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Abstract-Incubation of rat liver cell-free extracts with an NADPH-generating system and with nifur- 
timox or benznidazole (two nitroheterocyclic drugs used in the treatment of Chagas’ disease) produced 
oxidation of reduced glutathione (GSH) and increased lipid peroxidation, as shown by the generation 
of thiobarbituric-acid-reacting intermediates. Nifurtimox and benznidazole inhibited GSSG-reductase, 
but not GSH-peroxidase, the former inhibition contributing to GSH depletion. I$ every case, nifurtimox 
was more effective than benznidazole. Addition of GSH or free-radical scavengers (catalase, superoxide 
dismutase, mannitol, sodium benzoate or L-histidine) prevented the effect of nifurtimox on lipid 
peroxidation reactions. These results support the assumption [M. Dubin, S. N. J. Moreno, E. E. 
Martino, R. Docampo and A. 0. M. Dubin, Biochem. Pharmac. 32, 483 (1983)] that, in the rat liver, 
GSH exerts a protective action against oxygen radicals generated by the nitroheterocyclic drugs. 

Nifurtimoxt and benznidazole, two nitroheterocyclic 
drugs currently used for the treatment of Chagas’ 
disease, generate superoxide anion, hydrogen per- 
oxide and hydroxyl radicals, when added to liver 
microsomes in the presence of NADPH [l-3]. In 
good agreement with these reactions in U&O, treat- 
ment of rats with pharmacological doses of nifur- 
timox induces a time- and dose-dependent depletion 
of liver glutathione and extra release of GSSG and 
GSH into bile [4]. The extra release of GSSG dem- 
onstrates nifurtimox-dependent Hz02 generation in 
the liver cells, since (a) the rate of the GSH-per- 
oxidase reaction (Reaction 1) is a function of the 
H202 intracellular concentration [5] and (b) nifur- 
timox does not inhibit GSSG-reductase in uivo [4] 
(Reaction 2). Incubation of rat liver microsomes with 
nitroheterocyclic 

2GSH + H202 ---f GSSG + 2H20 (1) 

GSSG + NADPH + H+ + 2GSH 

+ NADP+ 
(2) 

drugs causes lipid peroxidation, as shown by the 
increase of conjugated dienes in the microsomal lipid 
extract and the increased rate of malondialdehyde 
generation [ 1,2]. However, in in uivo experiments, 
nifurtimox treatment does not increase the rate of 
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peroxidation of liver lipids [4]. This negative result 
leads one to assume that, in intact liver cells, pro- 
tective mechanisms, involving in all probability 
GSH-peroxidase [5], prevent lipoperoxidation by 
reducing oxygen radical concentration to ineffective 
levels. To test this hypothesis, in the present study 
we examined the effects of nifurtimox and benz- 
nidazole on GSH and GSSG levels, lipid peroxi- 
dation, GSH-peroxidase and GSSG-reductase activi- 
ties, in liver cell-free extracts. The results described 
here show a correlation between GSH depletion 
and rate of malondialdehyde generation, nifurtimox 
being in all cases more effective than benznidazole. 

MATERIALS AND METHODS 

Liver extructs. Wistar male rats (200-250 g) from 
the Instituto de Quimica Biol6gica were used in 
the experiments. Animals were fed “Nutrimento” 
(Purina-like) rat chow; the protein content of the 
diet was 23.4% and included all the essential amino 
acids. After decapitation (without anesthesia), the 
liver was rapidly removed, weighed, washed and 
suspended in ice-cold KCl-Tris buffer (150 mM KCI- 
50 mM Tris-HCl, pH 7.4), in the proportion of 3 ml/ 
g liver. Homogenization was perfqrmed in a Potter 
tissue grinder with a Teflon pestle. The homogenate 
was centrifuged at 9000g for 15 min at 4”, and the 
supernatant fraction was used in the experiments. 

Reagents. NADP+ , NADPH, tert-butyl hydro- 
peroxide, GSSG, D-glucose-6-phosphate, D-glucose- 
6-phosphate dehydrogenase (from bakers yeast; 
Type V), glutathione reductase (from yeast, Type 
III), TBA, DTNB, catalase (from bovine liver; 
30,000 units/mg protein), su eroxide 

P 
dismutase 

(from bovine liver; 3,000 units mg protein), manni- 
tol, sodium benzoate and L-histidine were purchased 
from the Sigma Chemical Co., St. Louis, MO; 
malondialdehyde bis-(dimethyl acetal) was pur- 
chased from the Aldrich Chemical Co, Milwaukee, 
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WI. Nifurtimox and benznidazole were supplied by 
Bayer A. G. Leverkusen, German Federal Republic, 
and Hoffmann-La Roche. Basel. Switzerland, 
respectively. Other reagents were of analytical 
grade. 

Incubation. In each experiment, duplicate samples 
were incubated at 37”, in a New Brunswick Gyratory 
model 45 water bath. The standard reaction mixture 
contained 0.20 ml of liver extract (50-60 mg protein). 
0.1 M phosphate buffer, pH 7.4. and NADPH-gen- 
erating system (0.5 mM NADP” , 5 mM D-glucose- 
6-phosphate, 0.25 mM MgClz and 35 units D-glu- 
cose-6-phosphate dehydrogenase); total volume was 
2.5 ml. During incubation, samples were shaken at 
a rate of 40 rpm. 

Analytical methods. Products of lipid peroxidation 
were measured with the TBA reaction [6]. One 
milliliter of incubation mixture was cooled at 4”, and 
1.0 ml of 4 N HCl and 1.0 ml of 0.8% (w/v) TBA 
were added. The supernatant absorbance was meas- 
ured at 532 nm against a reagent blank. containing, 
when necessary, nifurtimox or benznidazole at the 
concentration used in the incubated sample. A Per- 
kin Elmer Spectrophotometer, model 5X8, was used 
for these measurements. Malondialdehyde con- 
centration was calculated from a standard curve 
obtained with malondialdehyde bis(dimethyl acetal). 
The GSH content in the incubation mixture was 
measured using the method of Ellman [7] as modified 
by Sedlack and Lindsay [8]. One milliliter of mixture 
was precipitated with 1 ml of 10% (w/v) TCA and, 
after centrifugation, to 1 ml of supernatant fraction 
was added 4.5 ml of 0.1 mM DTNB in 0.1 M phos- 
phate buffer, pH 8.0. Absorbance was measured at 
412 nm against a reagent blank containing, when 
necessary, nifurtimox or benznidazoIe (as above). 
GSH concentration was calculated using E= 
13.5 mM_’ . cm-’ No difference was detected when 
the resulting values were compared with those 
obtained by the enzymatic method [9]. GSSG was 
measured by following NADPH oxidation in 
the presence of GSSH-reductase. The reaction 
mixture contained 50 mM phosphate buffer 
(&HP04.KH2P04, pH7.0), 0.5 mM NADPH, 0.1 
unit/ml of yeast GSSG-reductase and Xl-100 ~1 incu- 
bation mixture, in a final volume of 3 ml. Total 
glutathione, i.e. GSH plus 2GSSG, was determined 
using GSSG-reductase and DTNB, as described in 
Refs. 10 and 11. The reaction mixture contained 
50mM phosphate buffer (as above), 0.1 unit/ml 
GSSG-reductase, 0.5 mM NADPH, 33 yM DTNB 
and 50-100 ~1 incubation mixture, in a final volume 
of 3.0ml. Absorbance was measured at 412nm. 
After measuring the reaction initial velocity, a sam- 
ple of GSSG of known concentration was added as 
a standard. Results are given as GSH, and the GSH 
content was calculated by subtracting GSSG meas- 
ured values (as described above) from total glu- 
tathione values. Protein was determined by the 
biuret method [12]. 

Determination of enzyme activities. The activities 
of GSSG-reductase and GSH-peroxidase were meas- 
ured at 30” GSSG-reductase was measured essen- 
tially as described in Ref. 13. The reaction mixture 
contained 50 mM phosphate buffer (as above), 0.5 
to 1.0 mM GSSG, 0.5 mM NADPH and 25-50 ~1 of 

incubation mixture, final volume was 3 ml. GSH- 
peroxidase was measured by a modification of the 
coupled assay procedure [13, 141. The reaction mix- 
ture contained 50 mM phosphate buffer (as above), 
1 mM GSH, 0.5 mM NADPH, 0.1 unit/ml yeast 
GSSG-reductase, 0.5 mM tert-butyl hydroperoxide 
and 25-50~1 incubation mixture; final volume was 
3 ml. In all cases NADPH oxidation was followed by 
measuring the decrease of absorption at 340 nm. 

Stafist~cal analysis. This was performed using Stu- 
dent’s t-test. The values presented are the average 
of three to six independent experiments. 

RESULTS 

Figure 1 shows the effects of nifurtimox and 
benznidazole on free GSH concentration in liver 
extracts. Initial values, related either to 1 mg of 
soluble protein (Fig. 1) or to 1 g of liver tissue (6.3 
to 9.3 @moles GSH), agreed well with those reported 
previously [4,9,15,16]. Nifurtimox addition pro- 

OL 

TIME fmin) 
Fig. 1. Effects of nifurtimox (N) and benznidazole (B) 
on GSH content in liver extracts supplemented with an 
NADPH-generating system. Experimental conditions were 
as described in the text. C indicates the control sample; 
the numbers represent nifurtimox concentration (PM); the 
benznidazole concentration was 2.0 mM.. Each point rep- 
resents the average of six determinations + SE. P for O- 

time samples, > 0.05. 
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Fig. 2. Effect of nifurtimox (N) and benznidazole (B) on 
GSSG-reductase activity in liver extracts. Experimental 
conditions were as described under Materials and Methods 

Each point represents mean value + S.E. 
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Table 1. Effects of nifurtimox and benznidazole on GSH oxidation in liver extracts* 

Drug 

(mM) 
GSH 

(nmoles/mg protein) 

GSSG (nmoles/mg protein) 

Calculated Determined 

None 56.2 2 12.21 10.9 12.0 L 3.4 
Nifurtimox (0.25) 26.3 -t- 7.1 25.9 26.3 2 9.2 

(1.0) 24.6 k 2.4 26.7 24.4 2 7.8 
None 50.4 k 9.5 13.8 14.7 2 6.2 
Benznidazole (2.0) 35.2 k 6.3 21.4 23.3 k 4.1 

* Experimental conditions were as described in the legend of Fig. 1; incubation time. 
1 hr. Total GSH (GSH + 2GSSGI: 78.0 2 9.2 nmoles/mg protein. 

t Mean ? S.E.‘ 

TIME (min) 

Fig. 3. Effects of nifurtimox (N) and benznidazole (B) 
on the generation of malondialdehyde in liver extracts 
supplemented with the NADPH-generating system. Con- 
ditions were as described in the legend of Fig. 1 and under 
Materials and Methods. Pfor O-time samples, > 0.05. Inset: 
effect of increasing nifurtimox concentrations after 90 min 

of incubation. 

duced a progressive diminution of GSH content 
which, after 150 min of incubation, was practically 
exhausted. Similar results were obtained with 250 
and 500 PM nifurtimox, but, unexpectedly, in the O- 
120 min incubation period somewhat lower effects 
were obtained with 1 mM nifurtimox. Nifurtimox at 
l&100 FM did not affect GSH concentration 
(experimental data omitted). Benznidazole (2.0 mM) 
also decreased the GSH content, but it was less 
effective than nifurtimox, whatever the concen- 
tration of this latter in Fig. 1. It seems pertinent to 
note that in order to cause a significant decrease of 
GSH, nifurtimox and benznidazole were used at 
concentrations several-fold higher than those 
expected to be found in the blood of rats treated 
with pharmacological doses of the drug (10-20 PM 
nifurtimox; Ref. 17). Under these experimental con- 
ditions, the nitroheterocyclic drugs inhibited GSSG- 
reductase (Fig. 2) but, at the same concentrations, 
they did not inhibit GSH-peroxidase (experimental 
data omitted). In good agreement with these results, 
incubation of liver extract with the nitroheterocyclic 
drugs produced a decrease of GSH and an increase 
of GSSG, to about the same extent (Table 1). 

Figure 3 shows the effects of nifurtimox and 
benznidazole on the production of TBA-reacting 
intermediates which, according to available data 
[18, 191, consisted essentially in malondialdehyde. 

The rate of malondialdehyde generation in the con- 
trol sample remained constant throughout the incu- 
bation period, but addition of nifurtimox (or benz- 
nidazole) produced significant stimulation. Increase 
of the nifurtimox concentration from 250 to 500 PM 
almost doubled the rate of lipid peroxidation, but 
1 mM nifurtimox did not increase it any further, thus 
showing saturation of the lipid peroxidating system 
(Fig. 3, inset). With 250 and 500 PM nifurtimox, the 
kinetics of the overall process showed an induction 
period, lasting for the first 2C30 min of incubation, 
but with the l.OmM concentration the lag was not 
observed. Similar experiments were performed using 
10-100 PM nifurtimox, but at these concentrations 
the drug did not stimulate the production of TBA- 
reacting substances (Fig. 3, inset). The time lag was 
also observed with benznidazole, which, as expected 
from the variation of GSH content (Fig. 1 and Table 
l), was less effective than nifurtimox. In good agree- 
ment with these results addition of GSH (excess) to 
the incubation mixture completely prevented malon- 
dialdehyde generation (Table 2). 

To confirm the role of oxygen radicals, especially 
OH’ in the drug-induced lipid peroxidation, nifur- 
timox was assayed in the presence of radical scav- 
engers. Benzoate(Na) and mannitol concentrations 
were selected, taking into account the observation 
of Que et al. [20] and Mak et al. [21]. The results in 
Table 3 show that superoxide dismutase produced 
complete inhibition of malondialdehyde generation. 
Lesser, though marked, effects were produced by 
catalase, benzoate, mannitol and L-histidine, in 
decreasing order of effectiveness. Possible non- 
specific protein effects by superoxide dismutase and 
catalase were ruled out, taking into account the 
relatively high content of liver protein in the incu- 
bation mixture (20 mg/ml). 

Table 2. Effect of exogenous GSH on malondialdehyde 
generation by liver extracts supplemented with nifurtimox 

and benznidazole* 

Drug GSH 

(mM) (mM) AAw 

Nifurtimox (1 .O) 0 0.990 ? 0.040t 
5.0 0 

Benznidazole (2.0) 0 0.226 k 0.033 
5.0 0 

* Experimental conditions were as in Fig. 3. Incubation 
time: 1 hr. 

t Mean 2 S.E. 
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Table 3. Effect of free-radical scavengers on nifurtimox-induced lipid 
peroxidation in liver extracts* 

Inhibition 
Addition AAr?, (S) 

None 0.270 2 O.OlS? 
Catalase (200 pg/ml) 0.010 2 0.006 93.3 
Superoxide dismutase (50 pg/ml) 0.0 jr 0.0 100.0 
Mannitol (150 mM) 0.083 k 0.01 70.0 
Benzoate (150 mM) 0.057 + 0.007 79.3 
L-Histidine (10 mM) 0.120 2 0.0 56.5 

* Standard reaction mixture was supplemented with 500 PM nifur- 
timox and the addition indicated above. Incubation was for 2 hr; other 
exuerimental conditions were as described under Materials and 
M&hods. 

t Mean -+ SE 

DISCUSSION 

Utilization of liver cell-free extracts for com- 
parative measurements of GSH content and malon- 
dialdehyde generation enabled us to confirm and 
extend previous observations on the function of 
nifurtimox and benznidazole as “active oxygen” gen- 
erators in rat liver, both in uitro, using microsomes 
[l-3], and in uivo [4]. The 9000 g supernatant frac- 
tion contained endoplasmic reticulum, mitochon- 
drial membranes and cytosol and included, among 
other components, the microsomal NADPH-cyto- 
chrome P-450 (c) reductase (nitroreductase; NR). 
GSSG-reductase, GSH-peroxidase, superoxide dis- 
mutase (SOD), GSH and lipids. The decrease of 
GSH content in Fig. 1 and Table 1 may then be 
explained as follows: (a) Reaction 3, catalyzed by 
the microsomal nitroreductase, generated the nitro 

NADPH + ArNOz s NADP’ 

+ ArNOy + H+ (3) 

ArNO’ + O2 - ArN02 + O- (4) 

0- + 0-q + 2H+ = Hz02 + Oq 

GSH + OzH - GS’ + Hz0 - 

(5) 

(6) 

GS’ + GS’ - GSSG (7) 

anion radical [ 1,3]; (b) Reaction 4 generated 0; 
[l, 31 and prevented the reduction of the nitro radical 
to more reduced intermediates. capable of con- 
jugating with GSH [22]; (c) Reaction 5 generated 
Hz02 [l, 31, which. according to Reaction 1 (GSH- 
peroxidase reaction), oxidized GSH to GSSG (Table 
2); (d) the perhydroxyl radical (0, conjugate) oxid- 
ized GSH to GS’ (thiyl radical; Reaction 6) and GS’ 
dimerized to GSSG (Reaction 7) [23]; (e) nifurtimox 
and benznidazole inhibited Reaction 2 (the GSSG- 
reductase reaction: Fig. 2 and Ref. 4). an inhibition 
which, associated with the normal operation of the 
GSH-peroxidase reaction, contributed significantly 
to GSH depletion. Concerning the relative import- 
ance of Reactions 6 and 7 for GSH depletion, the 
possible competence of Reaction 5 (the superoxide 
dismutase reaction) with Reaction 6 is worth noting. 
The dismutase has a very high molecular activity 
(k, = 2 x 10” M-’ .s-’ : Ref. 5) and, accordingly, 

direct oxidation of GSH (Reactions 6 + 7) might be 
of limited importance. 

Catalase, superoxide dismutase, mannitol. ben- 
zoate and L-histidine inhibited malondialdehyde gen- 
eration (Table 3), in good agreement with results by 
Zimmermann et al. [24], and Kellog and Fridovich 
[25, 261. The scavenger effect supports the role of 
hydroxyl radicals (generated by Reaction 8) for lipid 
peroxidation. 

0, + H202 3 OH’ + OH- + O1 (8) 

The 0,H radical might also initiate the peroxidative 
process (Reaction 9; RH, 

RH + OzH + R’ + H20X (9) 

polyunsaturated fatty acid) [27] but, in the given 
experimental conditions, the role of this reaction was 
limited, as indicated by the strong effect of catalase 
in Table 3. 

Taken together, the results presented in Figs. 1 
and 2 may explain satisfactorily the absence of lipid 
peroxidation in liver of rats treated with phar- 
macological doses of nifurtimox [4]. Thus, physio- 
logical concentration of GSH should be quite suf- 
ficient to cope with the peroxidative challenge 
induced by nitroheterocyclic drugs, at intracellular 
concentrations in all probability much lower than in 
Figs. 1 and 3. Furthermore, GSH regeneration by 
the GSH-reductase (Reaction 2) would ensure a 
permanent supply of GSH for Hz02 and hydro- 
peroxide detoxication. GSH depletion by itself might 
not, however, be a necessary requirement for the 
stimulation of the lipid peroxidative process, as 
shown by the effect of diethylmaleate, a powerful 
GSH-depleting agent [28]. Oxygen radical gen- 
eration by redox-cycling of the nitroheterocyclic 
drugs should be the determinant factor for the perox- 
idative process, the extent of which would be 
enhanced by the reduction in the cellular antioxidant 
capacity, or vice versa, nullified by excess of the 
latter (Table 2). In this context, the effect of 1.0 mM 
nifurtimox in Fig. 3 is ‘easily explained. since at 
that concentration the failure of the GSH-dependent 
protection allowed oxygen radicals to initiate lipid 
peroxidation without lag. A similar relationship 
between GSH content and lipid peroxidation has 
been observed in bromobenzene-treated hepatocytes 
[29], and also in relation tb liver damage induced by 
ethanol [30.31]. 
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