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Abstract—Transition metals may play a central role in the toxicity associated with paraquat. Studies
were carried out to evaluate the interaction of paraquat with several ferric complexes in the promotion
of oxygen radical generation by rat liver microsomes. In the absence of added iron, paraquat produced
some increase in low level chemiluminescence by microsomes; there was a synergistic increase in light
emission in the presence of paraquat plus ferric-ATP or ferric—itrate, but not paraquat plus either
ferric-EDTA or ferric—diethylenetriamine pentaacetic acid { ferri-DETAPAC). Synergistic interactions
could be observed at a paraquat concentration of 100 uM and a ferric-ATP concentration of 3 uM. In
the absence or presence of paraquat, microsomal light emission was not affected by catalase or dimethyl
sulfoxide (DMSO), indicating no significant role for hydroxyl radicals. Superoxide dismutase (SOD)
did not affect chemiluminescence in the absence of paraquat but produced some inhibition in the
presence of paraquat; this inhibition by SOD was most prominent in the absence of added iron and less
pronounced in the presence of ferric-ATP or ferric-citrate. Although microsomal chemiluminescence
is closely associated with lipid peroxidation, paraquat did not increase malondialdehyde production as
reflected by production of thiobarbituric acid-reactive components. However, lipid peroxidation was
sensitive to inhibition by SOD in the presence, but not in the absence, of paraquat, analogous to results
with chemiluminescence. Paraquat synergistically increased microsomal hydroxyl radical production as
measured by the production of ethylene from 2-keto-4-thiomethylbutyrate in the presence of ferric—
EDTA or ferric—citrate. The interaction of paraquat with microsomes and ferric complexes resulted in
an increase in oxygen radical generation. Various ferric complexes can increase the catalytic effectiveness
of paraquat in promoting microsomal generation of oxygen radicals, although, depending on the reaction
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being investigated, the nature of the ferric complex is important.

The toxicity associated with paraquat has generally
been attributed to the generation of reactive oxygen
intermediates [1-5]. Bus ef al. [2, 3] originally pro-
posed that paraquat increased microsomal lipid per-
oxidation. A variety of studies have supported the
concept that paraquat causes an increase in lipid
peroxidation [2,6-10]; however, others have not
confirmed this [11-16]. Incubation of microsomes or
purified NADPH-cytochrome P-450 reductase with
paraquat results in an increase in NADPH and oxy-
gen utilization, and the subsequent production of
superoxide anion radical and H,0, [2,3,6]. It
appears that for the generation of more potent oxi-
dants such as species with the oxidizing power of the
hydroxyl radical (OH) or which can initiate lipid
peroxidation, transition metals such as iron or copper
are required. While several studies have reported
promotion of microsomal lipid peroxidation
(malondialdehyde generation) in the absence of
added iron, other studies have demonstrated that
added iron salts are necessary to promote the toxicity
associated with paraquat and other redox cycling
agents [17-23].

Since the effects of paraquat on rat liver micro-
somal lipid peroxidation are complex, studies were
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conducted to compare the ability of paraquat to
promote the generation of low level chemilumi-
nescence by microsomes to its effect on microsomal
lipid peroxidation and ‘OH generation. In view of
the important role for iron in catalyzing these reac-
tions, the interaction of paraquat with several dif-
ferent iron complexes to generate reactive oxygen
intermediates was evaluated. In microsomal systems,
certain ferric complexes such as ferriccEDTA or
ferric—diethylenetriamine pentaacetic acid (ferric-
DETAPAC) are very effective catalysts for ‘OH
generation but are inhibitory towards lipid per-
oxidation, whereas other ferric complexes such as
ferric-ATP and ferric—citrate show the opposite cata-
Iytic effectiveness [24-27]. It therefore appeared
important to attempt to define the interaction of
paraquat with different iron chelates in catalyzing
microsomal generation of potent oxidizing radicals
such as ‘'OH and the species responsible for initiating
chemiluminescence and lipid peroxidation.

MATERIALS AND METHODS

Liver microsomes were isolafed from male,
Sprague-Dawley rats weighing about 176-200 g. The
livers were perfused with 0.9% NaCl and homo-
genized in a solution containing 0.25M sucrose-
0.01 M Tris-HCI (pH 7.4)-0.001 M EDTA-50 uM
desferrioxamine. The microsomes were isolated by
differential centrifugation, washed twice with
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0.125 M KCl, and stored at —70°.

The basic reaction system to assay for chemi-
luminescence consisted of 100 mM potassium phos-
phate, pH 7.4, 10mM MgCl,, 0.4 mM NADP*,
10 mM glucose-6-phosphate and 1.4 units of glucose-
6-phosphate dehydrogenase in a final volume of 3 mi.
Reactions were carried out essentially as previously
described [28] in 13 X 40 mm tubes which were then
placed inside glass scintillation vials, which were
previously dark-adapted. The reactions were initi-
ated by the addition of approximately 0.5 mg of
microsomal protein, and chemiluminescence was
measured at room temperature over a S-min time
period in a Beckman LS-230 liquid scintillation coun-
ter in the out-of-coincidence mode with the discri-
minator adjusted for low level emission. The
background level of the empty tubes and vials was
subtracted from all experimental results. Since the
chemiluminescence response is non-linear, quanti-
tation was performed by cutting out the appropriate
curves and weighing their areas; results are expressed
as arbitrary units.

Microsomal lipid peroxidation was determined by
assaying for the rate of production of thiobarbituric
acid-reaction components (expressed as malon-
dialdehyde equivalents) [29]. The absorbance of the
supernatant fraction was determined at a wavelength
of 535nm, and the concentration of malondi-
aldehyde was calculated using an extinction coef-
ficient of 156 mM/cm [30].

Microsomal generation of hydroxyl radical or
species with the oxidizing power of the hydroxyl
radical was determined by assaying for the gen-
eration of ethylene gas from 2-keto-4-thiomethyl-
butyric acid (KMB). The basic system was similar to
that utilized to measure chemiluminescence except
that the final volume was 1 ml, microsomal protein
was about 1 mg, and 1 mM azide was present to
inhibit catalase activity present in the isolated micro-
somal fractions. Experiments were conducted essen-
tially as previously described [31]. All reaction
systems were characterized for their dependence on
microsomes, NADPH and O,. In general, omission
of any of these resulted in a 80-95% decrease in
chemiluminescence, lipid peroxidation or ‘OH gen-
eration.

The ferric complexes were prepared by dissolving
ferric ammonium sulfate in 0.1 N HCIl, and then
diluting with the respective chelator to the appro-
priate stock concentration. Ferric-ATP was utilized
as a 1:20 complex, whereas the other ferric com-
plexes were all utilized as a 1:2 complex. The oxi-
dation of NADPH by microsomes was determined
from the decrease in absorbance at 340nm. All
reagents were of the highest grade available. The
buffers, and the water used to prepare all solutions
were passed through columns containing Chelex-100
resin to remove metal contaminants. All results are
from experiments carried out in duplicate, and rep-
licated with at least two different microsomal prep-
arations. Where indicated, values refer to
mean * SE,

RESULTS

Effect of paraquat on microsomal chemilumi-
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nescence. The effect of paraquat on microsomal light
emission was determined in the absence and presence
of added ferric—citrate. In the absence of added iron,
paraquat produced some increase in chemilumi-
nescence (Fig. 1A) which was variable from prep-
aration to preparation, most likely as a consequence
of varying amounts of iron present in the microsomal
preparation. A more consistent increase by paraquat
was obtained in the presence of ferric—citrate (Fig.
1B); only short reaction time periods were utilized in
these experiments since the reaction system rapidly
became anaerobic in the presence of paraquat. The
elevated light emission produced during the first
minute of reaction was probably due to preformed
lipid hydroperoxides in the microsomal preparation.
The ability of paraquat to stimulate microsomai
chemiluminescence in the absence or presence of
added ferric—citrate was linear with microsomal pro-
tein, up to about 0.2 mg/ml (Fig. 1C).

Previous experiments indicated that ferric com-
plexes such as ferric-ATP or ferric—citrate increase
microsomal chemiluminescence, whereas complexes
such as ferriccEDTA or ferriccDETAPAC are
inhibitory [28]. The different effects of the iron com-
plexes most likely reflect the close association
between microsomal chemiluminescence and lipid
peroxidation [32-36] ( processes increased by ferric—
ATP or ferric—citrate) and the lack of association
with microsomal "OH generation (increased by fer-
ric-EDTA or ferric-DETAPAC) [24, 25]. Paraquat
increased microsomal light emission in the absence
and presence of added ferric complexes; however,
the extent of increase was more notable in the pres-
ence of ferric-ATP or ferric—citrate (Table 1). The
last column of Table 1 shows the net increase in
microsomal chemiluminescence produced by para-
quat. In the presence of ferric-ATP or ferric—citrate,
paraquat was more effective in stimulating micro-
somal light emission than in the absence of added
iron, whereas it was somewhat less effective in the
presence of ferric-EDTA or ferric-DETAPAC.

A concentration curve for the ability of paraquat
to stimulate microsomal chemiluminescence in the
absence and presence of ferric-ATP is shown in Fig.
2. Light emission increased as the concentration of
paraquat was elevated over the range of 25 to
500 uM. A more pronounced concentration depen-
dence was observed in the presence of ferric-ATP.
The inset of Fig. 2 shows the synergistic increase in
chemiluminescence produced by the combinations
of paraquat plus ferric-ATP over that produced by
paraquat itself; a maximal stimulatory effect was
obtained at a paraquat concentration of 100 uM when
the concentration of added iron was held constant at
50 uM.

A concentration curve for the ability of ferric—~
ATP to stimulate microsomal chemiluminescence in
the absence and presence of paraguat is shown in
Table 2. Light emission increased as the con-
centration of ferric-ATP increased. A synergistic
increase in chemiluminescence by 100 uM paraquat
could be observed at an iron concentration of 3 uM
and was maximal at 25 uM ferric—ATP (Table 2).
Essentially similar results were obtained with ferric—
citrate as the iron catalyst (data not shown).

Effect of radical scavengers on microsomal chemi-
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Fig. 1. Effect of paraquat on NADPH-dependent chemiluminescence by microsomes. Reactions were

carried out as described under Materials and Methods. Panel A: (l) no added iron; (O) no added iron

plus 0.1 mM paraquat. Panel B: (@) 50 uM ferric~citrate; (O) 50 uM ferric—citrate plus 0.1 mM paraquat.

Microsomal protein was 0.17 mg/ml. Panel C: microsomal protein was varied as indicated, and light

emission was determined over a 5-min reaction period. Key: (M) no added iron; (O) no added iron plus

0.1 mM paraquat; (@) 50 uM ferric—citrate; (O) 50 uM ferric—citrate plus 0.1 mM paraquat. Results are
expressed as area in arbitrary units.

Table 1. Effect of iron and paraquat on microsomal chemiluminescence

Chemiluminescence (area/5 min)

Added ferric Net increase
complex —Paraquat +Paraquat by paraquat
None 0.136 = 0.025 0.237 £ 0.030 0.091 £ 0.033
Fe—citrate 0.221 £ 0.031 0.504 = 0.040 0.285 + 0.071
Fe-ATP 0.214 = 0.033 0.431 £ 0.025 0.202 + 0.003
Fe-EDTA 0.114 = 0.012 0.179 = 0.033 0.066 + 0.020
Fe-DETAPAC 0.111 = 0.007 0.189 = 0.026 0.078 £+ 0.026

Microsomal chemiluminescence was assayed over a 5-min reaction period in the
presence of the indicated ferric complexes (50 uM final concentration of iron) and in
the absence or presence of 0.1 mM paraquat. Results (mean + SE) are from four

microsomal preparations.
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Fig. 2. Concentration curve of the ability of paraquat to
increase microsomal chemiluminescence. The concen-
tration of paraquat was varied as indicated, and light
emission was determined over a 5-min reaction period in
the absence of added iron (O) or in the presence of 50 uM
ferric-ATP (@). The inset shows the difference between
the areas in the absence and presence of ferric-ATP as a
function of the concentration of paraquat.
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luminescence. Light emission by microsomes in the
absence or presence of added iron was not affected
significantly by either superoxide dismutase, catalase
or the "OH scavenger dimethyl sulfoxide (DMSO)
(Table 3). In the presence of paraquat, chemi-
luminescence was again not affected by catalase or
by DMSO; however, some inhibition by superoxide
dismutase was noted. The net increase in light
emission produced by the addition of paraquat is
shown in the last column of Table 3. In the absence
or presence of added iron, a decrease in the paraquat-
stimulated chemiluminescence was produced by
superoxide dismutase but not by catalase or DMSO.

Effect of paraquat and iron on microsomal
NADPH oxidation. Ferric-EDTA and ~-DETAPAC
increased microsomal NADPH oxidation, whereas
ferric-ATP and ferric—citrate were without effect
(Table 4). This is in accord with previous results
showing that the former two ferric complexes, but
not the latter two, were effective electron acceptors
from NADPH-cytochrome P-450 reductase [24, 26].
Paraquat, as had been observed by others [2, 3, 6,
8], increased NADPH oxidation by the microsomes;
the net increase in NADPH consumption produced
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Table 2. Concentration curve for the stimulation of microsomal chemiluminescence
by ferric-ATP

Concentration of

Chemiluminescence (area/5 min)

ferric-ATP Net increase
(uM) —Paraquat +Paraquat by paraquat

0 0.132 0.212 0.088

3 0.172 0.341 0.169

10 0.207 0.432 0.225

25 0.233 0.579 0.346

50 0.263 0.588 0.325

Microsomal chemiluminescence was determined in the presence of the indicated
concentrations of ferric-ATP (1:20 chelate) and in the absence or presence of 0.1 mM
paraquat. Results are from two microsomal preparations.

Table 3. Effect of radical scavenging agents on microsomal chemiluminescence

Added ferric

Chemiluminescence (area/5 min)

Net increase

complex Addition —Paraquat +Paraquat by paraquat
None — 0.173 £ 0.053 0.365 + 0.061 0.192 + 0.006
SOD 0.187 £ 0.031 (+8) 0.246 = 0.055 (=33)  0.059 = 0.012 (-70)
Catalase 0.155 £ 0.006 (—10)  0.375 £ 0.027 (+3) 0.220 £ 0.017 (+14)
DMSO 0.242 = 0.007 (+39)  0.438 £0.061 (+20)  0.196 + 0.034 (+2)
Fe~citrate — 0.223 £ 0.011 0.556 + 0.019 0.333 £ 0.031
SOD 0.214 = 0.010 (—4) 0.446 = 0.012 (—20)  0.232 = 0.009 (—30)
Catalase 0.135£0.021 (—39)  0.499 +0.064 (—10)  0.364 = 0.085 (+9)
DMSO 0.268 = 0.039 (+20)  0.608 + 0.043 (+9) 0.399 + 0.082 (+19)

Microsomal chemiluminescence was determined in the presence of the indicated ferric complexes
(50 uM final concentration) and in the absence or presence of 0.1 mM paraquat. When present, the final

concentrations of SOD and catalase were 3 units/ml

and 65 units/ml, respectively, and that of DMSO

was 50 mM. Results (mean + SE) are from three microsomal preparations. Numbers in parentheses
refer to the effect of the addition on the appropriate control rate. Essentially, similar results were
obtained with ferriccATP in place of ferric—citrate as the iron catalyst, e.g. the net increase in
chemiluminescence produced by paraquat in the presence of ferric-ATP was affected as follows: SOD,

—33%; catalase, +17%; DMSO, —7%.

Table 4. Effect of iron and paraquat on microsomal oxidation of NADPH

Rate of NADPH oxidation (umol/min/mg protein)

Added ferric

Net increase

complex —Paraquat +Paraquat by paraquat
None 0.030 + 0.010 0.048 = 0.018 0.018 £ 0.007
Fe—citrate 0.034 = 0.012 0.056 = 0.019 0.020 + 0.008
Fe-ATP 0.019 + 0.007 0.035 +0.011 0.017 + 0.004
Fe-EDTA 0.070 + 0.015 0.074 + 0.015 0.004 £ 0.001
Fe-DETAPAC 0.236 + 0.041 0.238 = 0.041 0.002 = 0.001

The oxidation of 0.2 mM NADPH by microsomes was determined in the presence of the indicated
ferric complexes (50 uM final concentration) and in the absence or presence of 0.1 mM paraquat.
Results (mean + SE) are from three microsomal preparations.

by paraquat was the same in the absence of added
iron or in the presence of ferric—citrate and ferric—
ATP (Table 4). However, paraquat did not produce
an increase in NADPH oxidation over the already
augmented rates found in the presence of ferric—
EDTA or ferriccDETAPAC (Table 4).

Effect of paraquat on microsomal lipid per-
oxidation. The effect of paraquat in the absence
and presence of added iron on microsomal lipid
peroxidation ( production of TBA-reactive material)
was determined. Microsomal lipid peroxidation was
increased in the presence of ferric-ATP or ferric—
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Table 5. Effect of iron and paraquat on microsomal lipid peroxidation

Lipid peroxidation (nmol TBA-reactive material/min/mg protein)

Added ferric

Effect of paraquat

complex —Paraquat +Paraquat (%)
None 4.22+0.05 3.78 £ 0.70 —-10
Fe—citrate 7.79 £0.19 8.64 £ 0.44 +11
Fe-ATP 6.70 = 0.54 7.27 £ 0.81 +9

Fe-EDTA 1.36 £ 0.24 1.21 = 0.36 -11

Microsomal lipid peroxidation was determined as described under Materials and Methods in the presence
of the indicated ferric complexes (50 uM final concentration) and in the absence or presence of 0.1 mM
paraquat. Results (mean * SE) are from four microsomal preparations.

citrate but decreased by ferric-EDTA (Table 5) and
nearly abolished in the presence of ferric-DETA-
PAC (data not shown). Paraquat had no significant
effect on the total rate of microsomal lipid peroxi-
dation; actually, a trend towards a slight decrease in
lipid peroxidation was produced by paraquat in the
absence of added iron whereas no such decrease or
a slight net increase was produced by paraquat in the
presence of ferric-ATP or ferric—citrate (Table 5;
results also in Table 6). The changes, although very
small, were consistently observed from preparation
to preparation.

Microsomal lipid peroxidation is not sensitive to
either superoxide dismutase, catalase or "OH scav-
engers [24, 25]. Results in Table 6 confirm this for
experiments carried out in the absence of added iron
or the presence of ferric—citrate. In the presence of
paraquat, lipid peroxidation remained insensitive to
catalase and DMSO. However, some inhibition by
superoxide dismutase could now be observed (Table
6), analogous to the inhibition by superoxide dis-
mutase of chemiluminescence in the presence of
paraquat (Table 3). Column 5 of Table 6 shows
the net change in lipid peroxidation produced by
paraquat. In the absence of added iron, paraquat
decreased lipid peroxidation, and there was a further
decrease in the presence of SOD (but not in the
presence of catalase or DMSO). The percent
decreases of lipid peroxidation produced by paraquat
(last column of Table 6) were similar in the absence
or presence of catalase and DMSO, but were
decreased further in the presence of SOD. In the
presence of ferric—citrate, lipid peroxidation was not
decreased by paraquat, but was decreased in the
presence of paraquat plus SOD over the cor-
responding rate in the presence of SOD alone (Table
6; columns 5 and 6). Lipid peroxidation in the pres-
ence of paraquat remained insensitive to catalase or
DMSO, similar to results in the absence of paraquat.

Effect of paraquat on hydroxy! radical production
by microsomes. For comparative purposes, the effect
of paraquat on microsomal generation of "OH was
evaluated by determining the production of ethylene
from 2-keto-4-thiomethylbutyric acid. In the absence
of added iron, the microsomes catalyzed a low rate
of production of ethylene (Fig. 3). FerriccEDTA
increased ethylene production, whereas ferric—cit-
rate was not especially effective as a catalyst for OH
production. In the absence or presence of added
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Fig. 3. Effect of paraquat on microsomal "OH generation.

The oxidation of 10 mM KMB to ethylene gas was deter-

mined under the following conditions: (@) no added iron;

(O) no added iron plus 0.1 mM paraquat; (B) 50 uM ferric-

citrate; (O) 50 uM ferric—citrate plus 0.1 mM paraquat; (A)

50 uM ferric-EDTA; (A) 50 uM ferric~EDTA plus 0.1 mM
paraquat.

iron, ethylene production was elevated 2- to 3-fold
by the addition of paraquat (Fig. 3). This increase in
iron-catalyzed "OH generation produced by paraquat
was sensitive to inhibition by catalase but not by
superoxide dismutase (data not shown).

DISCUSSION

The interaction of paraquat with microsomes, in
the presence of certain ferric complexes, results in
an increase in oxygen radical generation as reflected
by increases in low level chemiluminescence and ‘OH
generation. Ferric complexes increase the catalytic
effectiveness of paraquat in generating reactive oxy-
gen intermediates, as the net increases in chemi-
luminescence or 'OH production produced in
the presence of paraquat plus iron was greater than
the sum of the increase produced by paraquat alone
plus ferric complex alone. Previous results have
shown that ferric-EDTA and -DETAPAC com-
plexes are excellent catalysts for microsomal "OH
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Table 6. Effect of radical scavenging agents on microsomal lipid peroxidation

Lipid peroxidation {(nmol/min/mg protein)

Effect by
Added ferric Net change paraquat
complex Scavenger —Paraquat +Paraquat by paraquat (%)
None — 2.28 +0.36 1.46 = 0.42 -0.82 -36
SOD 1.95+0.31 (-14) 0.72x0.25 (-51) -1.23 —63
Catalase 2.04 £0.20 (-10)  1.14 £ 0.45 (-21) -0.90 —44
DMSO 2.15%0.17 (-6) 1.26 £ 0.35 (-14) —0.89 —41
Fe—citrate — 3.34+£0.09 3.42 +0.07 +0.08 +2
SOD 2.55+0.60 (-23) 2.03%0.15(—41) -0.52 -20
Catalase 2.59+0.35(-22) 3.37x0.03(-2) +0.78 +30
DMSO 299 +0.31 (-11)  3.55%0.08 (+4) +0.56 +19

Microsomal lipid peroxidation was determined in the absence or presence of 50 uM ferric-citrate and/or 0.1 mM
paraquat. When present, final concentrations of SOD and catalase were 3 units/ml and 65 units/ml, respectively, and
that of DMSO was 50 mM. Results (means * SE) are from three microsomal preparations. Numbers in parentheses refer
to the effect of SOD or catalase or DMSO on the respective control rate of lipid peroxidation.

generation, whereas ferric-ATP or —itrate are poor
catalysts [26, 27]; microsomal chemiluminescence is
increased with the latter ferric complexes but is
decreased with ferriccEDTA or -DETAPAC [28].
Dissociation constants for the various ferric com-
plexes utilized are: ferric-EDTA, 10?2-10%5; ferric—
DETAPAC, 1029, ferric—citrate, 10'?-10'® [37—40];
while that for ferric-ATP is dependent on pH, the
ratio of iron to ATP, and formation of polynuclear
complexes, but has been reported to be about 10°
[41] or even to be as high as that for ferric—citrate
[42]. Rates of production of TBA-reactive material
and light emission appear to correlate inversely with
the dissociation constants, whereas ‘OH generation
appears to correlate directly. A similar trend in cata-
lytic effectiveness of the ferric complex was observed
in the presence of paraquat; for example, chemi-
luminescence was synergistically increased in the
presence of paraquat plus either ferric-ATP or fer-
ric—citrate, as compared to the rates in the absence
of added iron, whereas no increase was found in the
presence of paraquat plus either ferric-EDTA or
ferric-DETAPAC. Hydroxyl radical generation was
increased to a similar small extent by paraquat in the
absence of added iron or in the presence of ferric—
EDTA. Thus, although paraquat synergistically
interacts with the appropriate ferric complexes to
increase their catalytic effectiveness in generating
reactive oxygen intermediates, paraquat does not
change the rank order of effectiveness of the ferric
complexes in stimulating production of that par-
ticular oxygen radical species.

Paraquat radical readily reduces iron complexes
such as ferric-EDTA or -DETAPAC [21]; the
reducing power of paraquat radical is such that ferric
chelates are reduced almost as rapidly as paraquat
radical reacts with oxygen [43]. The increase in
microsomal "OH generation produced by paraquat
may therefore reflect an increased rate of reduction
of the ferric complex to ferrous, followed by a Fent-
on-type of reaction to yield ‘OH. Alternatively, reac-
tion of paraquat radical with O, to yield superoxide
radical, followed by dismutation can result in
increased production of H,0O,, the precursor of OH.

The latter possibility may be more relevant since the
high rates of NADPH consumption in the presence
of ferriccEDTA or -DETAPAC were not increased
further by paraquat (Table 4).

In view of the lack of sensitivity to catalase which
indicates that H,O, is not an intermediate in the
production of the oxidant responsible for chemi-
luminescence, the increase in light emission pro-
duced by paraquat may be due to an increased rate of
reduction of the ferric-ATP or ferric—citrate catalyst.
Cadenas et al. [44] originally reported that SOD (but
not catalase) inhibited microsomal light emission in
the presence of paraquat and proposed a mechanism
in which the dismutation of O3, derived from the
interaction of paraquat radical with O,, would yield
chemiluminescence via production of singlet oxygen.
Our results indicated that, whereas SOD had little
effect on chemiluminescence in the absence of para-
quat, in agreement with the data of Cadenas et al.
{44], SOD (but not catalase or DMSO) produced
inhibition of light emission in the presence of para-
quat (Table 3). This inhibition by SOD was most
notable in the absence of added iron. Low level
chemiluminescence generally results from the decay
of excited carbonyl species and from singlet oxygen
decay [45-47]. In the absence of added iron, singlet
oxygen production, perhaps from the dismutation of
O3 (arising via paraquat radical interaction with
oxygen), may be primarily responsible for the light
emission [44] whereas in the presence of added iron,
enhanced reduction of the ferric complex by para-
quat radical and subsequent formation of the init-
iating ferrous-oxidant plus decomposition of
preformed hydroperoxides may lead to light emission
primarily via decay of excited carbonyl species. The
former reaction sequence would be more sensitive
to SOD than the latter.

The effect of paraquat on microsomal lipid per-
oxidation is complex, with varying reports of an
increase in lipid peroxidation, no change, or even a
decrease (2,3, 6-18]. The processes of microsomal
lipid peroxidation and chemiluminescence are
closely associated with each other [32~36]. Under
conditions in which paraquat increased microsomal
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chemiluminescence, it did not produce any signifi-
cant increase in the amount of thiobarbituric acid
reactive material, which was taken as a measure
of lipid peroxidation. In view of the increase in
chemiluminescence, the lack of an increase in TBA-
reactive material may reflect interaction of paraquat
or paraquat radical with an intermediate required
for the ultimate production of malondialdehyde but
not for light emission, i.e. paraquat may increase a
step required for initiation of lipid peroxidation and
chemiluminescence, followed by a quenching of a
propagation step required for producing malon-
dialdehyde. The varying reported effects of paraquat
on lipid peroxidation may be due, in part, to the
absence or presence of added iron, the chelate util-
ized, and the concentration of the iron, which may
help to dictate whether an initiating, propagating
or termination step is limiting for malondialdehyde
production. In support of these considerations are
the results indicating that paraquat decreases lipid
peroxidation in the absence of added iron but not in
the presence of added iron (Tables 5 and 6).
Although the situation with regard to lipid per-
oxidation remains complex, the ability of paraquat
to increase microsomal light emission and "OH gen-
eration indicates that paraquat does increase the
production of potent oxidants by microsomes, and
that this increase requires the presence of appro-
priately chelated iron. Various ferric complexes can
increase the catalytic effectiveness of paraquat in
promoting oxygen radical generation by microsomes
in a synergistic manner, aithough depending on the
reaction under investigation the nature of the ferric
complex is important. The ability of ferric complexes
such as ferric-ATP or ~citrate to synergistically elev-
ate the production of reactive oxygen intermediates
from the interaction of paraquat with microsomes
may contribute to the oxidative stress and toxicity
produced by paraquat in biological systems.
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