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5-Nitrofman derivatives change the inner mitodmadrial membrane permeability as indicated by the 
transmembrane poteatial, the rate of spontaneous K + ef[lux and the besal resplnto~ rate:. (a) at tow 
coaeentrations ultrofmantoln prevents the inerease of inner membrane permeability thin to hyd~m~oxides 
or to dkunide; (b) at hlgher eonenntratloms or after longer times of hieubatiom, uitgo4NKantnin em]hasmees the 
membrane damage due to hydh'o~mxldes or to dtamide; the damage due Ca z+ plus Pt is ~ by 
nltrofmantoln at all concentrations; (e) higher ultmfurantoin coueentrae~ns eause membrane damage 
indepandent~ of the pcesence of hydroperoxld~ or d #Jamide. The d | e c t  o[ ailm(umatoln is ~ s e d l ~ l  by 
the addition of free-radieal scavengers. The above effects of ni t rofuea~.~ are comp~'b:e with the 
observations of Mason and cullegues that nitrofm'antoin is reduced by a NADPH nitroreduetase to u ni(uro 
anion radical which can then undergo subsequent reactions, among which are (u) initiation of a free.radical 
reaction chain a~4 Co) r educ tm of hydi-operoxides and diamide. 

l ~ o n  

5-Nitrofuran derivatives have been used in 
mitochondrial research for quite different pur- 
poses. They are very useful antibacterial agents, 
although under some conditions they also have 
toxic or mutagenic effects [1,2|. It was snf~gested 
that these toxic effects are, at least in part, related 
to the, formation of activated forms of oxygen as 
indicated by the potentiating effects of deficien- 
cies of vitamin E [3] and of selcoium [4]. Pharma- 
cological concentrations of nifurtimox induce 

Abbreviarions: BuOOH. butylhydroperoxide; BHT, buxylhy- 
drorytoluene; Diamide, azodicarboxyfic acid bis(dimethyla- 
mide) or diazinecarboxyllc acid bis(N,N-dimcthylamide); Ni- 
fortimox, 4-(5.nitrofur furylideneamino)-3-meshylethiomorpho- 
lille !.l,-dinxide; BSA, bovin© ~e~m albumin. 

Corres~ndence G.F. Azzone, Isfituto di Paudogia Generale. 
Via Loredan, 16, 35131 Padova, Italy. 

maximal stimulation of superoxide anion produc- 
tion by Trypanosoma cruzi and initiate H~O 2 dif- 
fusion outside the cell [5,6]. Mason et al. [7,81 
showed that nitrofurantoin is enzymatic, any con- 
verted to nitro anion radicals capable of par- 
ticipating in redox cycKng in mitoehondrla. 

Nitrofurantoin has been used to support the 
concept that the permeability of the mitochondrial 
inner membrane is controlled by the GSSG/GSH 
ratio, which in turn controls the state of reduction 
of critical SH groups [9]. These critical SH groups 
regulate the activity of  the SH-dependent 
lysophospholipid aeyltransferase activity and con- 
s~uently the ability of mitochondtia to remain 
impermeable upon activation of  the in- 
tramitochondrial phospholipase A 2 by Ca 2+. The 
increased inner membrane permeability produced 
by nitrofurantoin was related to its capacity to 
inhibit the glutathione reductase activity with de- 
pletion of GSH. Mctabohsm of hydroperoxides 
results in formation of GSSG and consumption 
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NADPH and causes Ca 2÷ efflux from the 
hepatoeyte [10]. Nitrofurantoin also perturbs fiver 
redox metabolism, increases efflux of GSSG into 
the bile [11]. 

There is increasing evidence that mitochondrial 
damage, as well as cell damage, is due to oxidative 
stress [12-18]. The mitoehondrial damage induced 
by Ca 2+ is markedly enhanced by the addition of 
hydroperoxides [19] and diamide [20], and when 
isolated liver r?dtochondria are treated with hydro- 
peroxides, free radicals are detected by a spin- 
trapping technique [21]. We have reported [22,23] 
that several Ca2+-dependcat inareases in inner 
membrane permeability [24-26] presumably in- 
volve the formation of free radicals and are 
abolished by antioxidants. In the present investi- 
gation we determined the effect of nitrofurantoin 
on the inerease of inner membrane permeability. 
Contrary to expectations, addition of low 
nitrofarantoin concentrations does not enhance, 
but rather inhibits, the increase of inner mem- 
brane permeability caused by Ca 2+- and peroxides 
or diamide. On the other hand, the inner mem- 
brane damage is enhanced at higher nitrofurantoin 
concentrations or after longer times of incubation, 
or when the damage is due to the presenc~ of 
Ca 2+ plus phosphate. Under all these conditions, 
the nitrofurantoin-induced enhancement of inner 
membrane damage is abolished by antioxidants. 
The implications of these observations are dis- 
cussed. 

Experimental 

Rat liver mitoehondria were prepared in 0.25 
M sucrose/10 mM Tris-HCI (pH 7.4)/0.1 mM 
EGTA [27]. The last washing was carried out in an 
EGTA-frce medium and the final resuspension 
made in 0.1% BSA-supplemented medium. 
Mitochondrial protein was assayed with the biuret 
method with BSA as standard. 

The composition of the incubation media is 
specified in the legends. 

The transmembrane potential was determined 
by monitoring the PhsMeP + concentration in the 
bulk phase with a PhsMeP÷-seasitive electrode. 
Medium PhsMeP ÷ concentrations were calculat~l 
from the continuous plot of the electrode output 

vs. the Ph3MeP + concentrations as determined for 
each individual expefimeat. 

The rate of oxygen uptake was followed polaro- 
graphically with a Clark oxygen electrode. Oxygen 
concentration was taken as 485 natoms oxygen/ml 
at 250C. 

K + effiuxes were monitored with a K+-seasilive 
electrode at 25"C. Calibration of the electrode 
was performed by multiple additions of known 
amounts of KCI before each experiment. 

Hydroperoxides and butylhydroxytohiene were 
kindly provided by Prof. F. Ursini. All other 
chemicals were commercial products of the highest 
purity. 

Results 

The effect of nitrofurantoin on transmembrane 
potential 

Addition of 30 /tM hydroperoxides to mite- 
chondria supplemented with 30/.tM Ca z+ resulted 
in the usual biphasie effect of potential decline: a 
rapid phase, presumably linked to the initiation of 
the transhydrogenase reaction, and a second, 
slower phase in parallel with the damage of the 
mitochondrial inner membrane (Fig. 1A). When 
the hydroperoxides were added to mitochondria 
already supplemented with 100/tM nitrofurantoin 
both the rapid and the slow phase were abolished. 
The abolition of the rapid phase is due to the 
inhibition by nitrofurantoin of the ghitathione re- 
ductase reaction [9], resulting in a diminished 
utilization of N A D P H  and activity of the transhy- 
drogenase reaction. Nitrofarantoin also abolished 
the slower phase of Aft depression attributed to 
the formation of oxygen radicals [22,23]. When 
nitsofurantoin was added after the hydroper- 
oxides, the inhibitory effect was evident only in 
the slow phase. Fig. 1B shows the effect of increas- 
ing concentrations of nitrofurantoin on the decline 
of the transmembrane potential caused by the 
hydroperoxides. In the absence of nitroforantoin, 
addition of 50 ~tM hydroperoxides caused a cycle 
of potential decline which eventually levelled off 
and then was followed by a partial restoration of 
the potential. In the presence of increasing con- 
centrations of nitrofurantoin a dual effect was 
apparent: there was initially a partial abolition 
both of the rapid and of the slow phase of poten- 
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Fig. I, Protection by nit~funmto~n (Nitro) of hydroperoxid¢- 
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tBuOOH and nlttofuramoin were added at the incubated 
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tial decline, while in the long term the pattern was 
changed in that the final potential was lower in 
the presence than in the absence of nitrofurantoin. 
Thus, at longer incubation times there was an 
enhancement of the damage of the inner mem- 
brane with increasing nitrofurantoin concentra- 
tions. 

Fig. 2A shows the results of replacing hydro- 
peroxides with diamide. Nitrofurantoin had a dual 
effect similar to those caused by hydroperoxides. 
At shorter incubation times, the presence of  
ditrofuramoin resulted in a partial abolition of the 
decline in potential, while at longer incubation 
times there was an enhanced damage of the mem- 
brane as indicated by a more marked decline in 
potential. Fig. 2B shows the effect of increasing 
nitrofurantoin concentration on the inner mem- 
brane damage caused by Ca 2+ plus Pi was not 
diminished by nitrofurantoin and the increased 

damage was proportional to the nitrofurantoln 
concentration. 

The effect o f  nitrofurantoin on K + release and 
respiratory rate 

Fig. 3 shows the effect of hydroperoxides and 
of nitrofurantoin on K ÷ release. Addition of 100 
pM hydroperoxidcs initiated a permeability in- 
crease which led to a K + release reaching comple- 
tion in about 2 rain. In the presence of 5 /tM 
nitrofurantoin the process of K + release was de- 
layed and decelerated. However complete release 
of matrix K + was still obtained in about 4 rain. At 
higher co=~ntrations of nitrofuramoin, on the 
other hand, there was complete abolition of K + 
release, indicating that niurofurantoin is capable of 
abolishing the damage to the inner membrane 
caused by the hydroperoxides. The efflux of K + in 
Fig. 3 indicates that, in the presence of Ca 2+ and 
hydroperoxides, the membrane has increased its 
permeability not only to K + but also to some 
other ion species neutralizing the K + flux. This 
ion species is presumably H +, as indicated by the 
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Fig. 3. Effect of nitrofurantoin on tBuOOH-Jnduced K + efflux, 
The incubation medium was as in Fig. 1 in absence of BSA. 
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tBuOOH. 

parallel decline of the membrane potential. 
The effect of nitrofurantoin on the kinetics of 

the respiratory stimulation caused by hydroper- 
oxides and diamide was also studied. Similarly to 
the case of the decline in potential, the respiratory 
stimulation was a gradually increasing process re- 
aching a maximum on a time-scale of several 
minutes. Addition of nitrofurantoin was able to 
delay and to depress the respiratory stimulation 
caused by hydroperoxldes or by diamide. 

Fig. 4 shows the effect of increasing 
nitrofurantoin concentrations on the respiratory 
stimulation caused by hydroperoxides. The re- 
spiratory rate increased from about 30 natures. 
mg -1 • rain -1 at 2 min to about 150 natoms •mg -1 
• min-  t at 7 rain after the addition of the hydro- 
peroxides. However, the entire respiratory stimu- 
lation caused by the hydroperoxides was abolished 
by nitrofurantoin. Increase of the nitrofurantoin 
concentration from 50 to 300/xM did not change 
the pattern in the hydroperoxide-supplemented 
mitechondria, at variance with the situation in 
diamide-supplemented mitochondria, cf. Fig. 5. 

Fig. 5 shows the effect of increasing nitrofuran- 

150 + 

'._¢ loo 
E ,~& 
E 

~5c 

I I 
10 2O 

2 I 

Jo 

& 

O F  

I 
~o so 

Nitrolurontoin . p M  

Fig. 4. Effect of increasing rdtrofurantoin concentrations on the hydroperoxide-induced stimulation of the respiratory rate. The 
incubation medium was as in Fig. 1. The mitochondfia w=re supplemented with 50 #M Ca 2+ and 150 tim peroxide. The values of the 

respirator)' rate m'e thus= taken at 2 and 7 rain after tBuOOH edthtion. 



143 

8C 75pM I_ 100pM 

o _ o /  / 

100 200 300 100 200 300 
Nitmturunioin . pM 

Fig. 5. Effect of incRasing nitlrofurantoin concentrations on the diandde-induced stimulalio~t of the respiratory rate. The incubation 
medium was ~s in Fig. 1. The mdtochondria were supplemented with 30 pM Ca 2+. The concentrations of diamide where indicated. 
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toin concentrations at various times of incubation 
on the respiratory stimulation caused by increas- 
ing diamide concentrations. As in the case of the 
hydroperoxides, almost the entire respiratory 
stimulation was abolished by nitrofurantoin when 
added at low concentrations, say below 50 t~M. 
On the other hand, in the diamide-supplemented 
mitochondria, when nitrofurantoin was added at 
higher concentration the abolition of the respira- 
tory stimulation was replaced by an enhancement 
of the respiration. Furthermore, the respiratory 
rate incrcased with increased incubation time. 
These effects agree with the enhancement of the 
decline in membrane potential (Fig. 2). 

Fig. 6 shows the effect of increasing nitrofuran- 
toin concentrations on the r e s p i r a ~  stimulation 
caused by Ca 2+ plus Pi- The addition of nitrofu- 
rantoin had no protective effect, but rather en- 
hanced the respiratory stimulation. This agrecs 
with the enhancement of the decline in membrane 
potential caused by Ca z+ plus Pi (Fig. 2). These 
observations suggest that fundamentally different 
processes are initiated by hydroperoxides and di- 
amide, and by au:t Ca z+ plus Pi- 

Fig. 7 shows the effect of increasing 
butylhy&oxytohiene concentrations on the re- 
spiratory stimulation caused by 300/LM uitrofu- 
rantoin. It is seen that the respiratory stimulation 
was very sensitive to the presence of butylhydro- 
xyltohiene, 50~ inhibition being obtained at about 
10/ tM butylhydroxytoluene. The results of Fig. 7 
suggest that the mechanism of the respiratory 
s t imula t ion  fo l lowing  the  add i t ion  of  
nitrofurantoin to rat liver mitochondria involves 
the formation of oxygen radicals. Mitochondrin 
were supplemented also with 150 pM diamide and 
300 pM nitrofurantoin, concentrations which were 
found in the experiment of Fig. 5, to enhance the 
respiratory stimulation caused by diamide parficu- 
laxly at longer times of incubation. Also this 
stimulatory effect of nitrofurantoin was sensitive 
to the addition of antioxidants, although some- 
what higher butylhydroxytohicue concentrations 
were required for protection. 

Discussion 

In the present study we report three effects. 
First nitrofusantoin at low concentrations or at 
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short times of incubation abolishes the increase of 
inner membrane permeability caused by hydroper- 
oxides and diamide. Second, nitrofurantoin at 
higher concentrations or at longer times of incuba- 
tion enhances the increase of inner membrane 
permeability by hydroperoxides or diamide. Fur- 
thermore, nitrofurantoin at a11 concentrations or 
times of incubation causes an increase of inner 
membrane permeability caused by Ca 2+ plus Pi- 
Third, nltrofurantoin alone increases the permea- 
bility of the inner membrane in the absence of 
hydropesoxides, diamlde or of Ca 2+ plus Pi- The 
questions arise: (a) whether the different effects 
are the expression of a mnltiplicity or of a single 
mode of action of nitrofurantoin; and (b) whether 
the different actions are compatible only with 
inhibition of ghitathione reductuse by nitrofuran- 
t o i n .  

Pfeiffer [9] has suggested that there is a correla- 
tion between level of GSH and permeab~ty of the 
inner mitochondtial membrane. Subsequent work 
[22] has, however, shown that: (a) the damage 
induced by Ca 2+ plus Pt is not accompanied by 
decrease in GSH levels and (b) that the protection 
by free-radical scavengers with respect to the 
damage due to hydroperoxides is not accompa- 
nied by restoration or maintenance of a high level 
of GSH. The fmdin 8 of the present study that low 
concentrations of nitrofurantoln abolish rather 
than enhance the damage caused by hydroper- 
oxides and diamide is also in contrast with the 
view that the effects of nltrofusantuln can be 
explained exclusively on the basis of its inhibitory 
action on the glutathione reduclase. In fact, such 
an inhibition by nitrofurantuln would cause a 
further decrease in the level of GSH in the pres- 
ence of hydroperoxides and dimnide and thus 
increase rather than decrease the damage. 

Several lines of evidence, on the other hand, 
suggest that free radicals play an important role in 
determining this mnltipficity of effects caused by 
nitrofurantoin. Firstly, the protection obtained by 
radical scavengers indicates that the inner mem- 
brane damage due to hydroperoxides, diamide or 
Ca 2+ plus Pi is the consequence of an oxidative 
stress [22,23]. Secondly, Mason et at. [7,8] have 
shown that nitrofurantoin is reduced in rat liver 
mitochondria, by means of an NADPH nitrore- 
ductase localized on the outer membrane, to nitro 
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Fig. 8. Possible reactions or nitrofurantoin in mitochondria. 

anion radicals whose oxidation should regenerate 
the supemxide anion catalytically. The lack of 
effect of superoxide dismutase and catalase on the 
steady-state concentration of the nitro anion radi- 
cal was taken as evidence that neither superoxide 
anion nor hydrogen peroxide is an intermediate in 
the generation of the anion radical. Thirdly, the 
effect of increased membrane damage by 
nitrofurantoin is also removed by frce-radical 
scavengers. Mason etal .  [7,8] observed a stimula- 
tion of the oxygen consumption after addition of 
nitrofurentoln to rat fiver mitochondria but attri- 
buted the stimulation only to redox cycling of the 
nitro anion radicals with generation of super- 
oxides. 

For the purpose of the present study, it is 
immaterial whether the nitroreductase reaction oc- 
cots mainly on the outer mitochondrial membrane 
as indicated by Mason end co-workers [7,8], or 
partially on the inner membrane also, as suggested 
by the insensitivity of the nitro anion radical 
concentration to superoxide dismtuase or catalase. 
We consider that the insensitivity of the 
nitrofurentoin-caused membrane damage to su- 
peroxide dismutase or catalase cannot distinguish 
between absence of an intermediate or lack of 
accessibility of the intermediate to the enzyme. 
Our results are thus essentially in agreement with 

the observations of Mason end co-workers [7,8] 
but indicate that the formation of the nitro anion 
radicals by means of the nitroreductase reactions 
has further cons~luenees for the properties of the 
mitochondria. 

Fig. 8 presents a scheme summarizing a num- 
ber of possible reactions of nitrofurantdin in 
mitechondria. Reaction 1 is a nitroreductase reac- 
tion [7,8] or any other equivalent reaction leading 
to the formation of nitro anion radical~,. The nitro 
anion radical can undergo several types of reac- 
tion. Reaction 2, interaction of the nitro anion 
radical with oxygen leads to the formation of the 
superoxide anion which can then initiate a frea- 
radical reaction chain. Reaction 3, a dismutation 
reaction between two nitro anion radicals leads to 
regeneration of the nittofurentoin molecule and to 
formation of a nitroso compound. Reactions 4 
end 5 are alternative pathways of reaction of 
nitrofurantoin leading to the formation of hy- 
droxyl intermediates, to amines end to niLriles, 
respectively. Of particular importanee is reaction 
6, where the. nitro anion radical reduces the hydro- 
pero.'cides or dia_,nide with removal of hydroper- 
oxides and of diamide from the medium; since the 
reduction of the hydroperoxides and of diamide 
would result in regeneration of the uitrofurantoin 
molecule, reaction 6 would explain how a catalytic 
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amount of nitrofurantoin could cancel the effects 
of much larger concentrations of hydroperoxides 
and diamide. In conclusion, the reaction shown in 
the scheme of Fig. 8 explain all the effects of 
nitrofurantoin observed in the present study, 
namely: (a) the abolition by low nitrofurantoin 
concentrations of the damaging effects of hydro- 
peroxides and diamide (reaction 6); (b) the en- 
hancement by higher nitrofurantoin concentra- 
tions, or at longer times of incubation, of the 
damage caused by hydroperoxides and diamide 
(reaction 2); (c) the damage caused by high 
nitrofurantoin concentrations even in the absence 
of hydroperoxides and diamide (again reaction 2) 
- the predominance of reaction 2 would also 
explain the damage observed at all nitrofutantoin 
concentrations in the presence of Ca 2+ plus Pt; 
and (d) the relationship between protective 
nitrofarantoin concentrations and damaging di- 
amide concentrations (competition between reac- 
tions 3, 4 and 5 on the one side and 6 on the 
other). 

Fig. 9 shows another scheme summarizing both 
present and previous information [22] with respect 
to the damage caused by oxygen radicals in 
mitochondria. It is assumed that an electron leak 
from the respiratory chain leads to a univalent 
oxygen reduction with formation of oxygen radi- 
cals which initiate the radical attack of proteins 
and lipids. The radical attack is prevented by the 
addition of radical scavengers and potentia!ed by 
the addition of agents, such as the hydroperoxides 
or diarnide, which presmnably either directly or 
indirectly, for example via a decreased concentra- 

tion of GSH, lead to a higher concentration of 
radicals. Nitrofurantoin gives rise to nitro anion 
radicals which undergo alternative reactions as 
illustrated in the scheme of Fig. 8. The possibility 
is not excluded that part of the effect of 
nitrofurantoin might be also due to its inhibitory 
action of the ghitathione reductase reductase reac- 
tion. In fact, such an inhib:.tion would result in a 
decreased concentration of GSH and then in a 
decreased removal of oxygen radicals. However, 
the sensitivity to the free-radical scavengers and 
independence of the level of GSH presumably 
render this ghitathione reductase inhibition less 
relevant [22]. 

Two comments are in order with respect to the 
damage by Ca 2+ plus Pl and to the involvement of 
Ca 2+ in the radical damage. The permeability 
increase caused by Ca 2+ plus Pi was insensitive to 
the protective effect of hitroforantoin. Presumably 
the nitro anion radical cannot interfere with the 
pathway of membrane damage operating in the 
presence of Ca 2÷ plus Pi- On the other hand, it is 
highly significant that all butylhydroxytohiene- 
sensitive processes leading to damage of the inner 
membrane, show also a requirement for Ca 2+. It 
may be conceived that the Ca 2+ requirement re- 
flects the need to loosen the membrane structure 
in order to enhance the electron leak from the 
respiratory chain, thus leading to the formation of 
the oxygen radicals. The activation of Ca2+-d¢ - 
pendent intramitochondrial phospholipases as 
proposed by Pfeiffes et al. [28,29,31] and by 
Sdiprandi et al. [30|, may perhaps be the means by 
which the free-radical damage becomes dependent 
on the matrix aecumulatlon of Ca 2+. It is interest- 
ing that the Ca 2 +-induced potentiation of oxygen 
frec-radicul injury in renal mitoohondria is due in 
part to activation of phospholipase A~ as in- 
dicated by the prgtective effect of dibucalr, e [32]. 
The Ca2+-dependent oxygen radical attack on the 
inner membrane may evantual~y lead to the for- 
mation of pores, as suggested by Crompton et al. 
[33,34]. 
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