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Abstract 

The electrochemical properties of nifuroxazide have been investigated in aqueous and 
aqueous-DMF mixed solvents. In aqueous media, a single, irreversible four-electron reduction 
occurs to give the hydroxylamine derivative. In mixed media, a reversible one-electron reduc- 
tion to form a nitro radical anion takes place. Cyclic voltammetric studies show that the anion 
radical product is stable, although the nitro radical anion intermediate shows a tendency to 
undergo further chemical reactions. A comparison with the voltammetric behaviour of other 
nitrofurans such as nifurtimox, nitrofurazone and furazolidone is made. The 
electrochemically-obtained parameters are correlated with the in vivo studies of oxygen 
consumption on Trypanosoma cruzi cell suspensions. 
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1. Introduction 

The use of nitroheterocyclic drugs as antibacterial, antiprotozoal and anticancer 
agents is well established [ 1,2]. The first nitroheterocyclic compounds to be introduc- 
ed into chemotherapy were the nitrofurans. Although the nitrofurans have been ex- 
tensively employed for a number of years, they remain an area of active research 
interest, with their exact mode of action being uncertain. In common with other 
nitroheterocyclics, it is assumed that reductive activation of the nitro group is the 
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prerequisite for their biological action. There is direct evidence that free-radical 
reduction intermediates (detected by electron spin resonance or pulse radiolysis 
techniques) [2] are involved in the action of these drugs [3] and it is well established 
that their redox potential and biological activity are interdependent [4]. However, 
details of the precise mechanism of the drug-target interaction remain undetermined. 
As a result, the one-electron addition product, the nitro radical anion, has conse- 
quently received considerable attention, being an essential intermediate in the nitro 
reduction mechanism [5-lo]. In view of the importance of this mechanism, and also 
the similarities between electrochemical and enzymatic reactions, elucidation of the 
mechanism of the electroreduction of these compounds is of clear biological interest. 

Nifuroxazide (Fig. l), 2’-[Snitrofurfurilidenl-Chydroxy benzohydrazide, is a 
chemotherapeutic agent belonging to the nitrofuran’s family. This drug is used in the 
treatment of infectious diseases symptomatically characterized by diarrhea and col- 
itis, in which the causal agent is Salmonella spp., E. coli or Klebsiella [l 1,121. This 
is a gastrointestinal disease affecting several millions of Latin Americans. The mech- 
anism of action of nifuroxazide is still obscure. In spite of several studies involving 
the reduction mechanism of Snitrofurans, the electroreduction mechanism of 
nifuroxazide still remains to be studied. 

There are few data on the electrochemistry of nifuroxazide. Only a brief study of 
its polarographic behaviour, focused on its analytical determination in tablets, has 
been reported [13]. On the other hand, several studies describing the electrochemical 
characteristics of other related nitrofurans such as nitrofurantoin, nitrofurazone, 
furazolidone and nifurtimox have previously been published [14-201. For all of 
these compounds, the presence of a nitro radical anion, as an intermediate in the 
nitro reduction mechanism, has been reported. However, to date, the presence of this 
intermediate in the reduction mechanism of nifuroxazide has not been reported. 

In this work, we have studied the electrochemistry of nifuroxazide in buffered 
aqueous media and in a mixed buffered aqueous/DMF medium using mainly 
polarography and cyclic voltammetry. Also, a comparative study with other related 
Snitrofuran derivatives such as nifurtimox, furazolidone and nitrofurazone is in- 
cluded. Furthermore, in order to relate the electrochemical characteristics with bio- 
logical effects, experiments on the effect of oxygen consumption of T. cruzi were also 
conducted. 

CH NNI 02Nw = - - OOH 

Fig. 1. Chemical structure of nifuroxazide. 
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2. Experimental 

2.1. Drug and reagents 
Nifuroxazide was supplied by Laboratorio Saval (Santiago, Chile). Nifurtimox 

(Lab. Bayer, Buenos Aires, Argentina), nitrofurazone and furazolidone (Lab. 
Rhodia-Merieux, Santiago, Chile) were obtained free of charge from the laborato- 
ries. Ethanol and dimethylformamide (DMF) were of spectroscopic grade. 

2.2. Buffer systems 
Trisodium citrate buffer (1.5 mM) containing various proportions of either 

ethanol or aprotic solvent (DMF), pH 7.4 or 11.5, were used as the electrochemical 
solvent (expressed as %v/v of the ethanol or DMF content). The ionic strength was 
kept constant at 0.3 M with KCl. For measurements in 100% DMF, 0.1 M 
tetrabutylammonium iodide (TBAI) was used as supporting electrolyte. 

2.3. pH in mixed media 
pH measurements were corrected according to the following equation [21]: 

pH* - B = log Uon 
where pH* equals -log an in the mixed solvent, B is the pH meter reading and the 
term log IJon is the correction factor for the glass electrode, which was calculated 
from the different mixtures of DMF and aqueous solvent, according to a previously 
reported procedure [22]. 

2.4. Growth of parasites 
Trypanosoma cruzi, epimastigotes Tulahuen strain were grown at 28°C in a modi- 

lied Diamond’s monophasic medium [23] with 7.5 PM hemin instead of blood and 
4% fetal calf serum [24]. 

2.5. Cell respiration 
Oxygen uptake measurements were carried out with a microprocessor oximeter 

WTW model 539 equipped with an oxygen sensor Trioximatic 300. Epimastigotes 
were suspended in a 80 mM NaClO.1 M phosphate buffer pH 7.4 to a final volume 
of 1.7 ml keeping the temperature constant at 28°C. All tested drugs were dissolved 
in dimethylformamide and its final concentration never exceeded 2%. Controls were 
carried out using 80 mM NaCl 0.1 M phosphate buffer pH 7.4 and 2% dimethyl- 
formamide. Under this condition, the cellular respiration of the parasites was not 
affected, 

2.6. Drug solutions 
Stock solutions of nifuroxazide either in ethanol or DMF were prepared and pro- 

tected from daylight to avoid photodecomposition. The routine drug concentration 
was maintained at 1.0 mM in all non-aqueous solutions. 

2.7. Cyclic voltammetry 
Electrochemical measurements were carried out with an Inelecsa assembly similar 
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to that described in a previous paper [25]. Scan rates were varied between 0.1 and 
150 V/s. The solutions were purged with nitrogen before the voltammetric runs. The 

i&i,, ratios were calculated according to the procedure described by Nicholson 
[26]. All cyclic voltammograms were carried out at a constant temperature of 25°C. 

2.8. Electrodes 
A Metrohm hanging mercury drop electrode with a drop surface of 1.39 mm* 

was used as a working electrode. All potentials were measured against a saturated 
calomel electrode (SCE). 

3. Results and discussion 

Previous studies in this laboratory using d.c. and d.p. polarography in acetic- 
phosphoric acid buffer have shown that nifuroxazide is polarographically reducible 
over the whole pH range [ 131. The main polarographic peak is due to the nitro group 
being reduced to the hydroxylamine group in a four-electron process according to 
the well-known overall equation: 

ArN02 + 4e- + 4H+ - ArNHOH + Hz0 (1) 

In the present work we have extended the study to include cyclic voltammetry in 
both protic and aprotic media. The study in protic media (aqueous ethanol) shows 
an asymmetrical cathodic peak (Fig. 2) whose form remains constant when the sweep 
rate is varied. As the pH is increased, the wave shifts to more negative potentials. 
The shape of this peak is a clear suggestion of an irreversible process with adsorption 
of the electroactive species, a typical phenomenon widely described by Laviron [27]. 
The cathodic peak potential, E,,, shifts to more negative values as the scan rate is 
increased and there is no corresponding current response on the reverse scan, ir- 
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Fig. 2. Cyclic voltammogram of 1 mM nifuroxazide at pH 7.4 in 60:40 citrate buffer/ethanol. 
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respective of scan rate or switching potential. The above behaviour is very similar 
to that of nitrobenzene. The mechanism of the electrochemical reduction of nitro- 
benzene has received considerable attention over the last few years [28-301. By com- 
parison with nitrobenzene, the cyclic voltammetric peak of nifuroxazide is also due 
to the four-electron reduction of the nitro group according to Eq. 1. 

When the cyclic voltammetric reduction of nifuroxazide was carried out in a mixed 
media (aqueous buffer-DMF), the above observed behaviour changes considerably. 
In Fig. 3, we can observe the cyclic voltammogram (first sweep) of a nifuroxazide 
solution in a mixed solvent containing 4060 citrate buffer (pH 7.4)/DMF. We can 
observe a monoelectronic reversible couple with a cathodic potential peak (E,,) of 
-0.6 V and an irreversible peak at -0.92 V. 

The effect of adding a non-aqueous solvent, such as DMF, to an aqueous solution 
containing nifuroxazide was immediate and dramatic. The general trend found was 
the same as that reported for other nitrocompounds [25,31,32]. Instead of a single 
reduction step, two are observed. As the quantity of DMF added was increased, 
both reduction steps moved progressively to more negative potentials, with the sec- 
ond being influenced to a greater extent than the first. The chemical reversibility of 
the first reduction step, as determined by the i,,/i,, ratio, increased with the addi- 
tion of DMF. The second remains irreversible under all conditions. 

The changes observed in the current response going from a purely aqueous envi- 
ronment to a mixed aqueous-organic system are as follows. Considering the first 
reduction step, a decrease in current is observed since the mechanism does not in- 
volve a four-electron step. The second reduction peak is usually 2-3 times greater 
than the first. 

These observations agree with the change in reduction mechanism going from a 
purely aqueous to a more aprotic media. In other words, on addition of DMF, a one- 
electron reduction produces a nitro radical anion, which is subsequently further 
reduced, but at more negative potentials to the hydroxylamine, according to the 
following overall mechanism: 

ArN02 + e- = ArN02: (2) 

ArN02; + 3e- + 4H+ - ArNHOH + Hz0 (3) 

Moreover, the oxidation peak at approximately -0.3 V in Fig. 3 is due to the fur- 
ther oxidation of the hydroxylamine derivative to the nitroso derivative. 

In order to study in isolation the ArN02/ArN02 : couple, the switching potential 
(IQ was chosen at positive potentials relative to the second irreversible reduction 
peak. The tendency of an electrochemically generated species to undergo chemical 
reaction is reflected by the iP,,/iP,, ratio [33]. Thus, this ratio is equal to unity in the 
absence of a coupled reaction but decreases if the reduction product reacts later, i.e. 
a decline in the return wave occurs. Therefore, the cyclic voltammetric experiment 
can be used to prove the stability of the ArN02 : species by changing both the elec- 
trochemical (sweep rate) and the chemical (% DMF, pH) conditions, and then by 
measuring the i,,/i,, values of the nitro/nitro radical anion couple. 
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Fig. 3. Cyclic voltammogram of nifuroxazide in 4050 aqueous citrate buffer/DMF 

The first condition under study was the dependence of the aprotic solvent content 
on the current ratio. The results showed that while the aprotic solvent percentage 
was increased, the i, Ji,, ratio increased as well. This was true up to a certain value 
(60% DMF), above which no further changes in the ratio were observed. This proce- 
dure also permitted examination of the influence of pH on the stability of the nitro 
radical anion from nifuroxazide. These studies have shown that the stability of 
ArN02: is greatly extended under alkaline conditions. In Fig. 4, we can compare 
two cyclic voltammograms of nifuroxazide obtained at pH 7.4 and pH 11.5, respec- 
tively. From this figure, a parallel increase in the i,,/i,,c ratio with pH is observed. 
The above results, both the effect of pH and DMF content, are evidence that the 
lack of protons in the media favours the stability of the free radical by hindering the 
later protonation. 

On the other hand, we also studied the stability of the free radical from nifurox- 
azide by changing the electrochemical conditions and keeping the chemical condi- 
tions of the solution constant. The results showed that as the scan rate increased, 

i,di,, increased towards unity, typical behaviour of an irreversible chemical reac- 
tion following a charge transfer step (E.C. process) [34]. Furthermore, our results 
clearly reveal a dependence between the ir,,,/ir,, ratio and nifuroxazide concentra- 
tion, suggesting a second order reaction [34] for the chemical step according to the 
following mechanism: 

ArN02 + e- r= ArN02: (4) 

2ArN02; + 2H+ - ArN02 + ARNO + Hz0 (5) 

On the basis of the results obtained by the reduction schemes of nitro groups [35], 
the second order chemical reaction (Eq. 5) is probably the disproportionation of the 
nitro radical anion. Furthermore, both electrochemical and pulse radiolysis kinetic 
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Fig. 4. Comparison of cyclic voltammetric response of nifuroxazide at pH 7.4 and 11.5 in mixed media 
(40:60 aqueous citrate buffer/DMF). 

analyses have shown a second order disproportionation as the general decomposi- 
tion pathway for a range of ArN02 : species, including the nitrofurans [2,16,17]. 

The theory developed by Olmstead et al. [36] allows us to calculate the rate cons- 
tant kz of the second order chemical reactions, from a single voltammogram. The 
detailed procedure to determine this k, constant was previously described 
[25,31,32]. According to this procedure, we have obtained a kz value of 2.34 x lo3 
M-’ s-’ and a half life time (tm) of 0.43 s, for the nitro radical anion formed from 
nifuroxazide. As the half-life time is concentration-dependent for a second order 
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chemical kinetics, in order to calculate the above f,,z value, we have used a concen- 
tration value of 1 mM. However, if nifuroxazide concentrations of biological signiti- 
cance are used, i.e. 1 x 10V5 M, a significant increase in the half-life time is 
obtained (42.7 s). 

Furthermore, in order to compare the above results with other nitrofurans, which 
have a well-known capability to produce nitro radical anions in vivo, we have ex- 
tended this study to nifurtimox, nitrofurazone and furazolidone (Table 1). Excepting 
furazolidone, in all the other 5nitrofuran derivatives their nitro radical anions were 
quantitatively assessed in mixed media (40:60 0.015 M aqueous citrate buffer/DMF, 
pH 11.5). However, under these conditions quantitative results about furazolidone 
were impossible to obtain because the reversible peak corresponding to the one- 
electron transfer (Eq. 2) and the irreversible peak corresponding to the three-electron 
transfer (Eq. 3) are very close. Consequently, in this case the study of the 
ArN02/ArN02 : couple in isolation was not possible. According to the E,, values 
obtained (Table l), we can conclude that there are no significant differences between 
nifuroxazide and the other nitrofuran derivatives. This implies that the energy re- 
quirements for reduction of the ArNO* nitrofurans are relatively similar. However, 
the stability of the nitro radical anion is quite different, i.e. the nitroanion from 
nifuroxazide becomes the more unstable species, 3.6 times higher than the 
nitrofurazone radical and 2.5 times higher than the nifurtimox radical. 

Our study demonstrates that the electrochemical behaviour of nifuroxazide is of 
a nitroaryl nature and consequently, the one-electron reduction with formation of 
a free radical derivative is the first step in its reduction pathway. According to this 
electrochemical evidence, it is possible to consider that the metabolism of nifurox- 
azide can involve reduction to the corresponding radical anions which, under 
aerobic conditions, reduce oxygen to superoxide anion and hydrogen peroxide pro- 
viding a mechanism of antibacterial action for this drug [6]. 

On the other hand, in order to correlate the electrochemical characteristics of the 
5-nitrofurans derivatives studied with in vivo behaviour, we have employed 
Trypanosoma cruzi cell suspensions. Specifically we have compared the elec- 
trochemically obtained parameters such as the equilibrium constant for electron- 

Table I 
Stability constants and half life times for the decay of nitro radical anions from 5-nitrofurans 

5-Nitrofuran 

derivative 

k, (M-’ s-‘) ‘l/2 (s) -E,,, WY 

Nifurtimox 954 * 9 1.04 0.61 

Nitrofurazone 644*1 I.55 0.56 

Furazolidone - 0.54 

Nifuroxazide 2340 f 15 0.42 0.59 

aCathodic peak potential for the one-electron reduction obtained by cyclic voltammetry in mixed media 

at pH 11.5, versus S.C.E. 
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electron transfer to oxygen, according to the following equation: 

ArNOzY + O2 + ArNO* + 02; (6) 

with the oxygen consumption in Trypanosoma cruzi cell suspensions. We have se- 
lected this cell system because of its well-known capability to produce nitro radical 
anions in some nitrocompound derivatives such as nifurtimox and benznidazole 
[37,38]. 

In order to obtain the equilibrium constant from Eq. 6 (&) we have used the 
well-known thermodynamic relation: 

AE = RT/nF In K (7) 

where, in this case, at 25°C 

0.059 log b = (-0.155 - [E (ArN02/ArN02 :)I) (8) 

where -0.155 V is the redox potential for the couple 02/02 : in the nonstandard 
state of 1 mM (the same state as ArN0,/ArN02;) in aqueous media, pH 7 [2]. 
Since ArNO* : is unstable in aqueous solution at pH 7, conventional electrochemi- 
cal measurements such as polarographic half-wave potentials, Ei,* cannot be 
equated with potentials for the one-electron couple, E (ArN02/ArN02 :). However, 
electrochemical measurements of E,, using cyclic voltammetry in aprotic solvents 
[39] generally parallel the thermodynamic reversible one-electron potentials in water 
at pH 7 (E,,,). The peak potentials (E,,) for the one-electron reduction of 
nitrofuran derivatives obtained in DMF (0.1 M ITBA) and the calculated correspon- 
ding one-electron reduction potentials in aqueous media, pH 7 (Eij7) are shown in 
Table 2. Also shown are the equilibrium constant K, for the calculated electron- 

Table 2 
Comparative results of electrochemically obtained parameters and in vivo oxygen consumption in 
Trypanosoma crud cells 

S-Nitrofuran 
derivatives 

-Ew 
(V)” 

-h/7 K6 Rate of O2 % Effect on O2 

(V)b consumption’ consumptiond 

Nifurtimox 0.91 0.29 179.6 32.2 f 0.2 +35.3 * 0.7 
Nitrofurazone 0.85 0.23 21.8 28.9 zt 0.3 +21.7 zt 1.2 
Nifuroxazide 0.82 0.21 8.6 23.8 & 0.2 0 
Furaxolidone 0.81 0.20 7.0 20.3 f 0.1 -14.7 f 0.5 

aCathodic peak potential for the one-electron reduction obtained by cyclic voltammetry in aprotic media 
(DMF, 0.1 M TBAI), versus SCE. 
bCalculated one-electron reduction potentials in aqueous media at pH 7, versus NHE. 
‘Values are expressed as mean of four independent experiments f S.D. in n . at-g 0 consumed/min/mg 
protein. 
dValues are expressed as percent of control value (23.8 f 0.1). 
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electron transfer to oxygen and the in vivo measurements of O2 consumption. From 
this table, we can observe a general trend between the potential peak for the one- 
electron reduction of the nitro radical anion from nitrofurans and the in vivo par- 
ameters of the O2 consumption i.e. when potential peak values are more cathodic 
(more negative) an increase in the O2 consumption is observed. Thus, the results 
show an agreement between the electrochemically-calculated thermodynamic & 
values and the in vivo results of oxygen consumption. 

In conclusion, the results from cyclic voltammetric experiments of nifuroxazide in 
mixed solvents did not show significant differences in its redox behaviour when com- 
pared with the other tested nitrofuran derivatives, However, the nitro anion radical 
electrochemically generated from nifuroxazide is more unstable than the other nitro 
anions. On the other hand, the calculated equilibrium constant for the reactivity of 
the nitro anion with oxygen demonstrates that nifuroxazide exhibited a weak reac- 
tivity compared with the other Snitrofuran derivatives, i.e. nifurtimox. The above 
results are consistent with the findings in Trypanosorna cruzi cell suspensions, thus 
nifuroxazide does not produces changes in oxygen consumption (Table 2). In con- 
trast, nifurtimox and nitrofurazone produced an increase in oxygen consumption 
therefore displaying a redox cycling behaviour type. 
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