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Abstract-The toxicity associated with paraquat is believed to involve the generation of active oxygen 
radicals and the production of oxidative stress. Paraquat can be reduced by NADPH-cytochrome P- 
450 reductase to the paraquat radical; this results in consumption of NADPH. A variety of ferric 
complexes. including ferric-ATP, -citrate, -EDTA, ferric diethyfenetriamine pentaacetic acid and ferric 
ammonium sulfate, produced a synergistic increase in the paraquat-mediated oxidation of NADPH. 
This synergism could be observed with very low concentrations of iron, e.g. 0.25 PM ferric-ATP. Very 
low rates of hydroxyl radical were generated by the reductase with paraquat alone, or with ferric-citrate 
or -ATP or ferric ammonium sulfate in the absence of paraquat; however, synergistic increases in the 
rate of hydroxyf radical generation occurred when these ferric complexes were added together with 
paraquat. Ferric-EDTA and -DTPA catalyzed some production of hydroxyf radicals, which was also 
synergistically elevated in the presence of paraquat. Ferric desferrioxamine was essentially inert in the 
absence or presence of paraquat. This enhancement of hydroxyf radical generation was sensitive to 
catalase and competitive scavengers but not to superoxide dismutase. The interaction of paraquat with 
NADPH-cytochrome P-450 reductase and ferric complexes resulted in an increase in oxygen radical 
generation, and various ferric complexes increased the catalytic effectiveness and potentiated significantly 
the toxicity of paraquat via this synergistic increase in oxygen radical generation by the reductase. 

The toxicity associated with paraquat appears to 
involve events related to oxidative stress [l-S] and 
is believed to be due to the one electron reduction of 
paraquat to paraquat radical as catalyzed by various 
flavoprotein reductases ]2,3,6,7]. In the presence 
of oxygen, the paraquat radical rapidly auto-oxidizes 
with a rate constant of 7.7 x log ML see-’ [8] to pro- 
duce superoxide and, subsequently, HzOz and other 
potent oxidants (4,5,9-151. While earlier reports 
suggested the possibility that paraquat toxicity may 
occur independent of a role for transition metals, 
many recent reports have indicated an essential role 
for metals such as iron or copper in promoting para- 
quat toxicity [9, 11-13, 15-191. This essential role 
for iron in promoting xenobiotic toxicity has been 
extended to other redox cycling toxic agents such as 
adriamycin@ (doxorubicin hydrochloride)t f2@--221, 
mitomycin C [23] and acetaminophen 1241 although 
the exact mechanism for the role of the iron is not 
clear. 

The addition of paraquat to rat liver microsomes 
was shown recently to result in an increase in micro- 
somal generation of ‘OH or ‘OH-like species as 
reflected by the generation of ethylene from KMBA$ 
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or of acetaldehyde from ethanol [25]. This increase 
in microsomal ‘OH generation is sensitive to catalase 
but not to superoxide dismutase. The increase can 
be observed in the absence of added iron (although 
as isolated, microsomes contain small amounts of 
non-heme iron), and there is a potentiation of the 
paraquat-mediated increase in the presence of cer- 
tain ferric complexes, such as ferric-EDTA, but not 
others, such as ferric-desferrioxamine [25]. Since 
paraquat is reduced to paraquat radical via the 
NADPH-cytochrome P-450 reductase, and in order 
to lessen the complexities associated with iron in the 
microsomes and the direct oxidation of certain ‘OH 
scavengers such as ethanol by cytochrome P-450 
itself [26-281, the current studies were carried out to 
extend the previous work with microsomes to a more 
we&defined system involving the reductase itself, 
and to other ferric chelates. This system also allows 
a direct comparison of the ability of paraquat plus 
different ferric chelates to potentiate NADPH oxi- 
dation by the reductase to their ability to syn- 
ergistically increase ‘OH production. The ferric 
complexes which were utilized included ferric- 
EDTA and -DTPA, which have been shown to be 
very effective in catalyzing microsomal ‘OH gen- 
eration and in serving as electron acceptors from 
the reductase [29,30], ferric desferrioxamine, which 
blocks ‘OH generation by various systems, including 
the microsomes [31], and ferric-ATP or ferric-cit- 
rate, which may reflect more physiologically- 
relevant iron complexes. 

MATERIALS AND METHODS 

NADPH-Cytochrome P-450 reductase was puri- 
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fied by a slight modification of the method of Guen- 
gerich and Martin [32] from livers of male Sprague- 
Dawley rats. The minor changes included the use of 
0.1% Emulgen 911 instead of 0.1% Lubrol, the 
omission of PMSF, and the use of 5 PM, rather than 
2 PM, FMN. Final preparations were homogeneous 
on SDS-PAGE and had specific activities ranging 
from 36 to 48 units/mg protein. One unit of reductase 
activity is defined as an initial rate of 1 micromole of 
cytochrome c reduced per minute at 22” when 
assayed as described by Phillips and Langdon [33]. 

The oxidation of NADPH was determined by fol- 
lowing the change in absorbance at 340 nm at room 
temperature of a reaction mixture containing 50 mM 
potassium phosphate buffer, pH 7.6, 0.1 mM 
NADPH, and 0.16 to 0.32 units of the reductase in 
a final volume of 1 ml. The production of ‘OH OT 
‘OH-like species was evaluated by following the 
production of acetaldehyde from ethanol or of eth- 
ylene from KMBA. The reaction mixture contained 
50 mM potassium phosphate buffer, pH 7.6,0.4 mM 
NADPH, 0.32units of reductase, and either 1 mM 
KMBA or 50mM ethanol as the ‘OH scavenger 
substrate in a final volume of 1 ml. Experiments were 
conducted at 37” in 12 ml tubes capped with rubber 
serum stoppers and, at the indicated time periods, 
1 ml of the head space was removed with a gas-tight 
syringe and injected into a Hewlett-Packard mode1 
5750 gas chromatograph, and the production of acet- 
aldehyde or of ethylene was determined as previously 
described [34.35]. The production of H?O? was 
determined by measuring the formation of acet- 
aldehyde from the oxidation of ethanol by the cata- 
lase-compound I complex 1361. The reaction mixture 
contained 50 mM potassium phosphate, pH 7.6, 
0.4mM NADPH, 0.33units of reductase, 100mM 
ethanol, and 1150 units of catalase in a final volume 
of 1 ml. Reactions were initiated by the addition of 
reductase and were carried out at 37” in 12 ml tubes 
capped with serum stoppers. At appropriate time 
points, 1 ml of the head space was removed and the 
concentration of acetaldehyde was determined as 
described above. 

All reagents were of the highest grade available. 

The phosphate buffer and the water used to prepare 
all solutions were passed through resins containing 
Chelex-100 to remove metal contaminants. 
NADPH, paraquat, EDTA, DTPA. KMBA, ATP 
and citrate were from the Sigma Chemical Co. (St 
Louis, MO); desferrioxamine was from Ciba Geigy 
(Desferral); ferric-ammonium sulfate and most other 
inorganic salts were from Fisher Scientific Co. (Fair- 
lawn, NJ). The ferric complexes were prepared fresh 
by dissolving ferric ammonium sulfate in HCI and 
then diluting with the respective chelator to the 
appropriate stock concentrations. Ferric-ATP was 
utilized as a 1: 20 complex, whereas the other ferric 
chelates were all utilized as a 1 : 2 complex. 

RESULTS 

Effect of paraquat and ferric chelates on NADPH 
oxidation. Since the initial event in the generation 
of free radicals by the reductase must involve the 
oxidation of NADPH, the possible sy.nergistic inter- 
actions between paraquat and ferric chelates on 
NADPH oxidation by the reductase were inves- 
tigated. In the absence of an electron acceptor, very 
low or essentially zero rates of NADPH oxidation 
by the NADPH-cytochrome P-450 reductase were 
observed. Certain ferric complexes such as ferric- 
ATP or -citrate or unchelated ferric ion (probably 
to a large extent ferric phosphate) were shown pre- 
viously to be poor electron acceptors from the 
reductase 129,301. As shown in Table 1, these ferric 
complexes minimally promoted NADPH oxidation. 
Paraquat (0.1 mM) did serve as an effective electron 
acceptor from the reductase and promoted NADPH 
oxidation (Table 1). In the presence of ferric 
ammonium sulfate, ferric-ATP or -citrate, there was 
an increase in the ability of paraquat to promote the 
oxidation of NADPH by the reductase. 

In contrast to the above ferric complexes, ferric- 
EDTA and ferric-DTPA chelates can serve as effec- 
tive electron acceptors from the reductase 129,301 
and, as shown in Table 1, these ferric chelates did 
promote oxidation of NADPH by, the reductase. The 
combination of paraquat plus ferric-EDTA or ferric- 

Table 1. Effect of paraquat and ferric complexes on oxidation of NADPH by NADPH- 
cytochrome P-450 reductase 

Ferric complex 

Rate of NADPH oxidation 
(nmol/min) 

- Paraquat + Paraquat 

Observed rate 

Additive rate 

None 0 22 
Ferric-NH&SO2 0 88 4.0 
Ferric-Citrate 2 48 2.0 
Ferric-ATP 0 77 3.5 
Ferric-DTPA 22 200 4.5 
Ferric-EDTA 17 HS 2.2 
Ferric-Desferrioxamine 3 29 1.3 

The oxidation of 0. I mM NADPH by 0.32 units of reductase was assayed as described 
in Materials and Methods. Final concentrations of iron and paraquat were 25 or 100 PM 
respectively. The results in column 4 were calculated from the rates in column 3 divided 
by the sum of the rate with paraquat in the absence of added iron (22 nmol/min) plus 
the rates in column 2 for each ferric complex. 
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Table 2. Concentration curves for the stimulation of NADPH oxidation by paraquat and ferric- 
ATP 
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Concentration of Concentration of Rate of NADPH Percent increase 
paraquat ferric-ATP oxidation by ferric-ATP 

(PM) (PM) (nmol/min) (%) 

(A)* 50 0 11.2 
50 0.25 17.1 53 
50 2.5 20.9 87 
50 5.0 21.6 93 
50 25.0 25.3 126 
50 50.0 25.4 127 

(B)t 0 25.0 0 
1 0 0.9 
1 25.0 2.6 189 
5 0 2.4 
5 25.0 5.7 138 

50 0 8.4 
50 25.0 21.7 158 

100 0 20.2 
100 25.0 37.5 86 

* Experiment A: The oxidation of 0.1 mM NADPH by 0.16 units of NADPH-cytochrome P- 
450 reductase was assayed in the presence of 50 PM paraquat plus the indicated concentrations of 
ferric-ATP. 

t Experiment B: The concentration of paraquat was varied over the range of 1 to 100pM in 
the absence or presence of 2.5 PM ferric-ATP. 

DTPA resulted in an increase in the oxidation of 
NADPH. For comparative purposes, the effect of 
ferric-desferrioxamine was examined since this iron 
complex is essentially inert in promoting microsomal 
lipid peroxidation or ‘OH production [30,31]. Fer- 
ric-desferrioxamine was a very weak electron 
acceptor from the reductase in the absence of para- 
quat; a small synergistic interaction between 
reductase, paraquat and ferric desferrioxamine was 
observed (Table 1). With all the ferric complexes 
evaluated, the rate (Table 1) as well as the extent 
(data not shown) of NADPH oxidation was increased 
in the presence of paraquat (as compared to values 
found for paraquat alone). These increases were 
greater than those expected from the sum of the 
values found for paraquat alone plus ferric chelate 
alone (column 4, Table l), i.e. there was synergistic 
interactions between paraquat and the ferric com- 
plexes in promoting the oxidation of NADPH by the 
reductase. 

In view of its wide use and possible physiological 
relevance, some further characterization of the fer- 
ric-ATP plus paraquat system was conducted. When 
the concentration of paraquat was kept constant at 
50 ,uM, increasing the amount of ferric-ATP over 
the range of 0.25 to 50 VM produced an increase in 
the rate and extent of NADPH oxidation (Table 
2.). The interaction with paraquat appeared to be 
maximal at an iron concentration of about 25 PM, 
and a synergistic increase in NADPH oxidation by 
the reductase could be found with as little as 0.25 PM 
ferric-ATP. Dose-response studies indicated that in 
the presence of 25 PM ferric-500 PM ATP, a syn- 
ergistic increase in NADPH oxidation could be found 
with 1 PM paraquat, which became more notable 
as the concentration of paraquat was elevated 
(Table 2). 

The increase in the rate of NADPH oxidation by 
the reductase in the presence of paraquat or paraquat 
plus 25 ,uM ferric-ATP was identical in the absence 
or presence of 0.3 units superoxide dismutase or 
230 units of catalase (data not shown). There was 
less than 10% inhibition of the rate of NADPH 
oxidation by 50 mM dimethyl sulfoxide (DMSO) or 
100 mM ethanol in the presence of paraquat plus 
ferric-ATP, indicating little significant oxidation of 
NADPH by ‘OH at least over this 2-min time course. 

Hydroxyl radical production by reductase. The 
generation of ‘OH or potent oxidants with the oxid- 
izing power of ‘OH was evaluated by assaying for 
the production of acetaldehyde from ethanol or of 
ethylene from KMBA. Table 3 shows that incubating 
the reductase with NADPH plus paraquat resulted 
in a small, time-dependent, production of acet- 
aldehyde. As described previously [29], ferric- 
EDTA but not ferric-ATP served as an effective 
catalyst for ‘OH generation by the reductase. The 
combination of paraquat plus ferric-EDTA resulted 
in a 4-fold greater rate of acetaldehyde generation 
than the sum of their individual rates (Table 3, 5- 
min time point). A striking synergistic interaction 
between paraquat plus ferric-ATP in stimulating 
‘OH generation by the reductase was observed at all 
time points (Table 3). 

More detailed studies were conducted with KMBA 
as the ‘OH scavenger in view of its increased sen- 
sitivity, which allowed more accurate detection of 
low rates of ‘OH generation. Paraquat, in the 
absence of added iron, increased ethylene generation 
(Table 4), analogous to results with acetaldehyde 
production from ethanol. Ferric ammonium sulfate, 
ferric-ATP and ferric-citrate were not effective as 
catalysts of ethylene production in the absence of 
paraquat, but became effective catalysts in the pres- 
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Table 3. Synergistic inter~~~~o~~s between reductase, paraquat and iron in oxidation of 
ethanol 

-- 
Acetaldehyde production (nmol) 

‘Time fminf 
Addition 5 ID fS 

Paraquut l),9 2.2 2.8 
Ferric-ATF 0 il 7.0 
Parayuat + Ferric-ATP 24.5 35.1 42.7 
Ferric-EDTA x.9 23.8 35.6 
Paraquat f Ferric-EDTA 44.2 59.9 67.0 

The reaction mixture contained 50 mM potassium phosphate, pH 7,650 mM ethanol 
and 0.32units of reductase in a final volume of 1 ml. When present, the final con- 
centration of paraquat was 0.2 mM, while the ferric complexes were added to a final 
concentration of 0.1 mM. Reactions were initiated by the addition ofO.4 mM NADPH, 
and acetaldehyde generation was determined by a head space gas chromatography 
procedure. 

Table 4. Synergistic interactions between reductase, paraquat and various ferric ~~rnp~~~~s 
in the generation of hydroxyt radical 

Ferric compiex 

None 
Ferric-NH,SO, 
Ferric-Citrate 
Ferric-ATP 
Ferric-DTPA 
Ferric-EDTA 
Ferric-Desferrioxamine 

Rate of ethylene production 
(nmoljmin) 

-. Paraquat + Paraquat 

0 0.019 
0 0.084 

0.007 0.169 
0.004 0.160 
0.040 0.327 
0.117 0.499 

0 0.034 

Observed rate 

Additive rate 

- 
4.4 
6.5 
7.0 
5s 
3.7 
1.8 

The oxidation of i mM KMBA to ethykne by 0.32 units of NA~P~-c~tochrom~ P-450 
reductase was assayed as described in Materiafs and Methods. Reactions were carried out 
over a 1%min time period, and rates were calculated over the I&ear time course. All ferric 
complexes were present at a final concentration of 25 @M. Paraquat, wben present, was 
added at a final concentration of 0.1 mM. The results in column 4 were calculated from the 
rates in column 3 divided by the sum of the rate with paraquat in the absence of added iron 
(0.019 nmol/min) plus the rates in column 2 for each ferric complex. 

ence of paraquat (Table 4). The last column of Table 
4 shows the ratio of ethylene production observed in 
the presence of paraquat plus the ferric complex 
divided by the sum of the rates produced by paraquat 
alone plus the ferriccomplex alone. Synergtstic inter- 
actions between pawquat and ferric-ATP or 
-citrate, and to a lesser extent non-cornp~~x~~ ferric 
ion (ferric-phosphate), can readily be observed. 

Similar experiments were conducted with ferric- 
EDTA, -DTPA, and -desferrioxamine chelates 
(Table 4). The latter was essentially inert in cata- 
lyzing the generation of ‘ON, even in the presence 
of paraquat. Ferric-EDTA and to a lesser extent 
ferric-UTPA were effective catalysts of ‘QH pro- 
duction in the absence of paraquat, and their catalytic 
effectiveness increased in the presence of paraquat; 
clear synergistic interactions between paraquat and 
these two ferric chelates were observed (last column, 
Tabte 4). 

The abitity of ferric-ATP to s~~er~stica~~y interact 
with paraquat to catalyze the Production of ethylene 

was dependent on the concentration of ferric-ATP. 
A synergistic interaction co&d be observed at a 
eoncentrat~on of 2.5@f ferr~c-~~~M ATP, with 
increasing effectiveness as the ~5ncentrat~on of 
ferric-ATP was elevated (Fig. I). 

I$&2 ~~~~~~c~~ ScnveRgeYs OH ~~~~~ U~~~~~~~~~ 

by Yeducme. The synergistic interaction between 
paraquat and ferric-A.TP in catalyzing the oxidation 
of KMBA to ethylene was insensitive to superoxide 
dismutase (up to 0.5 units/ml). However, catalase 
was a potent inhibitor of KMBA oxidation under all 
reaction conditions; the elevated rate of ethylene 
generation found in the presence of paraquat plus 
ferric-ATP was decreased about 80% by catalase 
(1150 units/ml) (data not shown), implicating a role 
for H&_ as the precursor of the oxidant responsible 
for KMBA oxidation. To further implicate a role of 
‘OH-tike species in the increased oxidation of 
KMBA produced in the presence of paraquat plus 
ferric-AT?, the effect of competitive ‘OH scav- 
enging agents was assessed. Ethanol, DMSU and 
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generation from KMBA by ferric-ATP. The ox&ion 
of KMBA by 0.32 units of reductase was assayed in the 
presence of O.f mM paraquat atone fW-+ or 0.1 mM 
ferric-ATP alone (A-4) or 0.1 mM paraquat plus either 
2.5 yM (-1, ‘25 @l (Q--0), 50 pM (D-U) or 100 J&E 

(A-A) ferric-ATP respectivefy. 

mannitol produced inhibition of ethylene generation 
(Fig. 2); the order of inhibitory effectiveness 
(DMSO > ethanol > man&o!) is in the same direcs 
tion for the rate constants for these scavengers for 
reaction with VOH [37].* 

Minutes 

Fig. 2. rnhib~t~on of ethylene production by competitive 
‘OH scavenging agents. The oxidation of RMBA to eth- 
ylene was determined in a reaction svstem containing 
~.32 units of reductase, 0.1 mM paraquat and 25 ,uM ferric- 
ATP. Key: (C+) control; (CII-0) SOmM mannitol; 
(W-II) IOmM ethanol; (Cl---fl) 100mM ethanol; and 

(A-A) SO mM dimetbyls~~foxid~~ 

H&l2 ~~u~~cfiu~ by the ~e~~c~f~e. In view of its 
critical rote as the precursor of *OH, the production 
of Hz@ by the reductase was determined. In the 
absence of paraquat or iron complexes, no W2Qz 
coufd be detected (data not shown), consistent witb 
the very low rate of NADPH oxidation. Paraquat 
itself produced a striking increase in the rate of I-I@z 
generation (Fig. 3). Ferric-EDTA and, to a much 
lesser extent, ferric-ATP also produced an increase 
in Hz@ production, whereas ferric-desferrioxamine 
did not. There was no increase in the rate or amount 
of HZOZ produced in the presence of paraquat plus 
either ferric-EDTA or ferric-ATP over that pro- 
duced by paraquat itself (Fig. 3). A possible expla- 
nation for this ma3; involve the increasing utilization 
of HzOz to syn~r~~st~cal~y produce -OH in the pres- 
ence of paraquat plus either ferric-EDTA or ferric- 
ATP. In fact, H$& production was decreased 
stightIy in the presence of ferric-EDTA or -ATP 
plus paraquat compared to that found with paraquat 
alone. H20, generation was identical for systems 
containing paraquat or paraquat plus ferric-des- 
ferrioxamine (Fig 3) since there was no synergism 
in ‘OH production by paraquat when ferric-des- 
ferrioxamine was the iron catalyst (Table 4). 

DtSCUSSION 

The ability of paraquat to promote the oxidation 
of NADPH and the generation of ‘OH by NADPH- 
cytochrome P-450 reductase was enhanced in the 
presence of a variety of ferric complexes. The 
increase in NADPH oxidation or ‘OH gerteration 
was greater than the sum of the increase produced 
by either paraquat alone or the ferric complex alone, 
i.e. there was synergistic interactions between para- 
quat and the ferric compfexes. In fact, certain ferric 
complexes such as ferric-ATP or -citrate or ferric 
ammonium s&fate were essentially inert in pro- 
moting the oxidation of NADPH or generation of 
‘OH in the absence of paraquat, but became active 
in the presence of paraquat. Ferric-ATP became 
nearly as active as ferric-EDTA in the presence of 
paraquat; ferric-EDTA is recognized as being 
among the most effective iron catalysts of the Haber- 
Weiss or Fenton reactions f18,19,29,3%-4Oj. 

A working scheme to accommodate aspects of 
these results is as follows: 

Keductase 
NADPH + O2 - NADP+ + 0, (I) 

RiYftJCt2SC 

NADPH + paraquat - 
NADP + p~r~quat radical (2) 

* The reductase was kept frozen at -BY in a medium 
containing 21% glycerol. The final concentration of glvcerot 
in the KMBA assay system under our reaction conditions 
was SXmM. Since glycerol itself is a ‘OH scavenger, we 
tested the competition between glycerut and KhlBA for 
‘OH generated by a modct chemical system, the iron cata- 
lyzed oxidation of ascorbate reaction system. Glycerol, at 
a finat concentration of 68 mM. inhibited the oxidation of 
1 mM KMBA by about 40%. Hence, rates of KMBA (and 
ethanol or other ‘OH scavenger substrates) oxidation by 
the reductsse system are underestimated because. of the 
presence of glycerol. 
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40 
t 

Fe3bFOA 40 Fe3+ATP 

0 0-g 

2 5 8 II 

k Fe3hTA 

I2 5 8 II 2 5 8 II 

Minutes 

Fig. 3. Production of HzOz by NADPH-cytochrome P-450 reductase. The generation of Hz02 was 
determined from the peroxidatic activity of catalase towards ethanol as described in Materials and 
Methods. When present, the final concentrations of ferric chelates or paraquat were 0.1 or 0.2 mM 
respectively. Key: (0-O) paraquat alone; (O---O) ferric chelate alone; and (O-0) paraquat plus the 

respective ferric chelate. 

Paraquat radical + O2 --, paraquat + 0; 

2H+ 

(31 

0; +O?-H,O,+O, (4) 

(Fe?) 
Paraquat radical + H202 --+ 

‘OH + OH- + paraquat (5) 

Reductase 

NADPH + Fe3+-complex - 

NADP+ + Fe2+-complex (6) 

Fez+-complex + O2 -+ Fe3+ -complex + 0~ 

Fe*+-complex + Hz02 + 

(7) 

‘OH + OH- + Fe3+-complex (8) 

Fe3+-complex + paraquat radical + 

Fez+-complex + paraquat (9) 

Reaction (1) is extremely slow as there was virtually 
no or little oxidation of NADPH by the reductase in 
the absence of any electron acceptor. The ability of 
paraquat alone to stimulate NADPH oxidation and 
production of H202 can be explained by the reaction 
sequences (2) to (4). There is increasing evidence 
that reaction (5) does not occur to a significant extent 
in the absence of iron [9,11-13,15,17]. Under our 
reaction conditions, paraquat did stimulate, to a 
limited extent, the production of ethylene from 
KMBA and of acetaldehyde from ethanol in the 
absence of added iron. Paraquat itself does not bind 
di- or trivalent metal cations [14]. Although the 
phosphate buffer and the water utilized to prepare 
all solutions were passed through resins containing 
Chelex-100, small amounts of iron (estimated at 
about 0.5 to 2pM [41]) are present in the reaction 
system as evident from the stimulation of ‘OH gen- 
eration by the addition of EDTA or DTPA itself 
[29,42,43]. Since ferric ammonium sulfate itself 
enhanced the ability of paraquat to catalyze ‘OH 
generation by the reductase, the low production of 
‘OH found in the presence of paraquat (reaction 5) 

may involve the presence of trace amounts of iron 
in the reaction system. Similar considerations have 
been discussed by Sutton and Winterbourne [ 18, 191 
who provided evidence against a role for reaction 
(5) in explaining the increase in ‘OH generation by 
paraquat. 

Reaction (6) occurs with certain ferric complexes 
such as ferric-EDTA or -DTPA, as shown by the 
stimulation of NADPH oxidation, but not to any 
significant extent with others such as ferric-ATP or 
-citrate or ferric ammonium sulfate. In view of this 
ability to serve as an electron acceptor from the 
reductase, ferric-EDTA and -DTPA complexes pro- 
moted the generation of ‘OH by reductase and 
microsomes (Tables 3 and 4; [28,29,43]), whereas 
the other ferric complexes were relatively ineffective 
in this regard. The production of ‘OH is likely due 
to reactions (6) to (8) since ‘OH generation is sen- 
sitive to catalase [which blocks reaction (8) by 
removal of the H202 precursor] and to des- 
ferrioxamine [which is essentially inert for reaction 
(8)]. In view of the lack of effect of superoxide 
dismutase, an iron-catalyzed Haber-Weiss (super- 
oxide-driven Fenton reaction) reaction is not the 
mechanism for generation of ‘OH [Fe”+-complex + 
0; -+ Fe2+-complex + 02, followed by reactions (4) 
and (S)]. 

Recent studies by Vile et al. [44] have shown that, 
under anaerobic conditions, ferric-ADP and ferric- 
citrate catalyze the production of ‘OH from H202 
plus paraquat radicals generated radiolytically or 
enzymatically. The increasing effectiveness of ferric- 
ATP or -citrate or ferric ammonium sulfate to cata- 
lyze production of ‘OH in the presence of paraquat 
plus NADPH-cytochrome P-450 reductase under 
aerobic conditions is likely explained by reaction 
(9). in which the ferric complex is reduced by the 
paraquat radical, followed by reaction (8). A similar 
mechanism [reaction (9)] is the likely explanation 
for the synergism in ‘OH production found with 
paraquat and ferric-EDTA or -DTPA. Paraquat 
radical rapidly reduces ferric-EDTA and ferric- 
DTPA [18]. In all cases, ‘OH generation was very 
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sensitive to catalase, implicating a critical role for 
Hz02 as the precursor of ‘OH (and eliminating a 
direct reaction between paraquat radical and the 
‘OH scavenger substrate), and continued to remain 
insensitive to superoxide dismutase [eliminating a 
role for enhanced 0; production due to reaction (3) 
followed by a Haber-Weiss type of reaction]. How- 
ever, as a result of increased NADPH oxidation, 
enhanced 0; generation followed by increasing 
H202 production (reactions 3 and 4) can contribute 
to the synergism observed between paraquat and 
ferric complexes in view of the critical precursor 
role for H202 in reaction (8). The effectiveness of 
reaction (9) is evident from results showing the poor 
ability of d~sfefrioxamine to prevent significantIy 
rapid Fenton cycling between iron and HzOz and 
paraquat radical 191, and the strong reducing poten- 
tial of paraquat radical allows reduction of ferric 
chelates to occur at rates almost as rapid as the 
reaction of paraquat radical with O2 14.51. Indeed, 
under our reaction conditions, enhanced production 
of ‘OH could be observed under aerobic conditions 
probably because of the ability of reaction (9) to 
compete at least to some extent with reaction (3). In 
studies by Winterbourne and Sutton [19], paraquat 
radicai generated enzymatically, but not radiolyt- 
icaily, was found to be capable of catalyzing ‘OH 
production in the presence of 02, although rates 
were about 10-15% those found under anaerobic 
conditions. These authors concluded that, although 
radical-driven Fenton reactions are inhibited by 02, 
they do occur at physiological concentrations of Oz. 
especially in the presence of relatively high con- 
centrations of added iron complexes such as those 
employed in the above studies. 

Taken as a whole, the ability of low concentrations 
of ferric complexes to synergistically enhance the 
consumption of NADPH and the generation of ‘OH 
from the interaction of paraquat with the reductase 
may contribute to the oxidative stress and toxicity 
produced by paraquat in cellular systems containing 
this or similar flavin enzymes. The synergistic inter- 
actions between reductase, paraquat and ferric com- 
plexes in generating ‘OH are sensitive to catalase 
but not to superoxide dismutase; hence, the latter 
enzyme may not be protective against paraquat- 
mediated oxidative stress when catalyzed by this 
reaction system. Ferric complexes such as ferric- 
ATP or -citrate (or ferric-phosphate), which may 
be of possible physiolo~cal relevance, can become 
effective catalysts for the I?roduction of ‘OH-like 
species in the presence of paraquat radicai and, 
perhaps, other toxic agents capabIe of redox cycling 
with the reductase, e.g. quinones. 
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