophotometric determination of some dehydrogenase en
zymes, a control reaction rate was calculated for all the enzyme
systems with or without paraquat in the presence or absence of
5,0 mM KCN. Continuous spectral analyses (220 - 800 nm; SP
800 Unicam) of mixtures of oxidized and reduced 'pyridine
nucleotides, paraquat and KCN at different pH values in
various media were performed to investigate the possibility of
the formation of cyanide complexes which could interfere with
the absorbance at 340 nm.

Results

Figs I, 2 and 3 illustrate the absorption spectra of in viero
oxidized and reduced paraquat and the effect of KCN and
paraquat on the rate of oxidation of NADPH by lung micro
somes in a ens-KC I buffer (pH 7,4) at 30°C. Oxidized paraquat
showed i maximum absorption in the ultraviolet region (258
nm), while reduced paraquat (in the presence of sodium
dithionite (Na2S20 4)) exhibited two absorptioll. maxima at 394
nm and 600 nm respectively. The presence of KCN neither
altered the absorption spectra of oxidized or reduced paraquat
nor affected the normal absorption spectrum (340 nm) of
NADPH or NADH in the presence or absence of paraquat at
pH 7,4.

When 1,0 mM. oxidized paraquat (PQ2+) was added to a
mixture of lung microsomes and NADPH in a ens-KCI buffer
(pH 7,4), continuous spectral analyses between 220 nm and 800
nm showed a constant absorption peak at 258 nm (i.e. that of
paraquat), a decreasing absorbance peak at 340 nm (probably
due to the oxidation ofNADPH), and no sign of absorbance in
the wavelength of 600 nm. Furthermore, the addition of KCN
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to the buffer (pH 7,4) containing lung microsomes, TADPH or
NADH and paraquat neither interfered with the normal ab
sorption maxima of the various components nor induced the
appearance of any additional absorption peaks (Fig. 3).

The endogenous oxygen uptake and the NADPH or ADH
oxidation rate of rabbit lung microsomes (Figs 4 and 5) are
given in Table I. One molecule of oxygen (1,90 ± 0,34 nmol
02/mg microsomal protein/min) can oxidize two molecules of
NADPH (4,29 ± 0,53 nmol NADPH - NADP/mg micro
somal protein/min) or NADH (4,01 ± 0,5 nmol NADH 
NAD/mg microsomal protein/min). When some of these
experiments were repeated 6 months later (to investigate the
effect of paraquat bought from Sigma Chemicals), mean values
of 2,24 nmol O/mg microsomal protein/min and 3,86 nmol

TADPH - NADP/mg microsomal protein/min were obtained
(Table I).

Paraquat (1,0 mM) had no significant effect on the NADH
dependent microsomal systems in the rabbit lung. When added
simultaneously with 500 - 700).LM NADPH to the microsomes
(0,25 - 1,0 mg microsomal protein/ml), it stimulated both the
oxygen consumption and rate of oxidation of NADPH signi
ficantly (Table I). Calculations of the initial reaction rates
showed an approximate ratio of oxygen consumed to NADPH
oxidized (H/02 ratio) of 2: 1. There was neither a liberation of
oxygen when catalase was added to the reaction mixture in the
oxygraph nor any change in absorbance at 340 nm in the
spectrophotometer.

When microsomes were pre-incubated with 1,0 mM paraquat
(Aldrich Laboratories) in vilro for 10 - 30 minutes prior to the
addition of TADPH, the initial oxygen uptake was substantially
lower (10,1 ± 1,01 nmol 02/mg protein/min v. 24,4 ± 2,34
nmol 02/mg protein/min), while the oxidation rate ofNADPH
(4,58 ± 1,4 nmoVmg protein/min) was almost similar to the
endogenous control value of 4,29 ± 0,53 nmoVmg protein/min
(Figs 4 and 5). This resulted in bizarre Hl02 ratios, which were
only found when Aldrich paraquat was used. Paraquat bought
from Sigma Chemicals (London), the British Drug Houses
(BDH) or Imperial Chemical Industries (ICI, England), despite
having identical absorption spectra to Aldrich paraquat on mass
spectrophotometry, (K. L. van der Merwe - personal com
munication) did not show a similar effect (Table I).

The influence of KCN 5,0 mM on endogenous microsomal
metabolism and on the paraquat-induced changes in the respi
ration and NADPH oxidation rate of rabbit lung microsomes is
shown in Table I. It seems as if KCN does not affect the
endogenous respiration or basal rate of NADPH and TADH
oxidation by lung microsomes. However, addition of KCN
before pre-incubation with paraquat (Aldrich Laboratories)
(Fig. 4, A) restored the highly significant increase in microsomal
respiration and NADPH oxidation rate (Table I). Furthermore,
when lung microsomes were exposed to Aldrich paraquat in the
presence of 5,0 mM KCN, the H/02 ratio returned to a 2:1
value. When microsomes were exposed to Sigma paraquat, the
Hl0 2 ratios calculated from the mean values for respiration and
NADPH oxidase activity were slightly different when KCN
was omined from or added to the reaction mixture. Because of
the relatively high SEM values, however, no statistically sig
nificant difference could be demonstrated between these values.

The effects of various concentrations of Aldrich paraquat on
the rate of oxidation of NADPH by rabbit and rat lung
microsomes in vilro are given in Table H. The normal NADPH
oxidation rate of rabbit lung microsomes (4,10 ± 1,9 nmoVmg
protein/min) corresponded well with earlier experiments (Table
I). Paraquat in concentrations of 0,01 mM, 0,1 mM and 1,0
mM increased the NADPH oxidation rates progressively.
When microsomes were pre-incubated with increasing concen
trations of paraquat in vitro and NADPH was added thereafter,
no stimulation of the NADPH oxidation rate was observed with
1,0 mM paraquat. However, with exposure to 0,1 mM and 0,01
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TABLE 11. THE EFFECT OF VARIOUS CONCENTRATIONS OF PARAOUAT ON THE NADPH OXIDATION RATE OF
RABBIT AND RAT LUNG MICROSOMES*

NADPH oxidation rate (initial reaction rate)

(nmol NADPH - NADP/mg microsomal protein/min)

Rabbit Rat

Treatment of microsomes

Microsomes + NADPH:
+ PO (0,01 mM)
+ PO (0,10 mM)
+ PO (1,0 mM)

Microsomes + PO + NADPH:
+ PO (0,01 mM)
+ PO (0,10 mM)
+ PO (1,0 mM)

* Each value represents the mean (± SE) of triplicate determinations on the number of animals used in each experiment
PO = paraquat

mM paraquat increases comparable with those obtained when
paraquat was added after NADPH were found.

As illustrated in Table 11, rat lung microsomes showed an
endogenous NADPH oxidation rate of 2,21 ± 0,5 nmol/mg
protein/min, and responded in a very similar way to the rabbit
lung microsomes to pre- and post-incubation with various
concentrations of paraquat in vitro (Table 11).

Table III summarizes the effects of potassium cyanide and
various concentrations of Aldrich paraquat on the in vitro
activity of some pyridine nucleotide dependent dehydrogenases
in the mitochondrial and cytosol fractions from rabbit lung.
The presence of 5,0 mM KCN in the different test systems did

not affect the in vitro activity of G-6-PD, GAPD and IDH, but
significantly (P<O,OOI) inhibited the baseline or basal values for
LDH and MDH activities. Although 0,1 mM and lower con
centrations of paraquat showed no statistically significant effects
on any of the enzymes tested, I,D mM and higher concentra
tions resulted in total inhibition of the activity of GAPD, a
highly significant inhibition of G-6-PD, LDH and IDH, and no
effect on both cytosol and mitochondrial MDH activities.

The addition of 5,0 mM KCN to the test systems, either
before the start of the experiment or halfway through the 10
minute period of registration, almost completely reversed the
inhibitory effects of paraquat on G-6-PD and IDH enzyme

Control Control Paraquat
value value Paraquat Paraquat 1 mM +

(without KCN) (+ 5 mM KCN) 0,1 mM 1.0 mM KCN 5 mM

40,5 42,2 39,6 24,4 35,9
± 1,1 ± 2,9 ± 1,7 ± 1,5 ± 3,9

(N=9) (N=4) (N=8) (N=8) (N=4)

100,3 122,8 89,0 45,5
± 6,9 ± 8,8 ± 23,6 ± 6,8

(N= 7) (N= 7) (N= 6) (N= 6) (N= 7)

493,8 94,5 472,7 35,8 4,8
± 15,7 ± 31,5 ± 24,7 ± 13,2 ± 1,7
(N= 8) (N= 4) (N= 6) (N= 6) (N= 4)

55,0 1,8 54,2
±2,2 ±O,5 ±2,7

(N=6) (N=8) (N=7)

187,9 . 12,9 174,1
± 6,4 ± 3,4 ± 7,0

(N= 9) (N= 9) (N= 6)

1 076,3 1 054,8 243,3
± 83,4 ± 82,5 ± 10,4
(N=7) (N=7) (N=7)

1 540,3 1 538,7 369,3
± 186,7 ± 165,7 ± 26,4
(N = 7) (N = 7) (N = 4)

Pyridine
nucleotide
involved

NAD - NADH

NADH - NAD

NAPD - NADPH

Subcellular
fraction

Cytosol

Cytosol

Cytosol

Isolated
enzyme
system

57,2 57,0
IDH Cytosol NADP - NADPH ± 1,7 ±2,5

(N=9) (N= 7)

199,4 182,4
IDH Mitochondrial NADP - NADPH ±6,2 ±5,8

(N= 9) (N=6)

1109,1 246,3
MOH Cytosol NADH - NAD ± 57,S ±9,4

(N=11) (N= 7)

1506,0 369,0
MOH Mitochondrial NADH - NAD ± 159,5 ± 19,5

(N= 7) (N=4)

GAPD

G-6-PD

LDH

TABLE Ill. THE EFFECT OF POTASSIUM CYANIDE (5 mM) AND 1 mM and 0,1 mM CONCENTRATIONS OF PARAOUAT ON THE
IN VITRO ACTIVITY OF SOME PYRIDINE NUCLEOTIDE-DEPENDENT DEHYDROGENASES IN SUBCELLULAR FRACTIONS FROM

RABBIT LUNG*
Enzyme activity (nmol NADPH or NADH/mg protein/min)

* Each value represents the mean (± SE) of triplicate determinatlons on the number of animals used in each experiment.
N = number of animals.
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actlvmes. Furthermore, the presence of KCN partially can
celled the total inhibition of 1,0 mM paraquat on the GAPD
system caused an additional inhibition of the LDH activity, and
depressed the MDH activities to values more or less in line with
control values in the presence of KCN alone (Table Ill).

Under the experimental conditions relevant to our in vilTo
systems, no complexes interfering with KCN were produced at
pH 7,4. When the pH of the buffer was deliberately increased
by the addition of O,IM NaOH such interfering complexes
were found between cyanide and NADP and NAD at 340 nm,
but only when the pH of the medium exceeded 9,0.

When paraquat preparations supplied by Sigma Chemical
Company, London, were investigated in our in vilTo systems for
the determination of enzyme activity, paraquat concentrations
up to 1 mM had no effect.

Discussion

The mechanisms whereby paraquat causes pulmonary toxicity
are not well understood. Recent studies have been focused on
oxidation-reduction cycles of paraquat, oxygen radical for
mation and superoxide production.23 These processes have
been investigated in plants, and it is tempting to suggest that
the hypothesis for the toxic action of paraquat in plants also
applies to mammals. However, far less is known about the
biochemistry of paraquat toxicity in mammalian cells than in
plant cells. Any satisfactory theory must explain not only the
origin of cellular damage but also its selective action on the
lung. The suggestion that a process of cyclic oxidation and
reduction of paraquat is involved in its toxicity seems to be a
good working hypothesis. 23

Paraquat is reduced to the radical cation by lung microsomes,
and under aerobic conditions the reduced paraquat radical is
immediately re-oxidized by molecular oxygen.23 The possible
generation of hydrogen peroxide (H20 2) and highly reactive
oxygen sp~cies (superoxide ani?ns ~ ~~~and/or singlet oxygen
= 6. g O2 ) III these reactions In VIVO .- are supported by our
observations that the toxicity of paraquat is increased by
exposure to high oxygen tensions and decreased by admini
stration of superoxide dismutase. 25

Previous reports indicated that about 14% of the total
endogenous oxidative metabolism of rabbit lung homogenates
was not inhibited by KCN.5 This probably corresponds to the
basal rate of microsomal respiration (1,9 ± 0,34 nmol 02/mg
protein/min) obtained in the present investigation. Rabbit lung
microsomes incubated aerobically with ADPH resulted in a
NADPH oxidation rate which constituted a H/02 ratio of 2: 1.

The higWy significant increase in the respiration rate and rate
of TADPH oxidation induced by 1,0 mM paraquat resulted in
H/O ratios which implied the formation of H20 2 under such
circumstances. The magnitude of the increase in microsomal
metabolism appeared to be directly related to the concentration
of paraquat, and the generated H20 2 is probably immediately
broken down by endogenous microsomal catalase.8 This may
explain the lack of any polarographic deviation when exogenous
catalase was added to the reaction chamber while monitoring
microsomal respiration.

Because no reaction was observed when paraquat and
TADPH were incubated without microsomes, the increase in

microsomal oxidative metabolism most certainly involved an
enzyme-dependent reaction. The concomitant appearance of
reduced paraquat (PQ+·) - illustrated by the absorption peaks
at 394 nm and 600 nm - and the aerobic reoxidation via transfer
of a single electron from cation radical paraquat to oxygen may
mediate the formation of superoxide or other highly reactive
oxygen radicals. 26

These findings are supported by results in the literature23

which indicated that peroxidation of membrane lipids and

possibly also surfactant lipids occurred, and thereby constitute
a biochemical mechanism for the pulmonary toxicity of para
quat in mammals as well. There are, however, indications that
paraquat or the reactive radicals may affect certain enzyme
systemsS

-
12

, such as mitochondrial dehydrogenases, NADPH
oxidases, microsomal fatty acid desaturase and cytochrome P
450 in the rat. Whatever the exact molecular target may prove·
to be, it seems likely that the toxicity of paraquat in mammals,
as in plants, is related to its cyclic oxidation and reduction
within cells, possibly in conjunction with the synthesis of
NADPH and its subsequent oxidation.27

The time- and concentration-dependent cyanide-reversible
effect of paraquat, also reversible by addition of fresh micro
somes, posed a very fascinating problem. Whether this is
simply an 'artefact', indicative of some cyanide-sensitive factor
in the microsomes which play a role in paraquat toxicity,
remains to be investigated.

Several investigators have described some species differences
between the rat and rabbit regarding in vivo or in vilTO reactions
to paraquat. It has been shown that paraquat caused a decrease
in the concentrations of cytochrome P-450 in the rat, but did
not affect the concentration of this co-enzyme in the rabbit. 9

There is also evidence that the microsomal drug-metabolizing
activity as well as the production of H20 2 is lower in the rat
than in the rabbit. However, the production of superoxide
radicals is higher in the rat. 24 The activity of the energy
dependent paraquat pump system also seemed to be higher in
the rat, while on the other hand paraquat is removed much
faster from the lungs in the rabbit than in the rat. 9 Reports from
this laboratory showed that there is a stimulation of protein
synthesis and an inhibition of lipid synthesis in the rat under
certain experimental conditions, but that paraquat had no effect
on the synthesis of proteins and lipids under similar circum
stances in the rabbit.2 However, the present investigation
showed that no species differences exist between rat and rabbit
lung microsomes as far as the rate of microsomal respiration
and the rate of NADPH oxidation are concerned.

There seemed to be no common mechanistic denominator
among the enzymes (G-6-PD, IDH, LDH and GAPD) which
are totally or subtotally inhibited by 1,0 mM paraquat. The
mechanism(s) of inhibition of these enzymes by paraquat still
remains an enigma, although the reversal of the inhibition by
the addition of KCN may provide an important clue in further
investigations. Similarly, the inability of high concentrations of
paraquat to influence both the MDH enzyme systems may
point to a very interesting mode of action.

The addition of KCN to the different enzyme assays, where
the change in absorbance at 340 nm was caused by the
reduction of the pyridine nucleotide involved, showed no
interference with the in vitTo enzyme activitiy. However, in the
LDH and MDH assays, where the reduced pyridine nucleotide
was oxidized 'in the reaction used, KCN caused a marked
inhibition of the enzyme activity. This inhibition was by no
means an artefact22 because no cyanide complexes could be
demonstrated under these experimental conditions.

The subtotal and/or total inhibitory effect of paraquat on
certain key enzymes in the metabolism of carbohydrates may be
meaningful as an additional mechanism of paraquat toxicity. It
has been shown that paraquat is concentrated in lung cells by an
energy-dependent pump system,3 which means that the intra
cellular concentration of paraquat may reach relatively high
levels. In most of the metabolic reactions studied in the present
investigations4

-
7paraquat caused an initial stimulation of aerobic

processes. In the later stages, however, a gradual inhibition of
metabolic pathways which may coincide with the increasing
intracellular concentrations of paraquat was noted. This may
induce an inhibition of the G-6-PD system, with a consequent
decrease in the NADPH generation. According to Forman et

a/. 27 the one electron reduction of paraquat is dependent on an



optimal concentration of NADPH, and a decrease in its con
centration would lead to an additional increase in the intra
cellular concentration of paraquat. The inhibition of other
glycolytic enzymes by paraquat, as well as the inhibitory effect
of different substrates and intermediary products accumulating
intracellularly, may further contribute to a disordered metabolic
system.

Although the hypothesis of oxidation-reduction cycles of
paraquat with the production of active radicals may still be an
important membrane-damaging process in the acute stages of
paraquat toxicity, the inhibition of enzyme systems may be
instrumental in the destruction of organelIes and cells, which
may then release fibrogenetic factors initiating fibrogenesis.
Because fibroblasts were shown to be far less sensitive to
paraquat than alveolar macrophages, for example,6 an irre
versible and progressive interstitial fibrosis may follow.
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