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ABSTRACT. Lipoamide dehydrogenase (LipDH), trypanothione reductase (TR), and glutathione reductase
(GR) catalyze the NAD(P)H-dependent reduction of disulfide substrates. TR occurs exclusively in trypanoso-
matids which lack a GR. Besides their physiological reactions, the flavoenzymes catalyze the single-electron
reduction of nitrofurans with the concomitant generation of superoxide anions. Here, we report on the
interaction of clinically used antimicrobial nitrofurans with LipDH and TR from Trypanosoma cruzi, the
causative agent of Chagas’ disease (South American trypanosomiasis), in comparison to mammalian LipDH and
GR. The compounds were studied as inhibitors and as subversive substrates of the enzymes. None of the
nitrofurans inhibited LipDH, although they did interfere with the disulfide reduction of TR and GR. When the
compounds were studied as substrates, T. cruzi LipDH showed a high rate of nitrofuran reduction and was even
more efficient than its mammalian counterpart. Several derivatives were also effective subversive substrates of
TR, but the respective reaction with human GR was negligible. Nifuroxazide, nifuroxime, and nifurprazine
proved to be the most promising derivatives since they were redox-cycled by both T. cruzi LipDH and TR and
had pronounced antiparasitic effects in cultures of T. cruzi and Trypanosoma brucei. The results suggest that those
nitrofuran derivatives which interact with both parasite flavoenzymes should be revisited as trypanocidal drugs.
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Trypanosomatids are parasitic protozoa that cause a variety
of tropical diseases including African sleeping sickness
(Trypanosoma brucei gambiense, T. brucei rhodesiense), Cha-
gas’ disease (South American trypanosomiasis, T. cruzi) and
the visceral, cutaneous, and mucocutaneous manifestations
of leishmaniasis (e.g. Leishmania donovani, L. tropica, L.
braziliensis). Most drugs used in the treatment of these
diseases have serious side effects [1, 2]. The limited avail-
able treatment and the spread of drug resistance emphasize
the need for new therapeutic agents. One approach is to
take advantage of the metabolic differences between para-
site and host and to develop new drugs on the basis of
specific enzyme inhibitors. Another approach is to reeval-
uate drugs for their trypanocidal effect and their interaction
with parasite target enzymes. Among these enzymes, thiol-
generating oxidoreductases are of special interest. Trypano-
somes and leishmania possess a unique thiol metabolism. In
contrast to other eukaryotes, trypanosomatids use spermi-
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dine conjugates such as trypanothione [N', N®bis(gluta-
thionyl) spermidine, (T(SH),)§ to maintain a reducing
intracellular milieu [3]. In these protozoa, the otherwise
nearly ubiquitous glutathione reductase (GR, EC 1.6.4.2;
GSSG + NADPH + H" — 2 GSH + NADP") is
replaced by trypanothione reductase (TR, EC 1.6.4.8)
which keeps trypanothione in the dithiol form (TS, +
NADPH + H* — T(SH), + NADP™") [4, 5]. Interest-
ingly, Euglena gracilis has very recently been shown as the
first protozoan to contain both reductase systems [6].

The physiological function of lipoamide dehydrogenase
(LipDH, EC 1.8.1.4; dihydrolipoamide + NAD™* — lipo-
amide + NADH + H™) is the dehydrogenation of protein-
bound dihydrolipoamide as part of the mitochondrial pyru-
vate dehydrogenase and 2-oxoglutarate dehydrogenase
complexes. In addition, LipDH, which is identical to the
earlier described diaphorase [7], catalyzes the reduction of
naphthoquinone and nitrofuran derivatives such as mena-

§ Abbreviations: GR, glutathione reductase; HIFBS, heat-inactivated foetal
bovine serum; LipDH, lipoamide dehydrogenase; MDCK, Madin-Darby
canine kidney; SOD, superoxide dismutase; TR, trypanothione reductase;
and TS,, trypanothione disulfide.
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dione and nifurtimox [8, 9]. The one-electron reduced
intermediates formed in this reaction can then undergo
redox cycling with the concomitant generation of superox-
ide anion radicals and/or hydrogen peroxide [10].

Trypanothione reductase, glutathione reductase, and li-
poamide dehydrogenase are closely related flavoenzymes
[11]. The catalytic mechanisms and 3-dimensional struc-
tures of the three FAD-cystine oxidoreductases have been
thoroughly studied [for reviews see Refs. 11 and 12]. TR and
LipDH have been isolated from T. cruzi [5, 13] and the
genes have been cloned and overexpressed [14, 15]. Both
enzymes are attractive target molecules for the develop-
ment of new antiparasitic drugs [12, 16, 17]. The unique TR
is the key enzyme of the parasite thiol metabolism and
LipDH may be involved in the trypanocidal effect of
nifurtimox (Lampit®), one of two drugs used to treat acute
Chagas’ disease [18]. The mode of action of nifurtimox has
been proposed to be due to the generation of reactive
oxygen species [9, 19, 20]; this is in agreement with the
known sensitivity of T. cruzi towards oxidative stress [12,
21]. Recently, it has been shown that nifurtimox and
benznidazole, the other drug used for Chagas’ disease, lower
the intracellular thiol level of the parasite. Reduction of the
nitroaromatic compounds, for instance to the nitroso de-
rivatives, with the subsequent conjugation to thiols has
been proposed as a mechanism [22].

In recent years, different classes of compounds have been
revealed as potent inhibitors of trypanothione reductase
[22-27, for reviews see Refs. 12, 16], among them several
nitrofurans. In addition, TR can catalyze the one-electron
reduction of naphthoquinone and nitrofuran derivatives
with the subsequent production of toxic radicals as is the
case for LipDH. This means that both inhibition of TR and
the conversion of this antioxidant enzyme into a pro-
oxidant enzyme by so-called subversive substrates (turncoat
inhibitors) are promising strategies in the design of new
drugs [24, 26, 27].

Here, we report on the interaction of clinically intro-
duced nitrofuran drugs with T. cruzi LipDH and TR in
comparison to mammalian LipDH and GR. The com-
pounds were selected due to their potency as antimicrobial
agents. The main purpose of this study was to identify
derivatives which can act simultaneously as subversive
substrates of T. cruzi LipDH and TR but do not interact
with human GR.

MATERIALS AND METHODS
Materials

DL-a-Lipoamide, menadione (2-methyl-1,4-naphthoqui-
none), nifuroxazide, and nifuroxime were purchased from
Sigma. Pig heart LipDH was obtained from Boehringer
Mannheim, TS, from Bachem, and cytochrome ¢ from
Calbiochem. SOD was from Serva, nitrofurazone from
Aldrich, and nifurtimox from Bayer Leverkusen. The other
nitroaromatic compounds were provided by the following
companies: nifurfoline (Laboratorios Dr. S. A. Esteve,
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Spain), nifurprazine (Boehringer Mannheim), nifurtoinol
(Zambon), nifurzide (Lipha Arzneimittel), and nimorazole
(Pharmacia-Upjohn). Plumbagin (5-hydroxy-2-methyl-1,4-
naphthoquinone) was a gift from Dr. E. Davioud, Institut
Pasteur de Lille. Chinifur was made available to us by Dr.
N. Cenas, Lithuanian Academy of Sciences, Vilnius. Pen-
tamidine isethionate was purchased from Rhone-Poulenc-
Rorer, sodium stibogluconate (NaSh") from Glaxo Well-
come. All reagents were of the highest available purity.

The RPMI-1640 medium was obtained from Sigma
Aldrich, the starch being from Merck. Dulbecco’s modified
Eagle’s medium was from Life Technologies and HIFBS
from Harlan Sera Lab. CDIl mice and female golden
hamsters (Wright’s strain) were purchased from Charles
River Ltd. 16-Well Lab-Tek™ tissue culture slides were
obtained from Nunc and Microtest III™ tissue culture
plates from Becton Dickinson.

pL-a-Dihydrolipoamide was prepared by reduction of
a-lipoamide with NaBH, as described [15, 28]. T. crux
LipDH was purified from recombinant Escherichia coli cells
according to Schoneck et al. [15]. The protein was stored at
—20° in 50 mM potassium phosphate, 1 mM EDTA, pH
7.0 (LipDH assay buffer) containing 50% glycerol, which
resulted in a higher stability of the enzyme than storage as
a 90% (NH,),SO, pellet. Recombinant T. cruzi TR was
prepared as described [14, 29]. Recombinant human GR
[30] was a kind gift from Dr. R. H. Schirmer, Biochemie-
Zentrum Heidelberg. All enzymes were dialyzed against the
respective assay buffer prior to use in the kinetic studies.
Stock solutions (4.5 mM) of the nitrofuran and quinone
derivatives were freshly prepared. If a compound was not
sufficiently soluble in buffer, but only in ethanol or DMSO,
control assays containing the same amount of solvent were
performed.

Parasites

Trypanosoma cruzi (strain MHOM/BR/OO/Y) trypomasti-
gotes were derived from MDCK fibroblasts in Dulbecco’s
modified Eagle’s medium with 10% HIFBS at 37° in an
atmosphere containing 5% CO,—air mixture. Trypanosoma
brucei brucei (strain S427) bloodstream form trypomasti-
gotes were maintained in HMI-18 medium [31] with 20%
HIFBS at 37° in a 5% CO,-air mixture. Leishmania dono-
vani (strain MHOM/ET/67/L82) was maintained routinely
in special pathogen-free (SPF) female golden hamsters
(Wright’s strain) by serial passage every 6 to 8 weeks.

Lipoamide Dehydrogenase Assay

LipDH dehydrogenase activity was determined at 25° in a
Hitachi 150-20 spectrophotometer. The standard assay (1
mL total volume) contained 1 mM NAD" and 1.4 mM
dihydrolipoamide in LipDH assay buffer (50 mM potassium
phosphate, 1 mM EDTA, pH 7.0). The reaction was started
by adding the enzyme, and the absorbance decrease at 340
nm was followed. The reverse reaction was measured in the
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presence of 200 uM NADH, 300 pM NAD™ and 1 mM
lipoamide.

Trypanothione Reductase Assay

TR activity was measured at 25° in a total volume of 1 mL
in the presence of 100 uM NADPH and 5-10 mU enzyme
in TR assay buffer (40 mM HEPES, 1 mM EDTA, pH 7.5).
The reaction was started by adding 100 pM TS, and
NADPH consumption was followed at 340 nm. V. was
calculated using a K, value of 18 pM for TS, [24].

Glutathione Reductase Assay

Human GR was assayed at 25° in a total volume of 1 mL
containing 100 wuM NADPH and 1 mM glutathione disul-
fide in GR assay buffer (20.5 mM KH,PO,, 26.5 mM
K,HPO,, 200 mM KCI, 1 mM EDTA, pH 6.9) according to
published procedures [30, 32].

Inhibitor Studies

Inhibition of LipDH by the nitrofuran and naphthoquinone
derivatives (100 wM) was studied at 100 pM NAD™ and
110 uM dihydrolipoamide in the forward reaction, and in
the presence of 50 uM NADH, 50 uM NAD™, and 800
wM lipoamide in the reverse reaction. The effect of the
drugs on the physiological catalysis of TR and GR was
measured by adding 100 uM of the compound to the
respective standard assay (see above).

Oxidase/Nitroreductase Assay

The oxidase/nitroreductase activities of LipDH, TR, and
GR, respectively, were measured spectrophotometrically at
25°. In the case of LipDH, the assay mixture (assays were
performed in microcuvettes with a total volume of 90 pL in
a Beckmann DU-65 spectrophotometer) contained 100
M nitrofuran and 100 uM NADH in LipDH assay buffer,
pH 7.5. After monitoring the baseline for 1 min, the
reaction was started by adding the enzyme and the con-
sumption of NADH was followed at 340 nm.

In a second assay system, reduction of the nitrofurans was
coupled to cytochrome ¢ reduction. The assay additionally
contained 25 pM cytochrome ¢ (Fe’™) and the absorption
increase at 550 nm [cytochrome ¢ (Fe?")] was measured.
An € value of 189 mM™' cm™! was used [33], which
represents the difference in absorption between reduced
and oxidized cytochrome ¢ at 550 nm. In order to distin-
guish between O; -mediated and direct reduction of cyto-
chrome ¢, the reaction was followed in the presence and
absence of 6 wg of SOD.

TR- and GR-oxidase/nitroreductase activities were de-
termined by following the consumption of NADPH as
described for LipDH. The assay mixtures (I mL total
volume) contained 100 wM nitrofuran and 100 pM
NADPH in TR assay buffer and GR assay buffer, respec-
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tively. The reaction was started by adding the enzyme, and
the absorbance decrease at 340 nm was monitored.

In Vitro Assays in Cell Cultures

L. DONOVANI AND T. CRUZI. Peritoneal macrophages were
harvested from female CD1 mice by peritoneal lavage 24 hr
after starch-induced recruitment. After two washing steps
in medium, the exudate cells were dispensed into 16-well
Lab-Tek™ tissue culture slides at 4 X 10*/well in a volume
of 200 pL of RPMI-1640 medium and 10% HIFBS and
maintained at 37° in a 5% CO,/air mixture. After 24 hr,
macrophages were infected at a ratio of 10:1 (4 X 10°
parasites/well) with L. donovani amastigotes freshly isolated
from hamster spleen or at a ratio of 5:1 (2 X 10°/well) with
T. cruz trypomastigotes derived from the MDCK fibroblast
overlay. Infected macrophages were then maintained in the
presence of drug in a threefold dilution series, with quadru-
plicate cultures at each concentration, for 5 days for L.
donovani cultures and 3 days for T. cruz cultures.

After these periods of drug exposure, slides were metha-
nol-fixed and Giemsa-stained and drug activity determined
by counting the percentage of macrophages cleared of
amastigotes in treated cultures in comparison to untreated
cultures [34]. ED5 values were determined by linear regres-
sion analysis. Sodium stibogluconate (NaSb") and nifurti-
mox were used as the respective control drugs.

T. BRUCEI. The assays were performed in medium as
described above [31]. Compounds were tested in triplicate
in a threefold dilution series from a top concentration of 30
M. Parasites were diluted to 2 X 10°/mL and added in
equal volumes to the test compounds in 96-well, flat-
bottom Microtest III™ tissue culture plates. Appropriate
controls with pentamidine isethionate as the positive were
set up in parallel. Plates were maintained for three days at
37° in a 5% CO,/air atmosphere. Compound activity was
determined by the use of a tetrazolium salt colorimetric
assay [35] on day three. EDsq values were determined by
linear regression analysis.

RESULTS
Reduction of Nitrofuran Drugs by T. cruzi Lipoamide
Dehydrogenase

Nine nitrofuran derivatives (Fig. 1) with antimicrobial
activity were studied as subversive substrates of T. cruzi
LipDH (Table 1). The reaction was followed in two assay
systems by monitoring the oxidation of NADH at 340 nm
(reaction I in the Scheme) and by coupling the reaction to
the reduction of cytochrome ¢ and measuring the absor-
bance increase at 550 nm. The latter assay system allowed
the detection of the single-electron reduction of a com-
pound and the concomitantly generated superoxide radicals
(reactions II and III in the Scheme). Inhibition of cyto-
chrome c¢ reduction by SOD showed the generation of O3
radicals in the overall reaction.
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FIG. 1. Nitrofuran drugs studied as inhibitors and subversive substrates of T. cruzi LipDH and TR.

As summarized in Table 1, nifuroxazide, nifuroxime,
nitrofurazone, and nifurprazine were readily reduced by
LipDH. When compared to the intrinsic oxidase activity of
LipDH, e.g. the oxidation of NADH in the absence of any
substrate, these nitrofurans caused an up to 4-fold increase
in the rate of NADH oxidation. In contrast, under identical
conditions, the nitroimidazole nimorazole was not reduced
at all (Table 1). In the cytochrome c assay, nifuroxazide,
nifuroxime, and nifurprazine were again the most active
derivatives and SOD strongly inhibited the reaction. These
data clearly show that superoxide radicals are generated in
the LipDH-catalyzed reduction of the nitrofurans.

In order to exclude the possibility that cytochrome ¢ acts
as a direct substrate of LipDH—as it does with trypano-
thione reductase [5]—NADH consumption was measured
in the absence and presence of 25 uM cytochrome c. The
reaction was followed at 340 nm since reduced and oxidized

cytochrome c are isosbestic at this wavelength. The oxidase
activity of LipDH did not increase in the presence of
cytochrome c, indicating that it is not a direct substrate.
This finding is in accordance with the fact that cytochrome
¢ reduction by LipDH (see legend of Table 1) was com-
pletely inhibited by SOD.

When comparing the rates of NADH oxidation and
cytochrome ¢ reduction, a ratio of 1:2 would be expected
(Scheme). In the absence of any nitro-compound, the rate
of cytochrome c reduction at pH 7.5 was only 25% of the
theoretical value. A possible explanation is that in the
latter reaction only production of superoxide anions is
registered, whereas the oxygen-mediated NADH consump-
tion could also be due to formation of hydrogen peroxide.
The comparably low cytochrome ¢ reduction rates observed
with some nitrofurans may be due to several factors. The
cytochrome ¢ concentration was 25 uM, which is probably
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TABLE 1. Reduction of nitrofuran and naphthoquinone
derivatives by T. cruzi lipoamide dehydrogenase

NADH Cytochrome
Compound oxidation ¢ reduction +SOD
[100 pm] [U/mg]
Nitrofuran
Nifuroxazide 2.16 = 0.37 426 =0.20 1.70 +£0.03
Nifuroxime 1.73 £ 0.11 3.72 £0.18 1.23 £ 0.32
Nitrofurazone 1.30 = 0.20 1.14 = 0.06 0.40 = 0.05
Nifurprazine 1.16 = 0.09 213 £0.10  1.06 = 0.04
Nifurfoline 0.73 = 0.04 0.58 = 0.01 =0.02
Nifurzide 0.70 £ 0.11 1.52 £ 0.11 0.55 £ 0.03
Nifurtimox 0.70 = 0.04 0.56 = 0.06 0.10 = 0.02
Nifurtoinol 0.62 +0.02 0.67 = 0.03 = 0.06
Chinifur 0.61 +0.03 0.57+£0.02 0.14 £0.02
Nitrofuran 0.60 = 0.02 0.44 £ 0.02 = 0.06
Nitroimidazole
Nimorazole 0.57 = 0.02 0.27 = 0.02 0
Naphthoquinone
Menadione 432 £0.81 10.64 =0.61* 2.87 =042
Plumbagin 7.34 = 0.64 19.15+0.95* 4.79 = 0.82

Experimental conditions were as described in Materials and Methods. The activity
was measured by following the consumption of NADH and by coupling the reaction
to the reduction of cytochrome c. Inhibition of the latter reaction by SOD indicates
the generation of superoxide anions. The values are the means * SD of two to six
independent measurements. The kinetics were measured with a LipDH preparation (60
UJmg) which had lost some activity during storage. Oxidation of NADH (reduction of
cytochrome c¢) in the absence of any reducible substrate occurred at a rate of about 0.54
(0.27) U/mg. This activity was completely inhibited by SOD. Freshly prepared recom-
binant T. cruz LipDH has a specific activity of about 150 U/mg.

*The observed rate of cytochrome ¢ reduction of more than twice the rate of
NADH oxidation is probably due to the spontaneous comproportionation of
quinones and hydroquinones to the semiquinones at high concentrations.

not saturating. In addition, the activities given in Table 1
refer to a fixed nitrofuran concentration of 100 M.
Nifuroxazide, nifuroxime, nifurprazine, and nifurzide
yielded a 1:2 stoichiometry under these conditions, which
means that reduction of these nitrofurans results in the
quantitative formation of superoxide anion radicals.

Comparison of T. cruzi LipDH with the
Mammalian Enzyme

In order to reveal probable differences between the parasite
and the host enzyme which might be exploited for the
development of specific inhibitors, the interaction of T.
cruzi LipDH with two nitrofurans as well as menadione was
compared to that of the porcine enzyme. The intrinsic
oxidase activity of T. cruzi LipDH measured at varying
concentrations of NADH in the absence of any reducible

(I) NAD(P)H + 2X ——>NAD(P)" + 2X~ + H"
(I 2X—+20, —>20; +2X

(Il1) 20, +2Cyt*——>20, + 2 Cyt **

SCHEME 1. X = a compound which undergoes single-electron
reduction by LipDH or another flavoenzyme, e.g. a nitrofuran or
naphthoquinone derivative.
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substrate was about 30% higher than that of the mamma-
lian enzyme (Fig. 2). For T. cruzi LipDH, this activity
amounted to nearly 1% of the physiological lipoamide
dehydrogenase activity. Reduction of nifuroxime, nifuroxa-
zide, and menadione by the parasite enzyme was at least two
times faster than by the mammalian enzyme (Fig. 2).

Oxidase/Nitroreductase Activity of T. cruzi TR
and Human GR

Flavoprotein oxidoreductases catalyze the (slow) oxidation
of NAD(P)H by molecular oxygen in the absence of their
physiological substrate. When comparing T. cruzi LipDH,
TR, and human GR, this intrinsic oxidase activity was
highest in the case of LipDH (see previous section) and
lowest with GR. The ratio between the oxidase and the
physiological activity was about 1:150, 1:3000, and
1:18000, respectively, for the three enzymes.

Since nifuroxazide, nifuroxime, and nifurprazine proved
to be the best subversive substrates of T. cruzi LipDH, their
interaction with T. cruzi TR and human GR was studied
(Table 2). In the case of TR the most effective derivative
was chinifur, which increased the oxidase activity 40-fold at
a concentration of 100 uM [27]. The other nitrofuran
derivatives also increased the oxidase activity of TR sever-
alfold. In contrast, the oxidase activity of human GR in the
presence of the nitrofurans was negligible (Table 2).

Naphthoquinones are another class of compounds that
can be reduced by the flavoenzymes, leading to two- and
single-electron reduced products [36, 37]. Menadione, a
well-known substrate of LipDH from baker’s yeast [7, 38]
and an effective inhibitor of GR [39, 40], as well as plumbagin,
a methyl-naphthoquinone with antileishmanial activity [41],
were included in the studies. The naphthoquinones were
readily reduced by T cruzi LipDH and TR, but plumbagin was
reduced by human GR as well (Table 2). In contrast, as
described above, the nitrofurans caused only a minute increase
in the oxidase activity of GR (Table 2 and [42]) and thus
showed some specificity for the parasite enzymes.

Inhibition of TR and GR by Nitrofuran and
Naphthoquinone Derivatives

Besides their ability to act as redox-cycling substrates,
nitroaromatic compounds can interfere with the physiolog-
ical activities of TR and GR [25-27, 42]. At 100 pM, none
of the compounds studied here inhibited T. cruzi LipDH
either in the forward or the reverse reactions, in accordance
with studies on pig heart LipDH which showed that
oxidation of dihydrolipoamide by NAD™ was not affected
by several nitrofurans [9]. The nitrofurans act as inhibitors
towards T. cruzi TR. At fixed concentrations of 100 pM
nitrofuran and 100 puM TS,, the degree of inhibition varied
between 15 and 97%. The most potent derivative was
chinifur, which had previously been shown to inhibit T.
congolense TR with a K; of 4.5 uM [27]. In the case of T.
cruzi TR, an 1C5 value of about 1 uM at 100 wM TS, and
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FIG. 2. Reduction of nitrofuran and naphthoquinone drugs by T. cruzi (dark-gray columns) and mammalian LipDH (light-gray
columns). The activity was measured at 340 nm by following the consumption of NADH (100 pM) in the absence and presence of
100 pM of the respective compound. The columns are the means of at least three independent measurements, the error bars

representing the deviation from the mean.

100 uM NADPH was determined. GR was inhibited with
an ICsy value of 15 pM at 1 mM GSSG and 100 pM
NADPH. At concentrations of 100 wM, nifurprazine and
nifuroxazide caused a 72 and 85% inhibition of TR activity,
respectively. All nitrofuran derivatives also interfered with
human GR. At a saturating concentration of GSSG, 100
pM nitrofuran caused between 27 and 90% inhibition
(Table 2).

The naphthoquinones inhibited T. cruzi TR and human
GR quite effectively. Plumbagin, e.g., showed 1cs, values of
about 4 uM and 2 puM for TR and GR, respectively (data

not shown). However, a preference for one of the two
enzymes could not be detected.

Antiparasitic Effects of Nitrofuran Drugs in Cell
Cultures

Nifuroxazide, nifuroxime, and nifurprazine, which proved
to be the most effective nitrofurans in the enzyme kinetic
studies, were tested for their ability to inhibit the growth of
T. cruzi, T. brucei, and L. donovani cultures (Table 3). At 10
pM, all three nitrofurans inhibited parasite growth com-

TABLE 2. Interaction of T. cruzi LipDH, T. cruzi TR, and human GR with nitrofuran and naphthoquinone derivatives

T. cruzi LipDH T. cruzi TR Human GR
NADH Inhibition of NADPH Inhibition NADPH Inhibition of
Compound oxidation Lip(SH), oxidation of TS, oxidation GSSG reduction
[100 uM] [U/mg] dehydrogenation [%] [U/mg] reduction [%] [U/mg] [%]
Nifuroxazide 2.16 = 0.37 none 0.23 = 0.03 85 0.026 = 0.001 75
Nifuroxime 1.73 = 0.11 none 0.42 = 0.01 50 0.016 = 0.001 79
Nifurprazine 1.16 = 0.09 none 0.60 = 0.04 72 0.014 + 0.001 72
Nifurtimox 0.70 = 0.04 none 0.21 = 0.01 37 0.011 + 0.001 62
Chinifur 0.61 = 0.03 none 1.20 = 0.05 97 0.013 = 0.001 90
Nitrofuran 0.60 = 0.02 none 0.06 = 0.01 15 0.011 = 0.001 27
Menadione 4.32 +0.81 ND 0.57 = 0.11 85 0.043 + 0.004 75
Plumbagin 7.34 = 0.64 ND 1.32 £ 0.18 80 0.235 = 0.021 72

Experimental conditions were as described in Materials and Methods. NAD(P)H oxidation was followed at 340 nm. Inhibition of LipDH was studied in the forward reaction at
100 uM NAD™ and 110 pM dihydrolipoamide as well as in the reverse reaction. Neither reaction was inhibited. ND, not determined; inhibition could not be studied because
of the rapid spontaneous reaction between dihydrolipoamide and the quinones. The assays were performed with LipDH which had a specific activity of 60 U/mg. The intrinsic
NAD(P)H oxidase rate in the absence of any reducible substrate was about 0.54, 0.03, and 0.01 U/mg for T. cruzi LipDH, T. cruzi TR, and human GR, respectively.
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TABLE 3. Antiprotozoal activity of nitrofuran drugs in cell cultures
Compound [puM] Inhibition [%]
30 10 3 1 0.3 EDsg

Nifuroxazide T. crux /100 100 97.8 77.0 <1

T. brucei 100 100 40.5 0 4.2

L. donovani t/100 t/100 0.7 0 —
Nifurprazine T. cruz /100 t/100 91.2 38.2 0 2.0

T. brucei 100 100 100 36.4 0 1.4

L. donovani t/100 t/100 t/+ 0 —
Nifuroxime T. crux t/100 t/+ t/+ 0

T. brucei 100 100 0

L. donovani t/100 t/100 t/100 18
Nifurtimox T. cruz 3.0
Pentamidine T. brucei 0.02
Sodium stibo-gluconate L. donovani 5.6

peg Sb¥/mL

The antiparasitic effects of the drugs were tested against the extracellular free parasites (T. brucei) and the intracellular parasites (T. cruzi and L. donovani), respectively as described
[31, 34, 35]. t/100, the compound gives 100% clearance but is toxic to the host cells. t/+, % clearance cannot be determined because the host cells are also damaged. EDs, effective

doses resulting in 50% clearance.

pletely, but were also toxic to the mammalian host cells.
Nifuroxime was found to damage the host cells to a greater
extent than the parasites. Nifuroxazide and nifurprazine
yielded EDsy values < 5 pM and were not as toxic towards
mammalian cells. Nifurprazine (3 wM) induced a 100%
growth inhibition of T. brucei. Nifuroxazide showed an EDs
value of less than 1 wM against T. cruzi and no toxicity
towards the host cell at concentrations <10 uM (Table 3).
In comparison, the EDs( value of nifurtimox for T. cruzi, the
standard drug for Chagas’ disease, was 3 pM.

DISCUSSION

LipDH, TR, and GR catalyze the pyridine nucleotide-
dependent oxidoreduction of their respective disulfide/
dithiol substrate [11]. The flavoenzymes have been shown
to promote a slow non-specific oxidation of NAD(P)H by
molecular oxygen, leading to reduced oxygen species. This
side reaction amounts to nearly 1 and 0.03% of the
physiological activity with T. cruzi LipDH and TR, respec-
tively, but is practically negligible in the case of GR.
Nitrofuran derivatives are able to strongly increase this
oxidase activity [9, 18, 24, 26, 27, 42]. As potential
antiparasitic drugs, this type of ligand may be favorable
when compared to purely competitive enzyme inhibitors.
Recent genetic studies on TR revealed that the enzyme
must be inhibited by at least 90% in order to cause
phenotypic changes such as growth arrest and an increased
sensitivity towards oxidative stress [43]. Therefore, only
reversible inhibitors with K; values in the nanomolar range
might become useful as potential drugs. In comparison,
subversive substrates exert several synergistic effects that
may be highly detrimental to the parasite: NADPH and O,
are wasted, the thiol/disulfide ratio is lowered, and the
production of free radicals can trigger multiple chain
reactions [12].

Different nitrofuran derivatives have been studied with

respect to their interaction with mammalian LipDH [9, 18],
parasite TR [24, 26], and human or yeast GR [24, 42]. In
the study presented here, the mode of action of nitrofuran
drugs on T. cruzi LipDH and TR has been directly com-
pared for the first time with that on mammalian LipDH and
GR. The aim of this work was to identify derivatives which
can trigger redox cycling in both parasite flavoenzymes.

None of the compounds inhibited T. cruz LipDH, but
they did strongly suppress the physiological catalysis of TR
and GR (Table 2). As subversive substrates, the nitrofurans
induced the highest activity in LipDH, and the parasite
enzyme showed a 2- to 3-fold higher activity than the
porcine protein. Sreider et al. [9] reported that nitrofurans
with unsaturated five- or six-membered nitrogen heterocy-
cles are more effective substrates of porcine LipDH than
those bearing other groups. In our studies on the T. cruzi
enzyme, nifuroxazide, nifuroxime, and nifurprazine caused
the highest rate of superoxide generation (Table 1). Struc-
ture—activity relationships cannot be deduced from this
finding, since the compounds carry quite diverse substitu-
ents (Fig. 1); nifurprazine has a nitrogen heterocyclic
substituent, whereas nifuroxime has only an oxime side
chain, and nifuroxazide does not possess a heterocyclic
substituent.

In T. cruzi TR, chinifur—which is a specific inhibitor
and subversive substrate of T. congolense TR [27]—also
induced the highest oxidase activity (Table 2). In contrast,
the compound caused only a very poor increase in the T.
cruzi LipDH oxidase activity. Obviously, LipDH binds the
basic ligand only weakly, an observation also made with
positively charged naphthoquinones (data not shown).

Nifuroxazide, nifuroxime, and nifurprazine also increased
the oxidase activity of T. cruzi TR. In contrast, they were
barely reduced by human GR. This is in agreement with
studies on the yeast enzyme which showed that nifuroxime
and chinifur increased the oxidase activity of the enzyme by
only 3 X 1077 sec” ! [42]. As pointed out by Sreider et al.
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[9], a significant difference between LipDH and GR is that
the latter enzyme is inhibited by 5-nitrofuran derivatives
but fails to catalyze redox cycling. The studies presented
here indicate that TR obviously occupies a position inter-
mediate between LipDH and GR, since the enzyme is
inhibited by 5-nitrofurans and catalyzes their reduction.

The development of nitroaromatic compounds as new
antiparasitic drugs may be hampered by their possible
mutagenicity [2]. On the other hand, the re-evaluation of
nitrofuran drugs as antitrypanosomal agents appears justi-
fied as long as trivalent arsenicals are still used for the
treatment of African sleeping sickness. The nitrofurans
studied here have been selected for several reasons. All
compounds, except for chinifur, were licenced antimicro-
bial drugs. Nifurtimox is one of two drugs used in the
treatment of acute Chagas’ disease, and nitrofurazone can
be employed in late-stage African trypanosomiasis refrac-
tory to melarsoprol, although its high toxicity makes it
unsuitable for regular use.

Nifuroxazide, nifuroxime, and nifurprazine—the most
effective subversive substrates of T. cruzi LipDH and
TR—also showed antiparasitic activity in cultures of T.
brucei and T. cruzi. Nifuroxazide and nifurprazine had D5,
values against T. cruzi of <1 uM and 2.0 wM, respectively,
which is lower than that of the standard drug nifurtimox
(3.0 pM). The molecular mode of action of nitrofurans in
the parasites is not yet fully understood. In cultures of T.
crugi epimastigotes, nifurtimox induced an increased respi-
ratory rate and the release of H,O, from the cells [19]. In
the mitochondrial extracts of the parasite, the drug stimu-
lated superoxide production when supplemented by NADH
and to a lesser extent by NADPH, which might indicate
that more than one enzyme is involved. Henderson et al.
fully attributed the antitrypanosomal effect of nitrofuran
and naphthoquinone derivatives to their interaction with
TR [26]. As shown here, the concerted action of the
cytosolic and mitochondrial [44] TR and the mitochondrial
LipDH [15] might indeed be involved in the trypanocidal
activity of nifurtimox and other nitrofurans.

This study was supported by the Bundesministerium fiir Bildung und
Forschung (BMBF Schwerpunkt Tropenmedizin Heidelberg) and the
Deutsche Forschungsgemeinschaft (DFG Kr1242/1-3) (R.L.K.-S.)
and by the UNDP/World Bank/WHO Special Programme for Re-
search and Training in Tropical Diseases (TDR) (V.Y. and S.L.C.).

References

1. Castro JA and Diaz de Toranzo EG, Toxic effects of nifurti-
mox and benznidazole, two drugs used against American
trypanosomiasis (Chagas’ disease). Biomed Environ Sci 1:
19-33, 1988.

2. Gorla NB, Ledesma OS, Barbieri GP and Larripa IB, Thir-
teenfold increase of chromosomal aberrations non-randomly
distributed in chagasic children treated with nifurtimox.
Mutat Res 224: 263-267, 1989.

3. Fairlamb AH, Blackburn P, Ulrich P, Chait BT and Cerami
A, Trypanothione: A novel bis(glutathionyl)spermidine co-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

K. Blumenstiel et al.

factor for glutathione reductase in trypanosomatids. Science
227: 1485-1487, 1985.

. Shames SL, Fairlamb AH, Cerami A and Walsh CT, Purifi-

cation and characterization of trypanothione reductase from
Crithidia fasciculata, a newly discovered member of the family
of disulfide-containing flavoprotein reductases. Biochemistry
25: 3519-3526, 1986.

. Krauth-Siegel RL, Enders B, Henderson GB, Fairlamb AH

and Schirmer RH, Trypanothione reductase from Trypano-
soma cruzi. Purification and characterization of the crystalline

enzyme. Eur ] Biochem 164: 123-128, 1987.

. Montrichard F, Le Guen F, Laval-Martin DL and Davioud-

Charvet E, Evidence for the co-existence of glutathione
reductase and trypanothione reductase in the non-trypanoso-
matid Euglenozoa: Euglena gracilis Z. FEBS Lett 442: 29-33,
1999.

. Massey V, The identity of diaphorase and lipoyl dehydroge-

nase. Biochim Biophys Acta 37: 314-322, 1960.

. Vienozinskis J, Butkus A, Cenas N and Kulys ], The mecha-

nism of the quinone reductase reaction of pig heart lipoamide
dehydrogenase. Biochem ] 269: 101-105, 1990.

. Sreider CM, Grinblat L and Stoppani AOM, Catalysis of

nitrofuran redox-cycling and superoxide anion production by
heart lipoamide dehydrogenase. Biochem Pharmacol 40: 1849 —
1857, 1990.

Grinblat L, Sreider CM and Stoppani AOM, Superoxide
anion production by lipoamide dehydrogenase redox-cycling:
Effect of enzyme modifiers. Biochem Int 23: 83-92, 1991.
Williams CH Jr, Lipoamide dehydrogenase, glutathione re-
ductase, thioredoxin reductase, and mercuric ion reduc-
tase—a family of flavoenzyme transhydrogenases. In: Chemis-
try and Biochemistry of Flavoenzymes (Ed. Miiller F), Vol. III,
pp- 121-211. CRC Press, Boca Raton, 1992.

Schirmer RH, Miiller JG and Krauth-Siegel RL, Disulfide
reductase inhibitors as chemotherapeutic agents: The design
of drugs for trypanosomiasis and malaria. Angew Chem Int Ed
Engl 34: 141-154, 1995.

Lohrer H and Krauth-Siegel RL, Purification and character-
ization of lipoamide dehydrogenase from Trypanosoma cruzi.
Eur ] Biochem 194: 863-869, 1990.

Sullivan FX and Walsh CT, Cloning, sequencing, overpro-
duction and purification of trypanothione reductase from
Trypanosoma cruzi. Mol Biochem Parasitol 44: 145147, 1991.
Schoneck R, Billaut-Mulot O, Numrich P, Ouaissi MA and
Krauth-Siegel RL, Cloning, sequencing and functional ex-
pression of dihydrolipoamide dehydrogenase from the human
pathogen Trypanosoma cruzi. Eur ] Biochem 243: 739-747,
1997.

Krauth-Siegel RL and Schoneck R, Trypanothione reductase
and lipoamide dehydrogenase as targets for a structure-based
drug design. FASEB J 9: 11381146, 1995.

Fairlamb AH and Cerami A, Metabolism and functions of
trypanothione in the kinetoplastida. Annu Rev Microbiol 462
695-729, 1992.

Sreider CM, Grinblat L and Stoppani AOM, Reduction of
nitrofuran compounds by heart lipoamide dehydrogenase:
Role of flavin and the reactive disulfide groups. Biochem Int
28: 323-334, 1992.

Docampo R and Stoppani AOM, Generation of superoxide
anion and hydrogen peroxide induced by nifurtimox in
Trypanosoma cruzi. Arch Biochem Biophys 197: 317-321, 1979.
Docampo R, Sensitivity of parasites to free radical damage by
antiparasitic drugs. Chem Biol Interact 73: 1-27, 1990.
Docampo R and Moreno SNJ, Free radical metabolites in the
mode of action of chemotherapeutic agents and phagocytic
cells on Trypanosoma cruzi. Rev Infect Dis 6: 223-238, 1984.
Maya JD, Repetto Y, Agosin M, Ojeda JM, Tellez R, Gaule C
and Morello A, Effects of nifurtimox and benznidazole upon



Interaction of Nitrofurans with T. cruzi LipDH and TR

23.

24.

25.

26.

217.

28.

29.

30.

31.

glutathione and trypanothione content in epimastigote,
trypomastigote and amastigote forms of Trypanosoma cruz.
Mol Biochem Parasitol 86: 101-106, 1997.

Chan C, Yin H, Garforth ], McKie JH, Jaouhari R, Speers P,
Douglas KT, Rock PJ, Yardley V, Croft SL and Fairlamb AH,
Phenothiazine inhibitors of trypanothione reductase as poten-
tial antitrypanosomal and antileishmanial drugs. ] Med Chem
41: 148-156, 1998.

Jockers-Scheriibl MC, Schirmer RH and Krauth-Siegel RL,
Trypanothione reductase from Trypanosoma cruzi. Catalytic
properties of the enzyme and inhibition studies with trypano-
cidal compounds. Eur ] Biochem 180: 267-272, 1989.
Jacoby EM, Schlichting I, Lantwin CB, Kabsch W and
Krauth-Siegel RL, Crystal structure of the Trypanosoma cruzi
trypanothione reductase mepacrine complex. Proteins 24: 73—
80, 1996.

Henderson GB, Ulrich P, Fairlamb AH, Rosenberg I, Pereira
M, Sela M and Cerami A, “Subversive” substrates for the
enzyme trypanothione disulfide reductase: Alternative ap-
proach to chemotherapy of Chagas disease. Proc Natl Acad Sci
USA 85: 53745378, 1988.

Cenas N, Bironaite D, Dickancaite E, Anusevicius Z, Sarlaus-
kas ] and Blanchard ]S, Chinifur, a selective inhibitor and
“subversive substrate” for Trypanosoma congolense trypano-
thione reductase. Biochem Biophys Res Commun 204: 224—
229, 1994.

Reed L], Koike M, Levitch ME and Leach FR, Studies on the
nature and reactions of protein-bound lipoic acid. ] Biol Chem
232: 143-158, 1958.

Krauth-Siegel RL, Sticherling C, Jost J, Walsh CT, Pai EF,
Kabsch W and Lantwin CB, Crystallization and preliminary
crystallographic analysis of trypanothione reductase from
Trypanosoma cruzi, the causative agent of Chagas’ disease.
FEBS Lett 317: 105-108, 1993.

Nordhoff A, Biicheler US, Werner D and Schirmer RH,
Folding of the four domains and dimerization are impaired by
the Gly446— Glu exchange in human glutathione reductase.
Implications for the design of antiparasitic drugs. Biochemistry
32: 4060-4066, 1993.

Hirumi H and Hirumi K, Continuous cultivation of Trypano-
soma brucei blood stream forms in a medium containing a low
concentration of serum protein without feeder cell layers. J
Parasitol 75: 985-989, 1989.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

1799

Worthington DJ and Rosemeyer MA, Glutathione reductase
from human erythrocytes. Catalytic properties and aggrega-
tion. Eur J Biochem 67: 231-238, 1976.

Paul KG, Cytochrome ¢ (Mammals). Methods Enzymol 2:
7491755, 1955.

Neal RA and Croft SL, An in vitro system for determining the
activity of compounds against the intracellular amastigote
form of Leishmania donovani. ] Antimicrob Chemother 14:
312-317, 1984.

Ellis JA, Fish WR, Sileghem M and McOdimba F, A colori-
metric assay for trypanosome viability and metabolic func-
tion. Vet Parasitol 50: 143—-149, 1993.

Cenas NK, Rakauskiene GA and Kulys JJ, One- and two-
electron reduction of quinones by glutathione reductase.
Biochim Biophys Acta 973: 399-404, 1989.

Cenas NK, Arscott D, Williams CH Jr and Blanchard ]S,
Mechanism of reduction of quinones by Trypanosoma congo-
lense trypanothione reductase. Biochemistry 33: 25092515,
1994.

Misaka E, Kawahara Y and Nakanishi K, Studies on menadi-
one reductase of bakers’ yeast. ] Biochem 58: 436—443, 1965.
Bellomo G, Mirabelli F, DiMonte D, Richelmi P, Thor H,
Orrenius C and Orrenius S, Formation and reduction of
glutathione—protein mixed disulfides during oxidative stress.
Biochem Pharmacol 36: 1313-1320, 1987.

Karplus PA, Pai EF and Schulz GE, A crystallographic study
of the glutathione binding site of glutathione reductase at
0.3-nm resolution. Eur ] Biochem 178: 693-703, 1989.
Croft SL, Evans AT and Neal RA, The activity of plumbagin
and other electron carriers against Leishmania donovani and
Leishmania mexicana amazonensis. Ann Trop Med Parasitol 79:
651-653, 1985.

Cenas NK, Bironaite DA, Kulys J] and Sukhova NM, Inter-
action of nitrofurans with glutathione reductase. Biochim
Biophys Acta 1073: 195-199, 1991.

Krieger S, Die Trypanothion-Reduktase in Trypanosoma bru-
cei: Etablierung und Charakterisierung einer TR-defizienten
Zellinie, PhD Thesis, Heidelberg University, 1998.
Meziane-Cherif D, Aumercier M, Kora I, Sergheraert C,
Tartar A, Dubremetz JF and Ouaissi MA, Trypanosoma cruzi:
Immunolocalization of trypanothione reductase. Exp Parasitol
79: 536-541, 1994.



