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B

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride) is marketed as a contact
herbicide. Although it has proved safe in use there have been a number of cases of
poisoning after the intentional swallowing of the commercial product. The most
characteristic feature of poisoning is lung damage, which causes severe anoxia and
may lead to death. The specific toxicity to the lung can be explained in part by the
accumulation of paraquat into the alveolar type I and type II epithelial cells by a
process that has been shown to accumulate endogenous diamines and polyamines.
When accumulated, paraquat undergoes an NADPH-dependent, one-electron re-
duction to form its free radical, which then reacts avidly with molecular oxygen to
reform the cation and produce superoxide anion, which in turn will dismutate to form
H,O,. This may lead to the formation of more reactive (and hence toxic) radicals
which have the potential to cause lipid peroxidation and lead to cell death.

Biochemical changes provoked by paraquat in the lung suggest that it causes a
rapid, pronounced and prolonged oxidation of NADPH that initiates compensatory
biochemical processes in the lung. NADPH may be further depleted as it is consumed
in an attempt to detoxify H,O, or lipid hydroperoxides. Thus it is possible that with
toxic levels of paraquat in the cell, compensatory biochemical processes are insufficient
to maintain levels of NADPH consistent either with cell survival or with the ability
to detoxify H,O, or prevent lipid peroxidation.
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INTRODUCTION

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride) was first described in the literature in
the latter part of the nineteenth century by Weidel & Rosso (1882). In 1933 its redox properties
were discovered by Michaelis & Hill (1933) and since then it has been used as a redox indicator,
known by its trivial name methyl viologen. Its herbicidal properties were discovered in the
mid-1950s and it has been marketed as a herbicide for approximately 25 years. Although it
has proved remarkably safe in use there have been a number of fatalities largely as a
consequence of the intentional swallowing of the concentrated commercial product for suicidal
purpose (Fletcher 1974).

When paraquat is swallowed the symptoms of poisoning depend largely on the amount

B

consumed. Those who die from paraquat poisoning can be divided into two broad categories;
(i) those who die within one to five days of its ingestion and (ii) those who die later than five
days and as long as several weeks after ingestion. In the cases of death which occur within a
few days of poisoning, extremely large amounts of paraquat have been ingested. Death, when
it occurs, results from multi-organ failure associated with damage to the adrenal gland (Nagi
19770), liver (Fennelly et al. 1971), kidney (Oreopoulos et al. 1968), lung (Bronkhurst et al. 1968)
and brain (Nienhaus & Ehrenfeld 1971). In these cases of poisoning the precise cause of death
is difficult to diagnose because so many of the vital organs have been affected. In patients who
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survive five days or longer but eventually die from paraquat poisoning, the most characteristic
features of poisoning are damage to the lung and kidney (Fairshter et al. 1976), with the cause
of death usually attributed to anoxia as a consequence of extensive lung damage.

In this paper the mechanism of toxicity of paraquat in the lung will be described. While
it is generally agreed that it is the cyclical reduction and reoxidation of paraquat that represents
its primary mechanism of toxicity, consideration will also be given to the delivery of paraquat
to the lung, the biochemical consequences of redox cycling and the pathology that results.

PAaTHOLOGY IN THE LUNG

The toxic effects of paraquat in experimental animals was first reported by Clark ez al. (1966)
who showed that the histological effects of paraquat in rats, mice and dogs are similar. The
most extensive studies on the pathogenesis of paraquat-induced lung damage have been
performed on rats. Within 24 h of the administration of an approximate LD,, dose of paraquat
the alveolar type I and type II epithelial cells are damaged (Vijeyaratnam & Corrin 1971).
The destruction of the alveolar epithelium continues such that by two to four days after dosing,
areas of the alveolar epithelium are destroyed. During this time an alveolitis develops with
concomitant infiltration of inflammatory cells into the lung (Vijeyaratnam & Corrin 1971).
Considerable oedema is produced during this phase and many animals will die within the first
few days of dosing (Smith & Rose 1977). A few rats that develop this severe alveolitis survive
for many days or weeks after dosing but then develop an extensive hypercellular lesion
characterized by the proliferation of fibroblasts (Smith & Heath 1976). This phase of the lesion,
along with residual oedema and alveolar collapse, results in death due to anoxia. Thus it
appears that the initial lesion in the lung is damage to the alveolar epithelium and as a
consequence of this a proliferative fibrosis develops (probably as part of the repair process) that,
if extensive enough, will cause death.

DELIVERY OF PARAQUAT TO THE LUNG

Most authors agree that paraquat is not metabolized in experimental animals. Sharp et al.
(1972) first demonstrated that the lungs of rats intravenously dosed with paraquat had the
highest concentration and selectively retained the compound in comparison with other organs.
When rats are dosed orally with paraquat the concentration in the plasma remains relatively
constant over a period of 30 h, whereas that in the lung increases with time such that by 30 h
there is six to seven times more in the lung than in the plasma (figure 1). Of the organs studied,
no other tissue shows a similar time-dependent increase in paraquat concentration (Rose ez al.
1976). Thus the lung, which is the organ most severely damaged by paraquat, has the ability
to accumulate the bipyridyl from the plasma after oral dosing (Smith et al. 1974) and retains
paraquat independent of the fall in the plasma concentration (Sharp et al. 1972). This selective
accumulation—retention of paraquat in the lung provides a convincing explanation why this
organ is selectively damaged by paraquat.

Experiments using lung slices have shown that the lung accumulates paraquat in a
time-dependent manner by a process that is energy dependent (Rose ¢t al. 1974). As with the
in vivo situation, slices of organs taken from control rats were unable to accumulate paraquat,
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Ficurk 1. The level of paraquat in the lung and plasma of rats given 680 pmol of paraquat per kilogram of body
mass orally. Points on the graph represent the mean +s.e. (standard error) with at least five rats per time point.
Rate of uptake: 4-6 nmol per gram wet mass per hour.

with the exception of brain slices, which could accumulate paraquat, but to a much lesser extent
than lung slices (Rose ¢t al. 1976).

The efflux of paraquat from lung slices has been shown to be biphasic, having a very fast
component and a slow component (Smith et al. 1981). The fast component is thought to
represent the diffusion of paraquat from the extracellular space or from cells damaged during
slicing of the lung (Smith et al. 1981). The slow component is first order, being characterized
by a 4 of 17 h, which is similar to that found in vivo (Smith et al. 1981).

The discovery that paraquat was accumulated into the lung led to the suggestion that its
uptake was the consequence of its ability to be mistaken for an endogenous compound (or
compounds) that is normally accumulated by the lung. A number of compounds were examined
for their ability to inhibit paraquat accumulation into the lung (Lock et al. 1976). Among these
inhibitors was the diamine putrescine, which competitively blocks paraquat accumulation and
is itself accumulated by an energy-dependent process in the lung (Smith & Wyatt 1981). The
uptake of both paraquat and putrescine in the lung obeys saturation kinetics and the apparent

K,, for the accumulation of paraquat is 70 um with a 1}, of 300 nmol per gram wet mass

max
per hour (Rose et al. 1974) whereas that of putrescine is 7 um with a ¥, of 330 nmol per gram
wet mass per hour (Smith 1982). The polyamines spermidine and spermine are also
accumulated into the lung by a process that obeys saturation kinetics (Smith et al. 1982). The
apparent K, and V,,. values for the accumulation of these oligoamines are similar (table 1).
It seems reasonable to conclude that a single process is responsible for the accumulation of
diamines and polyamines into the lung and that the reason paraquat is accumulated is that
it is transported by this process in mistake for these or other endogenous substrates.

The most probable reason for the pulmonary uptake of paraquat is its structural similarity
to the diamines and polyamines with respect to the separation of the quaternary nitrogen atoms
of paraquat and the amino groups of the oligoamines. A characterization of the structural
requirements of this process has been made by Gordonsmith et al. (1983).

Definitive evidence for the cellular compartments into which paraquat is accumulated is not
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TABLE 1. THE KINETIC CONSTANTS FOR THE ACCUMULATION OF DIAMINES AND POLYAMINES
BY SLICES OF RAT LUNG

method of preparing

compound lung slice K. /um Vinax/ (nmol g h™1)
spermine tissue chopper 8.8 639 (527-811)
spermidine tissue chopper 15.7 606 (452-917)
cadaverine tissue chopper 15.9 832 (601-1351)
putrescine tissue chopper 11.4 635 (399-1546)
putrescine hand slice 7.0 330

Slices of ratlung were incubated at 37 °C in K.R.P. glucose medium containing 1, 3, 10, 30 or 100 pm of 1*C-labelled
spermine, spermidine, cadaverine or putrescine as appropriate. The rate of accumulation of label into the slice
was determined for each concentration of each compound by using a least-squares regression on four slices at three
time points. By using the rate of accumulation for each concentration, estimates of the Lineweaver—Burke relation
were determined with the use of unweighted least-square linear regression and the apparent K, and ¥}, determined
for each compound. The figures in parentheses are the 959, confidence limits.

ax

yet available. Waddell & Marlowe (1980) concluded that paraquat is accumulated almost
entirely into cells having the typical distribution of alveolar type II epithelial cells. There is
also indirect evidence that paraquat and putrescine are accumulated into the same cell types
(Smith & Wyatt 1981). In a series of as yet unreported studies with the use of autoradiographic
techniques the distribution of paraquat, putrescine and the polyamines spermidine and
spermine in lung slices has been found to be confined to the alveolar type I and type II cells
and Clara cells of the lung (Soames & Smith, unpublished results). Thus, it appears from both
direct and indirect evidence that the alveolar epithelium is at least partly a site for the
accumulation of paraquat.

The realization that paraquat is accumulated into specific cell types in the lung is of
considerable importance in attempting to understand its mechanism of toxicity. It is claimed
that there are more than 40 cell types in the lung (Sorokin 1970) and therefore if paraquat
is accumulated into only a small proportion of the total cell population then the intracellular
concentration of paraquat in those cells it damages (alveolar type I and type II epithelial cells)
could be seriously underestimated. This is because the data describing the amount of paraquat
in the lung is usually expressed as a function of the wet weight of tissue. Therefore the
concentration, when expressed in this way, may underestimate by as much as two orders of
magnitude the intracellular concentration of paraquat in those cells into which it has
accumulated.

PRIMARY MECHANISM OF TOXICITY

Paraquat has the ability to undergo a one-electron reduction from the cation to form a stable
blue coloured free radical in the absence of oxygen (Michaelis & Hill 1933). In the presence
of oxygen the radical will immediately reform the cation with the concomitant production of
superoxide anion (O3 ). This reaction between paraquat radical and oxygen is so rapid that
it is diffusion-limited (Farrington et al. 1973). Thus, provided there is a continuous supply of
electrons to paraquat, and oxygen is present, paraquat will rapidly cycle from its oxidized to
reduced form with the continuous production of Oj3.

Gage (1968) first reported that under anaerobic conditions, NADPH together with a
flavoprotein could reduce paraquat from its cation to radical. Under aerobic conditions the
radical is reoxidized and this redox cycling continues until the available NADPH is consumed.
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The studies of Gage (1968) were extended by Baldwin et al. (1975) who demonstrated that
microsomal preparations from liver, lung and kidney were all able to generate radicals of
paraquat and eventually produce H,O,. The production of O; and H,0O, may then lead to
the formation of more reactive oxygen radicals, which in turn may be more toxic to the cell
(Bus & Gibson 1984). Thus the cycling of paraquat from its reduced to reoxidized form provides
a plausible primary mechanism of its toxicity that is entirely analogous with the proposed
mechanism of the phytotoxicity of paraquat (Dodge 1971).

BIOCHEMICAL CHANGES ASSOCIATED WITH TOXICITY

The mechanism by which the redox cycling of paraquat leads to lung damage is still subject
to considerable speculation. Emphasis has been placed on the ability of radical species of oxygen
to react with lipid membranes and cause lipid peroxidation (Bus et al. 1974, 1975, 1976).
Peroxidation of membranes is considered to lead to their dysfunction and hence damage to the
cell. Both direct and indirect evidence for this mechanism has been produced. However, the
in vitro evidence for the production of lipid peroxides is contradictory (Shu ef al. 1979; Steffen
& Netter 1979). The system to measure i vitro lipid peroxidation is usually one that uses
microsomal preparations from either the liver or lung together with NADPH or an NADPH-
generating system. Malondialdehyde production or diene conjugation is often used as a measure
of lipid peroxidation in these systems. Several studies reported that paraquat does not cause
lipid peroxidation in vitro (Illett et al. 1974 ; Steffen & Netter 1979; Kornbrust & Mavis 1980).
However more recent studies by Trush et al. (1981) indicate that there is considerable in vitro
stimulation of lipid peroxidation by paraquat in rat microsomes. It may be that in those studies
where the in vitro evidence for lipid peroxidation was not obtained, NADPH became a limiting
factor in the production of paraquat radical and hence superoxide anion.

Bus et al. (1976) have provided indirect evidence that lipid peroxidation is involved with
the mechanism of paraquat toxicity in vivo. A mechanistic scheme incorporating their proposal
is shown in figure 2 and using this scheme they have predicted the biochemical parameters
that should be altered. Also, by interfering with some of the defence mechanisms shown in this
scheme, the authors tested whether the toxicity of paraquat was altered. For example, the
detoxification of lipid hydroperoxides, or indeed H,O,, via the enzyme systems glutathione
peroxidase and glutathione reductase is known to require reduced glutathione and selenium
as essential cofactors. Bus ef al. (1975) demonstrated that paraquat toxicity was significantly
enhanced in mice fed selenium-deficient diets. The studies with selenium, however, indicate
the difficulty of this approach because selenium deficiency increases the toxic effect of paraquat
to mouse liver, an organ that in mice is not usually damaged by paraquat.

In contrast to the evidence in vitro, there is little direct evidence that shows the generation
of lipid peroxidation in the lungs of paraquat-treated animals. The problem of demonstrating
lipid peroxidation i vivo is in many respects analogous to defining the amount of paraquat
present in individual cell types. The inability to detect malondialdehyde or diene conjugates
in the lungs of animals treated with paraquat may reflect the fact that only a relatively small
proportion of the cell types are damaged. Thus, even if peroxidation does occur and is extensive
enough to cause cellular damage, it may still not be large enough to be detected when the results
are expressed per gram wet weight of whole lung. This problem is applicable to all investigations
that attempt to demonstrate a critical biochemical event in a particular cell type which
represents a small proportion of the total cell population. It is certainly no less applicable to
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Ficure 2. Mechanism of toxicity.

the suggestion that a critical biochemical event in the toxicity of paraquat is the depletion
of NADPH levels in those cells in which paraquat is accumulated. (The sites of oxidation of
NADPH are shown in figure 2.) This depletion would render the cells unable to perform
essential physiological and biochemical functions. The first studies to indicate that this may be
a possible explanation for the toxicity of paraquat were those of Fisher et al. (1975). They
suggested that paraquat may shift the redox potential by oxidation of pyridine nucleotides and
that the resulting scarcity of NADPH may then interfere with the synthesis of proteins and lipids.
This hypothesis is supported by the evidence of Illett et al. (1974), who showed that NADPH
oxidation was markedly increased in rat lung microsomes by paraquat. Fisher ef al. (1975) also
demonstrated that the oxidation of [1-1*C]glucose in lung slices was markedly enhanced in the
presence of paraquat. They suggested this was consistent with a depletion in the levels of
NADPH in the lung. They also demonstrated that lipid synthesis was inhibited in lung slices
in the presence of paraquat, indicating that NADPH levels were reduced.

Witschi ef al. (19%77) measured the NADPH :NADP? ratio in the lungs of rats intravenously
dosed with paraquat. They demonstrated that paraquat causes an oxidation of NADPH in vivo,
although the relation of this effect to lung damage is not clear. More recently it has been
shown that the pentose phosphate pathway (as measured by [1-'*C]glucose oxidation) is
stimulated directly in proportion to the dose of paraquat given to rats and therefore the amount
of paraquat present in the lung (figure 3). Also fatty-acid synthesis was inhibited in a
dose-dependent manner in the lungs of treated rats (figure 4) and the degree of stimulation
of the pentose phosphate pathway was directly related to the degree of inhibition of fatty-acid
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Ficure 3. Relation between the production of CO, from [1-4C]- or [6-*C]glucose and lung paraquat
concentration 2 h after dosing. Lung slices were prepared (0.6 mm thick) and 1CO, production from [1-12C]- or
[6-14C]glucose was measured for 1 h. Results are expressed as a percentage of control. Points on the graph
represent the mean+s.e. with five rats per determination. Control values were 10102 +1304 d.p.m. (dis-
integrations per minute) *CO, per 100 mg wet mass [1-1*C]glucose and 2851 + 287 d.p.m. 1*CO, per 100 mg
wet mass [6-1*C]glucose. (From Keeling ef al. 1982.)
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Ficurk 4. Relation between ['Clacetate incorporation into fatty acids and lung paraquat concentration 2 h after
dosing. Lung slices were prepared (0.6 mm thick) and [*C]acetate incorporation into fatty acids was measured
for 1.5 h. Results are expressed as a percentage of control. Points on graph represent the mean +s.e. with five
rats per determination. Control values were 10222 4580 d.p.m. *C per mg fatty acid. (From Keeling et al.
1982.)
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synthesis (figure 5). Because both pathways appear to be equally affected (figure 5), this
indicates that a single factor (probably NADPH) is affected, which in turn controls the activity
of both pathways. In addition the direct measure of NADPH levels in the lung showed that
this cofactor is reduced following the administration of paraquat (Keeeling & Smith 1982). These
data are consistent with the results of Witschi et al. (1975) in that the ratio of NADPH to NADP*

40 mg kg !
—1 80 -1
E 500 60 mg kg ’& mg kg
3 s
k| o
S s 30 mg kg
2 400 ’
2 /s’
' S /I
=] 4
S 300 ¢
:Q 15 mg kg ™! } 20 mg kg !
&) /
3 10 mg kg B0
& 200 gke Q-
g },'
<
El 5 mg kg
g
S 100
&
8 r=0983
=}
g
g8 0 20 40 60 80 100

percentage inhibition of fatty-acid synthesis

Ficure 5. Relation between reduced [*C]acetate incorporation into fatty acids and stimulated *CO, production
from [1-1%C]glucose in lung slices taken from rats 2 h after dosing subcutaneously with paraquat. Lung slices
were prepared (0.6 mm thick) and 1*CO, production from [1-1*C]glucose was measured for 1 h asd.p.m. 1*CO,
per 100 mg wet mass. [*Clacetate incorporation into fatty acids was measured for 1.5 h as d.p.m. *C per
milligram fatty acid. Results are expressed as percentage of control. Points on graph represent the mean of
five rats per determination. (From Keeling et al. 1982.)

in the lung was reduced bv paraquat. However Keeling & Smith (1982) demonstrated that
it was a loss of NADPH that caused the change in the ratio rather than an alteration in both
the NADPH and NADP* levels. The significance of these effects to an understanding of the
mechanism of paraquat toxicity can best be demonstrated if they are considered in the context
of the time course of events. The stimulation in pentose phosphate pathway activity and
inhibition in fatty acid synthesis in the rat lung occurs within 2 h of administering an LD,
of paraquat (Keeling e al. 1982). These biochemical changes occurred at the time when it is
not possible to demonstrate changes in the alveolar epithelium of the lung by using the electron
microscope, nor can a significant fall in the NADPH content of the lung be measured (Keeling
& Smith 1982). Thus it can be argued that when paraquat is accumulated into the lung,
compensatory biochemical reactions take place that attempt to regenerate NADPH. The
NADPH is utilized by the cycling of paraquat from its reduced and oxidized form and also
in an attempt to detoxify H,O, or lipid hydroperoxides via the glutathione peroxidase and
reductase enzyme systems. Biosynthetic pathways such as fatty-acid synthesis that are highly
dependent on NADPH (Wakil 1962) are inhibited owing to the rapid oxidation of NADPH.
Only when these compensatory processes are no longer able to maintain NADPH levels in the
lung can decreases in the amount of NADPH present be detected.
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That there are early significant biochemical changes in the redox state of paraquat-treated
lungs is shown by the studies of Keeling et al. (1982). These studies demonstrated that following
the administration of paraquat the amount of protein SH groups in the lung is reduced and
there is an increase in protein SS forms. These protein SS forms are mostly found in the form
of mixed disulphides where low molecular mass SH compounds (such as glutathione and
cysteamine) react with protein. Keeling ef al. (1982) found a direct correlation between the
amount of mixed disulphides generated and the stimulation of the pentose phosphate pathway
or indeed inhibition of fatty-acid synthesis. The formation of mixed disulphides between protein
and glutathione may be part of a significant regulatory mechanism in rat tissues that maintains
the integrity of cell membranes during oxidative stress (Isaacs & Brinkley 19774, b). Increases
in lung-mixed disulphides may be a factor that is responsible for regulating the pentose
phosphate pathway and fatty-acid synthesis. It seems likely that the redox stress caused by
paraquat in target cells results in an increase in glutathione oxidation (in an attempt to detoxify
lipid hydroperoxides and H,0,). Any excess GSSG formed will react with protein sulphydryl
to form mixed disulphides, perhaps mediated by a thiol transferase activity. As sulphydryl
groups of enzymes react with oxidized glutathione to form mixed disulphides the enzyme
activity of these proteins is altered (Isaacs & Brinkley 19774, b; Moron et al. 1979), presumably
by conformational changes in their structure. In this way, as GSSG reacts with the protein
sulphydryl, the coincident activation of the pentose phosphate pathway would generate
NADPH that in turn would lead to the reduction of GSSG to GSH. Thus the activation of
the pentose phosphate pathway by GSSG in the cell would contribute to the regulation of the
normal redox state in the lung cells. It is of interest that a greater understanding of the
regulation of intermediary metabolism in the lung has come about from an attempt to
understand the mechanism of paraquat toxicity.

It seems clear that the primary reaction involved in the mechanism of paraquat toxicity in
the lung is the cycling from its cationic form to reduced form with the production of superoxide
anion and consumption of electrons. Those authors who favour lipid peroxidation as the
mechanism of paraquat damage suggest that the production of superoxide anion directly or
indirectly, through the formation of more reactive species of oxygen such as hydroxyl radical,
leads to the peroxidation of vital lipid membranes and hence cell death. On balance the
evidence in vitro favours the formation of lipid peroxides by lung microsomes whereas the i
vivo data is more tenuous. Those authors who have emphasized the importance of NADPH
depletion in paraquat toxicity suggest that the depletion of this vital cofactor renders the lung
unable to perform essential biosynthetic processes, and in turn is more susceptible to lipid
peroxidation. There is no reason why these hypotheses need to be mutually exclusive.

In conclusion, therefore, if the glutathione peroxidase or reductase systems together with the
endogenous levels of antioxidant are inadequate to defend against peroxidation, then it is
possible that cell damage may occur. The depletion of NADPH by the redox cycling of paraquat
will lead to additional utilization of the remaining NADPH in an attempt to provide reduced
glutathione for the glutathione peroxidase enzyme activity. Thus NADPH will be depleted both
in the production of superoxide anion and in a defence to it. Consequently, the pentose
phosphate pathway is stimulated in an attempt to regenerate NADPH. The pathways
dependent on NADPH appear to be inhibited either as a compensatory mechanism or because
NADPH is depleted within the cell. With further generation of NADPH this cofactor is
available either to regenerate reduced glutathione or it may be used for the further reduction

[ 205 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

656 L.L.SMITH

of paraquat and cycling with oxygen. On balance, the evidence suggests that the concentration
of paraquat in lung cells causes a severe redox stress that leads eventually to a sustained
depletion in NADPH levels. This by itself, or in combination with lipid peroxidation, initiates
the cascade of biochemical events that lead to cell death.

REFERENCES

Baldwin, R. C,, Pasi, A., MacGregor, J. T. & Hine, C. H. 1975 The rates of radical formation from the dipyridy!l
herbicides, paraquat, diquat and morphamquat in homogenates of rat lung, kidney and liver. Toxic. appl.
Pharmac. 32, 298-304.

Bronkhurst, F. B., Van Daal, J. M. & Tan, H. D. 1968 Fatal poisoning with paraquat. Ned. Tijdschrgencesk 112,
310-313.

Bus, J. S., Aust, S. D. & Gibson, J. E. 1974 Superoxide- and singlet oxygen-catalysed lipid peroxidation as a
possible mechanism for paraquat toxicity. Biochem. biophys. Res. Commun. 58, 749-755.

Bus, J. S., Aust, S. D. & Gibson, J. E. 1975 Lipid peroxidation: a possible mechanism for paraquat toxicity. Res.
Commun. chem. Path. Pharmac. 11, 31-38.

Bus, J. S., Cagen, S. Z., Olgaard, M. & Gibson, J. E. 1976 A mechanism of paraquat toxicity in mice and rats.
Toxic. appl. Pharmac. 35, 501-513.

Bus, J. S. & Gibson, J. E. 1984 In Drug metabolism and drug toxicity (ed. J. R. Mitchell & M. G. Horning), pp. 21-32.
New York: Raven Press.

Clarke, D. G., McElligott, T. F. & Weston-Hurst, E. 1966 The toxicity of paraquat. Br. J. ind. Med. 23, 126-132.

Dodge, A. D. 1971 The mode of action of the bipyridylium herbicides, paraquat and diquat. Endeavour 30, 130-135.

Fairshter, R. D., Rosen, S. M., Smith, W. R., Glauser, F. L., McRae, D. M. & Wilson, A. F. 1976 Paraquat
poisoning: new aspects of therapy. Q. JI. Med. 45, 551-565.

Farrington, J. A., Ebert, M., Land, E.J. & Fletcher, K. 1973 Bipyridylium quaternary salts and related
compounds: pulse radiolysis studies on the reaction of paraquat radical with oxygen. Biochim. biophys. Acta
314, 372-381.

Fennelly, J. J., Fitzgerald, M. X. & Fitzgerald, O. 1971 Recovery from severe paraquat poisoning following forced
diuresis and immunosuppressive therapy. J. Ir. Med. Ass. 64, 69-71.

Fisher, H. K., Clements, J. A., Tierney, D. F. & Wright, R. R. 1975 Pulmonary effects of paraquat in the first
day after injection. Am. J. Physiol. 228, 1217-1223.

Fletcher, K. 1974 Paraquat poisoning. In Forensic toxicology (ed. B. Ballentyne), pp. 86-98. Bristol: John Wright
and Sons Ltd.

Gage, J. G. 1968 The action of paraquat and diquat on the respiration of liver cell fractions. Biochem. J. 109,
757-761.

Gordonsmith, R. H., Brooke-Taylor, S., Smith, L. L. & Cohen, G. M. 1983 Structural requirements of compounds
to inhibit pulmonary diamine accumulation. Biochem. Pharmac. 32, 3701-3709.

Illett, K. F., Stripp, B., Menard, R. H., Reid, N. D. & Gillette, J. R. 1974 Studies on the mechanism of the lung
toxicity of paraquat. Toxic. appl. Pharmac. 28, 216-226.

Isaacs, J. T. & Brinkley, F. 1977a Cyclic AMP-dependent control of the rat hepatic glutathione disulphide-
sulphydryl ratio. Biochim. biophys. Acta 498, 29-38.

Isaacs, J. T. & Brinkley, F. 19775 Glutathione dependent control of protein disulphide-sulphydryl content by
subcellular fractions of hepatic tissue. Biochim. biophys. Acta 497, 192-204.

Keeling, P. L. & Smith, L. L. 1982 Relevance of NADPH depletion and mixed disulphide formation in the rat
lung to the mechanism of cell damage following paraquat administration. Biockem. Pharmac. 31, 3243—-3249.

Keeling, P. L., Smith, L. L. & Aldridge, W. N. 1982 The formation of mixed disulphides in rat lung following
paraquat administration. Correlation with changes in intermediatory metabolism. Biockim. biophys. Acta 716,
249-257.

Kornbrust, D. J. & Mavis, R. D. 1980 The effect of paraquat on microsomal lipid peroxidation in vitro and in
vivo. Toxic. appl. Pharmac. 53, 323-332.

Lock, E. A, Smith, L. L. & Rose, M. S. 1976 Inhibition of paraquat accumulation in lung slices by a component
of rat plasma and a variety of drugs and endogenous amines. Biochem. Pharmac. 25, 1769-1772.

Michaelis, L. & Hill, E. S. 1933 Potentiometric studies on semiquinones. J. Am. chem. Soc. 55, 1481-1494.

Moron, M. S., DePierre, J. W. & Mannervik, B. 1979 Levels of glutathione, glutathione reductase and glutathione
S-transferase activities in rat lung and liver. Biochim. biophys. Acta 582, 67-78.

Nagi, A. H. 1970 Paraquat and adrenal cortical necrosis. Br med. J. 2, 669.

Nienhaus, H. & Ehrenfeld, M. 1971 Pathogenesis of lung disease in paraquat poisoning. Beitr. Path. 142, 244-2617.

Oreopoulos, D. G., Soyannwao, M. A. O, Sinniah, R., Fenton, S. S. A., McGeown, M. G. & Bruce, J. H. 1968
Acute renal failure in case of paraquat poisoning. Br. med. J. 1, 749-750.

[ 206 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

PARAQUAT TOXICITY 657

Rose, M. S, Lock, E. A., Smith, L. L. & Wyatt, I. 1976 Paraquat accumulation: tissue and species specificity.
Biochem. Pharmac. 25, 419-423.

Rose, M. S., Smith, L. L. & Wyatt, I. 1974 Evidence for the energy-dependent accumulation of paraquat into
rat lung. Nature, Lond. 252, 314-315.

Sharp, C. W. M., Ottolengi, A. & Posner, H. S. 1972 Correlation of paraquat toxicity with tissue concentration
and weight loss in the rat. Toxic. appl. Pharmac. 22, 241-251.

Shu, H., Talcott, R. E., Rice, S. A. & Wei, E. T. 1979 Lipid peroxidation and paraquat toxicity. Biochem. Pharmac.
28, 327-331.

Smith, L. L. 1982 The identification of an accumulation system for diamines and polyamines into the lung and
its relevance to paraquat toxicity. Arch. Toxicol. Suppl. 5, 1-14.

Smith, L. L. & Rose, M. S. 1977 A comparison of the effects of paraquat and diquat on rat lung. Toxicology 8,
223-230.

Smith, L. L., Wright, A. F., Wyatt, I. & Rose, M. S. 1974 Effective treatment of paraquat poisoning in rats and
its relevance to the treatment of paraquat poisoning in man. Br. med. J. 4, 569-571.

Smith, L. L. & Wyatt, I. 1981 The accumulation of putrescine into slices of rat lung and brain and its relevance
to the accumulation of paraquat. Biochem. Pharmac. 30, 1053—-1058.

Smith, L. L., Wyatt, I. & Cohen, G. M. 1982 The accumulation of diamines and polyamines into rat lung slices.
Biochem. Pharmac. 31, 3029-3033.

Smith, L. L., Wyatt, I. & Rose, M. S. 1981 Factors affecting the efflux of paraquat from rat lung slices. Toxicology
19, 197-207.

Smith, P. & Heath, D. 1976 Paraquat. C.R.C. Crit. Rev. Toxicol. 4, 411-445.

Sorokin, S. P. 1970 The cells of the lungs. Conference on Morphology of Experimental Respiratory Carcinogenesis, May 1970.
(ed. P. Nettesheim, M. G. Hanna & J. W. Deatherage). U.S. Atomic Energy Commission.

Steffen, C. & Netter, K. J. 1979 Mechanism of paraquat action on microsomal oxygen reduction and its relation
to lipid peroxidation. Toxicol. appl. Pharmac. 47, 99-103.

Trush, M. A., Mimnaugh, E. G., Ginsburg, E. & Gram, T. E. 1981 In vitro stimulation by paraquat of reactive
oxygen-mediated lipid peroxidation in rat lung microsomes. Toxicol. appl. Pharmac. 60, 279-286.

Vijeyaratnam, G. S. & Corrin, B. 1971 Paraquat poisoning: a histological and electron-optical study of changes
in the lung. J. Path. 103, 123-129.

Waddell, W. J. & Marlowe, C. 1980 Tissue and cellular disposition of paraquat in mice. Toxical. appl. Pharmac.
56, 127-140.

Wakil, S. J. 1962 Lipid metabolism. 4. Rev. Biochem. 31, 369-406.

Weidel, H. & Rosso, M. 1882 Studien uber das pyridin. Monatsh. Chem. 3, 850-885.

Witschi, H., Kacew, S., Hirai, K. I. & Cote, M. G. 1977 In vive oxidation of reduced nicotinamide adenine
dinucleotide phosphate by paraquat and diquat in rat lung. Chem. Biol. Interact. 19, 143-160.

[ 207 ]
52 Vol. 311. B


http://rstb.royalsocietypublishing.org/

