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Abstract—1. Paraquat, a widely used herbicide, was found to cause a marked stimulation of lipid
peroxidation in the human placental microsomes in vitro.
2. Both NADPH and chelated iron were necessary to observe paraquat-stimulated lipid peroxidation.
3. The malondialdehyde accumulation in the incubation medium increased with increase in time,

protein and paraquat concentration.

4. The reaction did not exhibit the initial lag phase suggesting that endogenous membrane-bound
antioxidants in human placental microsomes are either absent or present in extremely small quantities.

INTRODUCTION

Tissue lipid peroxidation is a degradative free-radical
process that impairs the structural integrity and
function of biomembranes (Plaa and Witschi, 1976;
Bus and Gibson, 1979; Slater, 1984; Aust, et al.,
1985). It has been implicated as a major biochemical
mechanism of tissue damage associated with the
exposure to certain environmental chemicals and
drugs (Plaa and Witschi, 1976; Bus and Gibson,
1979; Slatter, 1984; Aust et al., 1985). Stimulation of
human placental microsomal lipid peroxidation by
NADPH and iron has been previously studied in our
laboratory (Kenel and Kulkarni, 1982; Kulkarni
and Kenel, 1987) as well as by other investigators
(Diamant e? al., 1980).

Exposure during pregnancy to environmental
chemicals capable of stimulating lipid peroxidation
within placental membranes is of toxicological
significance since it may alter the structure and
function of the placenta in such a way that the foetus
is at an increased risk. Paraquat, a widely used
herbicide, is a well-known pulmonary toxicant (Smith
and Heath, 1976; Haley, 1979). The reports of animal
studies designed to evaluate reproductive hazards of
paraquat have documented its transplacental trans-
fer, increased embryo/fetal mortality, reduced growth
rate, and high mutagenic potential (Bus et al., 1975
Hoffman and Eastin, 1982; Selypes ef al., 1982;
Ingebrigtsen er al., 1985). Although very little is
known about reproductive toxicity of paraquat in
humans, at least two separate incidences of paraquat
poisoning of pregnant women have been reported in
the literature: one involving an accidental exposure
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(Finnelly et al., 1968) and the other was a suicide
attempt (Musson and Porter, 1982).

Bus et al. (1974) initially proposed stimulation of
microsomal lipid peroxidation as the underlying bio-
chemical mechanism of paraquat lung toxicity. It was
suggested that single electron reduction of paraquat,
mediated by NADPH cytochrome-C reductase, re-
sults in a reduced radical species capable of rapidly
reacting with molecular oxygen to produce super-
oxide anion. The cyclic reduction-oxidation which
continuously generates reactive oxygen species is
believed to trigger peroxidation of membrane lipids
(Bus and Gibson, 1979; Aust et al., 1985). However,
the available reports on this subject are not consis-
tent. Thus a species- and/or tissue-specific stimulation
(Shu et al., 1979; Talcott et al., 1979; Trush et al.,
1981; Kulkarni and Hodgson, 1981) or inhibition
(Ilett et al., 1974; Steffen and Netter, 1980; Kornbrust
and Mavis, 1980; Misra and Gorsky, 1981;
Montgomery and Niewoehner, 1979) of microsomal
lipid peroxidation by paraquat was observed by
different investigators. According to Trush er al.
(1981) many of the negative findings may have
been related to the presence of high levels of tissue
antioxidants and/or suboptimal assay conditions.

Since there exists some controversy in the literature
concerning paraquat and tissue lipid peroxidation,
the present work was undertaken to study the effects
of paraquat on the NADPH-dependent lipid
peroxidation in human placental microsomes. The
results reported in this paper confirm our earlier
observations (Kenel and Kulkarni, 1982; Kulkarni
and Kenel, 1987) and those of Diamant er al. (1980)
on the occurrence of NADPH-supported lipid per-
oxidaton in microsomes of human term placenta.
Furthermore, the evidence presented indicates that
paraquat has stimulatory effects on the human
placental microsomal lipid peroxidation.
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MATERIALS AND METHODS

Chemicals

NADPH, Tris—HCl, disodium salt of ethyleneglycol-bis-
(B-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA),
disodium salt of ethylenediaminetetraacetic acid (EDTA),
sucrose, and thiobarbituric acid (TBA) were purchased from
the Sigma Chemical Co., St Louis, Mo. Reagent grade CCl,
was obtained from Fisher Chemical Co.; Paraquat (methyl
viologen) was a product of Aldrich Chemical Co.

Isolation of microsomes

Full term placentas from healthy women were immedi-
ately placed on ice and processed within an hour of delivery.
Microsomes were isolated by differential centrifugation as
described previously (Kulkarni ez al., 1985). Unless other-
wise stated, placental homogenates (20%, (w/v) were pre-
pared in a medium containing 0.02 M Tris~HCI buffer, pH
7.4,0.25 M sucrose, and 0.5 mM disodium EGTA (Diamant
et al., 1980). In few experiments (as specified in the Results
Section) isolation medium contained EDTA in place of
EGTA. Microsomes stored (0-15days at —20°C) in
homogenization medium were diluted several fold with
0.02M Tris—HCl buffer, pH 7.4, and resedimented at
105,000 g for 60 min to remove the chelating agent and to
minimize cytosolic contaminants. The washed microsomes
were suspended in 0.02 M Tris-HCl buffer, pH 7.4. The rate
of lipid peroxidation did not change significantiy (< [0%)
during storage.

Paraquat-stimulated lipid peroxidation

Based on preliminary experiments, the optimal assay
conditions (except as noted otherwise) were found to be
incubation at 37°C of reaction mixtures (1.0 ml final vol-
ume) containing: 0.2 mg microsomal protein/mi, 0.02M
Tris-HC] buffer, pH 7.4 and indicated concentrations of
paraquat and NADPH. Microsomes were pre-incubated in
the presence of paraquat for 5 min at 37°C before starting
the reaction with NADPH. In some experiments, desired
concentration of chelated iron (premixed EDTA and FeCl,,
in 2:3 ratio) was added to the incubation media in addition
to or in the absence of paraquat. The incubation media
containing no NADPH served as controls. The termination
of reaction and the estimation of the amount of mal-
ondialdehyde (MDA) as the TBA-reactive material were
carried out as described previously (Kulkarni and Hodgson,
1981; Kulkarni and Kenel, 1987). To prevent non-specific
chromophore formation during boiling, butylated hydroxy-
toluene (BHT) (0.01%) was added (Kulkarni and Hodgson,
1981).

Protein content was determined by the Biuret method
using bovine serum albumin as a standard (Gornall et al.,
1949).

RESULTS

Lipid peroxidation was stimulated by paraquat
when human placental microsomes were incubated
aerobically in the presence of NADPH. The time-
dependent increase in the accumulation of TBA-
reactive material in the reaction medium in the
presence or absence of paraquat is shown in Fig. 1.
Both iron- as well as paraquat-stimulated lipid per-
oxidation reaction was linear up to approximately 5
and 10 min respectively. In the absence of exogenous
iron, an initial rate of 2.23 +0.03 nmol of MDA
production/min/mg protein was observed in the pres-
ence of 2mM paraquat (Fig. 1). This rate is about
50-70% of the rate observed in a chelated iron
dependent reaction. CCl,, which is known to stimu-
late lipid peroxidation in the hepatic microsomes
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Fig. 1. Time dependence of human placental microsomal
lipid peroxidation. Placental tissue was homogenized in the
medium containing EGTA. Washed microsomes were incu-
bated in Tris buffer for the indicated time period in the
presence of 0.2 mM NADPH plus chelated iron (@—@),
or 2.0 mM paraquat plus 0.4 mM NADPH (O——0) or
1.0 u1 of CCl/ml plus 0.4 mM NADPH (A——A) as
described under Materials and Methods. Each point repre-
sents the mean + SE (n = 4) after subtraction of the amount
of MDA formed in the respective control incubation in the
absence of NADPH.

(Kulkarni and Hodgson, 1981) was also tested. In
contrast to the results obtained in the presence of
paraquat, CCl, did not cause marked stimulation
of lipid peroxidation, due probably to lack of its
metabolism to "CCl; by the placental microsomes.

Similar to the Fe?*-NADPH system (Kulkarni
and Kenel, 1987), the specific activity of the paraquat
stimulated lipid peroxidation was maximum when
protein concentration of 0.2mg/ml (Fig. 2A) was
used. The reasons for the observed decrease in the
specific activity when higher (>0.2 mg/ml) protein
concentrations were used is not clear at present.
Paraquat stimulated MDA production required
NADPH and 0.4 mM NADPH appeared to be ade-
quate (Fig. 2B) to support the lipid peroxidation
process maximally under the experimental conditions
employed. Lipid peroxidation rates increased with an
increase in paraquat concentration (Fig. 2C). The
paraquat concentration causing half the maximal
stimulation of lipid peroxidation was found to be
about 0.75 mM and the enhancement was detectable
at the lowest concentration of paraquat (0.1 mM)
tested.

The addition of chelated iron to the paraquat and
NADPH supplemented reaction media produced
variable results and either no effect or a 20-66%
further stimulation in MDA production was ob-
served in some experiments. The paraquat-stimulated
lipid peroxidation in the presence or absence of
exogenous iron was completely abolished when ex-
cess EDTA (0.1-1.0 mM) was incorporated into the
incubation media. These results suggested that iron
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Fig. 2. The effect of protein (A), NADPH (B), and paraquat
(C) concentration on lipid peroxidation of human placental
microsomes. Placental tissue was homogenized in the
medium containing EGTA. Washed microsomes were incu-
bated in Tris buffer for 5.0 min in the presence of paraquat,
and NADPH as described under Materials and Methods.
Each point represents the mean + SE (n =4) after sub-
traction of the amount of MDA formed in the respective
control incubation in the absence of NADPH.

or other reduced transitional metal is required to
observed paraquat stimulated lipid peroxidation in
human placental microsomes. Therefore, the ob-
served paraquat-stimulated lipid peroxidation in
microsomes isolated using medium containing EGTA
(Fig. 1) may be due to trace metal contamination.

To further establish the iron-dependency of
paraquat-stimulated lipid peroxidation, additional
experiments were performed using washed micro-
somes isolated from placental homogenates prepared
in a medium containing EDTA (in place of EGTA).
Without chelated iron, no microsomal lipid per-
oxidation was observed in the presence of paraquat
and NADPH. The results (Fig. 3) indicated that
paraquat-stimulation of lipid peroxidation depends
upon the amount of chelated iron present in the
incubation medium. A significant stimulation
(3-4-fold) was noted at the lowest concentration
(0.1 uM) of chelated iron tested and the stimulation
was maximum (about 10-15-fold in different experi-
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ments) when 10 uM chelated iron was present.
Further increase in the concentrations of chelated
iron did not yield a proportional enhancement of
lipid peroxidation.

DISCUSSION

The results obtained in this study confirm our
earlier findings (Kenel and Kulkarni, 1982; Kulkarni
and Kenel, 1987) and those of Diamant et al. (1980)
on the occurrence of a NADPH-supported lipid
peroxidation process in the microsomes of human
term placenta.

In recent years, the stimulated membrane lipid
peroxidation as a mechanism of organ toxicity of
paraquat has become a subject of intense debate.
Thus, the reported stimulation (Bus et al., 1974; Shu
et al., 1979; Talcott et al., 1979; Trush et al., 1981;
Kulkarni and Hodgson, 1981) and inhibition (Ilett et
al., 1974; Montgomery and Niewoehner, 1979;
Steffen and Netter, 1980; Kornbrust and Mavis,
1980; Misra and Gorsky, 1981; Klimel ez al., 1982) of
lipid peroxidation indicate that both species and
tissue-specific biochemical differences may exist that
determine the in vivo and in vitro response. Previously
Kornbrust and Mavis (1980) reported that paraquat
did not stimulate lipid peroxidation when added to
human lung microsomes in the presence of NADPH.
To our knowledge, similar studies have not been
performed with other human tissues including pla-
centa. It should be pointed out that suboptimal assay
conditions were reported to be at least partly re-
sponsible for the reported negative in vitro findings
(Trush et al., 1981). Considering these reports and the
facts that paraquat concentrates in the guinea pig and
rat placenta (Ingebrigtsen er al., 1985) and many
animal studies (Bus ef al., 1975; Hoffman and Eastin,
1982; Selypes et al., 1982; Ingebrigtsen et al., 1985)
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Fig. 3. Dependency of paraquat-stimulated lipid per-
oxidation of human placental microsomes on chelated iron.
Placental tissue was homogenized in the medium containing
EDTA. Washed microsomes were incubated in Tris buffer
for 5.0min in the presence of 0.4 mM NADPH and the
indicated concentrations of chelated iron (O———Q) or in
the presence of 0.4 mM NADPH, the indicated concen-
trations of chelated iron and 2.0 mM paraquat (@———@) as
described under Materials and Methods. The results of a
typical experiment are shown. Similar results were observed
in two other experiments. Each value is after subtraction of
the amount of MDA formed in the respective control
incubation in the absence of NADPH.
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have documented fetotoxicity of paraquat, it was
viewed important to examine the response of human
placental microsomes to this chemical.

Redox cycling of paraquat as well as certain other
chemicals and the concomitant generation of reactive
oxygen species at the expense of NADPH has been
proposed as the molecular mechanism of their cyto-
toxicity (Bus and Gibson, 1979). Formation of para-
quat radical, in an enzymatic one-electron reduction,
is the first required step followed by a reaction with
molecular oxygen to yield the superoxide anion rad-
ical and subsequently, for example H,0,, OH" and
10,. The attack of any of these reactive oxygen
species and/or other initiating species on the poly-
unsaturated fatty acids present in membranes is
associated with lipid peroxidation (Bus and Gibson,
1979; Aust et al., 1985). Talcott et al. (1979), on the
other hand, proposed a mechanism of paraquat-
initiated lipid peroxidation independent of super-
oxide and peroxide generation. Although the neces-
sary evidence was not provided, the authors
suggested that the ferrous ion initiates the reaction by
reductive cleavage of preformed lipid hydroperoxide
to alkoxyl radicals. However, an accumulation of
large quantities of lipid hydroperoxides in biological
membranes under normal physiological conditions
is highly unlikely when various defense mechanisms
are fully operational. Although the low blank values
generally observed in our study support this con-
tention, the presence of catalytic amounts of pre-
formed lipid hydroperoxides in the preparations of
placental microsomes used cannot be ruled out
completely.

The data given in Figs 1-3 clearly suggest that
paraquat is quite capable of stimulating lipid per-
oxidation in human placental microsomes. The
paraquat-stimulated lipid peroxidation exhibited
time- (Fig. 1) and protein-dependence and the re-
quirement for NADPH (Fig. 2). The facts that para-
quat stimulated lipid peroxidation was completely
abolished by excess EDTA, and the reaction was
markedly enhanced by small amount of chelated iron
(Fig. 3) suggest an obligatory role for iron. This
stimulatory response decreased with increasing iron
concentration. Thus, not only the presence of iron is
necessary, but its level determines the response. Fail-
ure to clearly recognize the critical role of iron
concentration in the incubation medium on the
paraquat-stimulated lipid peroxidation might have
been yet another contributory factor responsible for
the reported negative findings.

Recently, the ratio of Fe’*:Fe?* was shown to be
the primary determining factor for the initiation of
lipid peroxidation (Braughler er al., 1986). Although
further mechanistic studies are essential, it is tempt-
ing to speculate that the rate of reduction of Fe’* to
Fe?* by the placental microsomal NADPH cyto-
chrome P-450 reductase is the rate limiting step in the
NADPH-supported lipid peroxidation reaction trig-
gered by chelated Fe?*. In the presence of paraquat,
this reduction process occurs rapidly bringing the
ratio in the optimal range to trigger intense lipid
peroxidation. Qur observations that the stimulatory
effect of paraquat diminishes when increasing con-
centration of chelated Fe’* is used (Fig. 3) is in
accord with this proposal.
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Although published data on placental content of
lipid soluble antioxidants such as vitamin E, are not
available, a lack of initial lag (Fig. 1) in the lipid
peroxidation process suggests their presence in ex-
tremely small quantities, if any. Furthermore, the
reported low levels of reduced glutathione (Radulovic
and Kulkarni, 1986), the water soluble antioxidant,
in human placenta is expected to render cellular
environment in vivo quite vulnerable to the attacks by
reactive oxygen species and xenobiotic radicals lead-
ing to lipid peroxidation.

Similar to the liver, the presence of certain
enzymatic defenses against oxygen radical toxicity
such as superoxide dismutase (Sekiba and Yoshioka,
1979), catalase (Misra and Mukherjea, 1985), glu-
tathione S-transferase (Radulovic and Kulkarni,
1985), glutathione peroxidase (Awasthi et al.,
1979), and peroxidase (Matkovics, 1975; Nelson and
Kulkarni, 1986) is known in human placenta. How-
ever, their effectiveness in regulating human placental
lipid peroxidation is currently unknown.

Paradoxically, despite the presence and apparent
function of different enzymatic and non-enzymatic
defense mechanisms, it is accepted that certain xeno-
biotics can initiate membrane lipid peroxidation that
leads to toxic lesions. If this is true, then the potential
of placental damage via lipid peroxidation in humans
exists following paraquat exposure during pregnancy.
Although the biological consequences of lipid per-
oxidation of placental tissue are unknown at present,
it is expected that it may trigger a chain of bio-
chemical events leading to placental malfunction. In
addition, the possibility that some highly cytotoxic
products of lipid peroxidation such as 4-hydroxy-
alkenals may cross the placenta exposing directly the
conceptus must be considered. Several lipid per-
oxidation products have been shown to inhibit key
enzymes in intermediary metabolism, act as growth
inhibitor, cytotoxic agent and act presumably as
mutagenic and carcinogenic (Shamberger et al., 1974;
Plaa and Witschi, 1976; Moody and Hassan, 1982;
Benedetti ez al., 1984),

Shu et al., (1979) reported that paraquat stimulated
in vitro lipid peroxidation may not be related to its in
vivo pulmonary toxicity. In view of this, it is essential
to determine how much of a role lipid peroxidation
contributes to the in vivo fetotoxicity of paraquat in
mammals. Certainly, lipid peroxidation is not the
only potentially destructive reaction mediated by
paraquat and other xenobiotics capable of under-
going redox cycling. Nonetheless, the demonstration
that paraquat can stimulate in vitro placental lipid
peroxidation suggests that the potential does exist in
vivo.

SUMMARY

Paraquat is an effective herbicide used extensively
throughout. the world. A number of animal re-
productive toxicity studies reported in the literature
have documented the fetotoxicity of paraquat. The
reports on the accidental as well as deliberate ex-
posure of pregnant women to this pesticide are also
available.

In this study the possibility of lipid peroxidation in
the human placental microsomes, the biochemical
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mechanism proposed for the pulmonary toxicity of
paraquat (Bus and Gibson, 1979), was examined in
vitro. The results indicated that paraquat can induce
deleterious lipid peroxidation process in the human
placental microsome. The process was protein-
dependent and required NADPH and reduced transi-
tional metal. The absence of initial lag in the accumu-
lation of measurable MDA suggests that placental
microsomes are uniquely susceptible to the radical
attacks due probably to inadequate protection by the
endogenous antioxidants. The biological significance
of these findings remains to be established.
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