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The success of nifurtimox-eflornithine combination therapy (NECT) for the treatment of human African
trypanosomiasis (HAT) has renewed interest in the potential of nitro drugs as chemotherapeutics. In order to
study the implications of the more widespread use of nitro drugs against these parasites, we examined the in
vivo and in vitro resistance potentials of nifurtimox and fexinidazole and its metabolites. Following selection ir
vitro by exposure to increasing concentrations of nifurtimox, Trypanosoma brucei brucei nifurtimox-resistant
clones designated NfxR1 and NfxR2 were generated. Both cell lines were found to be 8-fold less sensitive to
nifurtimox than parental cells and demonstrated cross-resistance to a number of other nitro drugs, most
notably the clinical trial candidate fexinidazole (~27-fold more resistant than parental cells). Studies of mice
confirmed that the generation of nifurtimox resistance in these parasites did not compromise virulence, and
NfxR1 remained resistant to both nifurtimox and fexinidazole in vivo. In the case of fexinidazole, drug
metabolism and pharmacokinetic studies indicate that the parent drug is rapidly metabolized to the sulfoxide
and sulfone form of this compound. These metabolites retained trypanocidal activity but were less effective in
nifurtimox-resistant lines. Significantly, trypanosomes selected for resistance to fexinidazole were 10-fold more
resistant to nifurtimox than parental cells. This reciprocal cross-resistance has important implications for the
therapeutic use of nifurtimox in a clinical setting and highlights a potential danger in the use of fexinidazole

as a monotherapy.

The protozoan parasites Trypanosoma brucei gambiense and
T. b. rhodesiense are the causative agents of human African
trypanosomiasis (HAT), commonly known as sleeping sick-
ness. This epidemic disease was largely under control in the
1960s but has reemerged as a major threat due to limited
financial resources for the maintenance of control programs as
well as population displacement due to political conflict and
famine (23). Currently, the World Health Organization esti-
mates that about 400,000 people are infected with HAT, re-
sulting in an annual death toll of around 50,000 (42), although
this may be an overestimate (36). In the absence of an effective
vaccine, treatment is dependent solely upon a small repertoire
of drugs which suffer from a number of problems, including
severe toxic side effects (12) and acquired drug resistance (2).
In particular, treatment of the second stage of the disease,
where parasites invade the central nervous system, has proven
to be especially problematic. Two drugs are available: the ar-
senical melarsoprol and the ornithine decarboxylase inhibitor
eflornithine (difluoromethylornithine [DFMOY]). Melarsoprol
is extremely toxic, with death in 3 to 6% of cases and treatment
failures as high as 30% in certain areas. Although better tol-
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erated than melarsoprol, eflornithine is not effective against 7.
b. rhodesiense infections, which account for 10% of all cases of
sleeping sickness. The treatment regimen for 7. b. gambiense is
prolonged, requiring a total of 56 slow infusions over a 14-day
period. As a result, melarsoprol often remains the treatment of
choice in regions where health care provision is limited.

One important development in the treatment of 7. b. gam-
biense infections is the introduction of nifurtimox-eflornithine
combination therapy (NECT) (32). Nifurtimox, a drug used in
the treatment of Chagas’ disease, has previously been given on
compassionate grounds for treatment of melarsoprol-refrac-
tory HAT. However, its efficacy as a monotherapy is low, and
prolonged treatment is limited by severe toxicity (4, 5). Pa-
tients given NECT, consisting of oral nifurtimox over 10 days
with DFMO infusions for 7 days, were found to fair just as well
as those given the DFMO monotherapy, with cure rates of
around 97%. The reduced frequency and duration of DFMO
infusions in NECT is seen as highly advantageous in terms of
cost, logistics, and human resources in areas of poverty, leading
to its inclusion on the Model Lists of Essential Medicines of
the World Health Organization.

The success of NECT has come at a time of renewed interest
in nitroheterocyclic compounds for the treatment of infectious
disease. In particular, PA-824 is being assessed for the treat-
ment of tuberculosis (3, 15, 29), while nitazoxanide is currently
in phase II clinical trials for the treatment of hepatitis C (15).
The increased awareness of the antimicrobial potential of
these compounds has also led to the renaissance of fexinida-
zole (Hoe 239) (41) as a potential chemotherapeutic for late-
stage HAT. In 1983, Jennings and Urquhart reported that this
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compound, given in combination with suramin, effectively
cured chronic 7. brucei infections in mice (20). Some 26 years
later, fexinidazole entered phase II clinical trials as a mono-
therapy for use against both early- and late-stage African
sleeping sickness (8; report available from http://www.dndi
.org/).

It is well established that naturally occurring strains of
Trypanosoma cruzi can be inherently resistant to nifurtimox
(28), but it is not known whether a similar situation might
occur in the African trypanosome. However, clinical isolates of
T. b. gambiense from Sudan and West and Central Africa show
a 10-fold range of sensitivities to nifurtimox (25, 26). It was also
recently demonstrated that laboratory-generated nifurtimox-
resistant 7. cruzi cell lines become resistant to another nitro
drug, benznidazole (39). To determine whether this may also
be the case for T. brucei, we have undertaken similar studies.
Here, we examine the in vivo and in vitro resistance potentials
of nifurtimox and fexinidazole and its metabolites in blood-
stream trypanosomes. The potential for cross-resistance to
other nitro compounds is also addressed.

MATERIALS AND METHODS

Cell lines and culture conditions. Trypanosoma brucei bloodstream-form “sin-
gle-marker” S427 (T7RPOL TETR NEO) and nifurtimox-resistant cell lines were
cultured at 37°C in HMI9-T medium (16) supplemented with 2.5 pg ml~" G418
to maintain expression of T7 RNA polymerase and the tetracycline repressor
protein (17). Cultures were initiated with 1 X 10° cells mlI~! and subcultured
when cell densities approached 1 X 10° to 2 X 10° cells ml~ .

In order to directly compare the effects of nifurtimox and other compounds on
the growth of these cell lines, the 50% effective concentration (ECs,) of each
compound was determined as previously described (21). Experimental data were
corrected for background cell density and are expressed as percentages of values
for nontreated cells before being fitted to the following two-parameter equation
using GraFit software:

100

o)

In this equation, [I] represents the inhibitor concentration and m is the slope
factor. Experiments were repeated at least three times, and data are presented as
the weighted means plus the weighted standard deviations.

Generation of nifurtimox- and fexinidazole-resistant T. brucei cell lines. A
nifurtimox-resistant 7. brucei cell line was generated by subculturing bloodstream
trypanosomes in the continuous presence of nifurtimox (a kind gift from Bayer
Argentina). Parasites were exposed to stepwise-increased concentrations of drug,
starting at a sublethal concentration of 1.5 wM, until they were routinely growing
in 50 pM nifurtimox. After a total of 140 days in culture, resistant parasites were
cloned in the absence of nifurtimox by limiting dilution, and the two clones
(NfxR1 and NfxR2) demonstrating the highest levels of resistance to nifurtimox
were selected for further study. A similar approach was used to generate a
fexinidazole-resistant 7. brucei cell line.

Nitro drug resistance in vivo. Groups of five mice (NMRI) were infected with
either wild-type (WT) bloodstream 7. brucei or NfxR1 parasites by a single
intraperitoneal injection of 10* cells in 0.2 ml of HMI9-T medium. Twenty-four
hours following infection, WT- and NfxR1-infected mice were cither dosed with
nifurtimox (100 mg kg~ ' of body weight) via an intraperitoneal injection or left
untreated. The dosing of nifurtimox-treated mice was repeated in an identical
manner for a further 3 days. Animals were inspected daily for clinical signs of
infection, and wet smears of tail blood were examined microscopically as appro-
priate. Parasitemia was determined using a Neubauer hemocytometer, as previ-
ously described, and infected mice were monitored for 30 days (34). Mice with
parasitemia that exceeded 10® cells ml~! were humanely killed, since prior
experience indicated that animals would succumb to an overwhelming infection
by the following day. In addition, animals showing signs of acute drug toxicity
were euthanized immediately.

The in vivo efficacy of fexinidazole was studied in WT- and NfxR1-infected
mice in a manner similar to that described for nifurtimox. However, in this
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instance, fexinidazole was administered orally and at doses up to 200 mg kg~ '.
Parasitemia in fexinidazole-treated mice was monitored for 60 days.

Chemical synthesis of fexinidazole and derivatives. Fexinidazole and fexin-
idazole sulfoxide were prepared in two steps from (1-methyl-5-nitro-1H-imida-
zol-2-yl)methanol (7), according to published procedures (18, 40). Fexinidazole
sulfone was synthesized by reacting (1-methyl-5-nitro-1H-imidazol-2-yl)metha-
nol and 4-(methylsulfonyl)phenol under Mitsunobu reaction conditions (37).
PA-824 was prepared from (§)-2-nitro-6-(4-(trifluoromethoxy)benzyloxy)-6,7-di-
hydro-5H-imidazo[2,1-b][1,3]oxazine (Nowa Pharmaceuticals) as described by
Orita et al. (30). The identities of all synthetic compounds were confirmed by 'H
nuclear magnetic resonance (‘H-NMR), '3 C-NMR, high-resolution mass spec-
trometry, and, where appropriate, ”F-NMR. Compound purity was determined
by liquid chromatography-mass spectrometry (LCMS), with all compounds
found to be of >95% purity. Optical rotation measurements of the synthetic
PA-824 were in close agreement with published values, confirming a high level of
optical purity (30). Full experimental protocols and analytical data for fexinida-
zole sulfoxide, fexinidazole sulfone, and PA-824 are available from the authors
upon request.

Determination of fexinidazole exposure in mice after acute oral dosing.
Fexinidazole (200 mg kg~ ') was orally administered to NMRI mice. The dose
solution was prepared on the day of dosing, and the vehicle was 10% (vol/vol)
dimethyl sulfoxide (DMSO) in peanut oil. Blood samples (10 pl) were collected
from the tail vein of each animal into Micronic tubes (Micronic BV) containing
deionized water (20 pl) at 0.25, 0.5, 1, 2, 4, 6, and 8 h postdose and stored at
—80°C until analyzed.

Extraction of blood samples was performed by a method based on protein
precipitation using acetonitrile and a new chemical entity from our own com-
pound collection as an internal standard. Levels of fexinidazole and two major
metabolites (sulfone and sulfoxide) in these extracted samples were determined
by ultraperformance liquid chromatography (UPLC)-tandem mass spectrometry
(MS-MS) on a Quattro Premier XE mass spectrometer using positive electro-
spray ionization (Waters, United Kingdom) in multiple-reaction-monitoring
mode. Samples (5 pl) were injected using an Acquity UPLC system (Waters,
United Kingdom) onto a 2.1- by 50-mm Acquity UPLC 1.7-um bridged ethyl
hybrid (BEH) C,g column (Waters, United Kingdom). The column was main-
tained at 45°C, and samples were maintained at 4°C. Samples were eluted with
a flow rate of 0.6 ml min~!. Mobile phase A consisted of Milli-Q water with
formic acid (0.1%), and mobile phase B consisted of acetonitrile with formic acid
(0.1%). The gradient profile started with 5% B for 0.1 min and then increased
linearly over 1.1 min to 95% B. The flow remained for 0.1 min at 95% B and then
dropped linearly over 1.1 min to starting conditions, 5% B, until the end of the
run at 2.4 min. The entire flow was directed from the column through a photo-
diode array detector scanning between 210 and 400 nm, with a resolution of 1.2
nm, and then sequentially onto the mass spectrometer, where flow entered the
instrument between 0.3 min and 2.4 min via the built-in switching valve (Rheo-
dyne, CA). Calibration curves were constructed from values from blood to cover
at least 3 orders of magnitude for fexinidazole (i.e., 1 to 1,000 ng ml~') and
approximately 2 orders of magnitude for the sulfone and sulfoxide metabolites
(i.e., 200 to 15,000 ng ml~).

RESULTS

Generation of a nifurtimox-resistant 7. brucei cell line. To
establish the ease with which resistance to nifurtimox could be
generated in vitro, bloodstream trypanosomes (strain 427) were
cultured in the continuous presence of nifurtimox. Parasites
were exposed to stepwise-increased concentrations of drug,
starting at a sublethal concentration of 1.5 wM, until they were
continuously growing in 50 uM nifurtimox (Fig. 1A). In the
presence of drug, the doubling time of nifurtimox-resistant
parasites was 12.8 h, compared to 7.3 h for WT cells in the
absence of drug. After a total of 140 days in culture, resistant
parasites were cloned in the absence of nifurtimox by limiting
dilution. The relative sensitivities of these cloned cell lines to
nifurtimox were established and compared to that of WT par-
asites. Cloned lines NfxR1 and NfxR2 were found to be 8-fold
less sensitive to nifurtimox than parental WT cells, with ECss
of 20.1 £ 0.9 and 20.3 = 1.3 pM, respectively (Fig. 1B and
Table 1). Nifurtimox resistance in NfxR1 and NfxR2 was found
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FIG. 1. Nifurtimox resistance in vitro. (A) Schematic representation of the generation of a nifurtimox-resistant cell line in 7. brucei. Each
passage of cells in culture (open circle) and loss of a culture due to drug toxicity (skull and crossbones) are indicated. (B) ECs,s were determined
for nifurtimox (circles) and pentamidine (squares) against WT (open symbols) and NfxR1 (closed symbols) cells, respectively. The curves are the
nonlinear fits of data using a two-parameter ECs, equation provided by GraFit (see Materials and Methods). ECss of 0.95 = 0.02 and 2.6 + 0.1
nM were determined for pentamidine against WT and NfxR1 cells, respectively, while values of 2.4 = 0.1 and 20.1 = 0.9 pM were determined
for nifurtimox. Data are the weighted means = standard deviations of at least triplicate measurements.

to be stable over 30 passages (60 days) in culture in the absence
of drug (data not shown).

Generation of nifurtimox resistance in these cells did not
greatly alter their sensitivity to drugs from other chemical
classes, with the diamidine pentamidine and the fluorinated
amino acid eflornithine having similar potencies against NfxR
and parental wild-type cells (Fig. 1B and Table 1). However,
NfxR1 and NfxR2 did demonstrate cross-resistance to a num-
ber of other nitro compounds, including nitrofurazone, previ-
ously used for the treatment of late-stage sleeping sickness (1).
The anticancer nitrobenzene prodrug CB1954 (22), identified
in a phenotypic screen in our laboratory as one of the most
potent growth inhibitors of WT parasites, also showed marked
cross-resistance in the NfxR cell lines. Most strikingly, the
highest levels of resistance were observed against the nitroim-
idazole fexinidazole and its putative metabolites (sulfoxide and
sulfone) (41). NfxR1 and NfxR2 were found to be 27- and
29-fold less sensitive to fexinidazole than wild-type parasites,
respectively, and about 15-fold less sensitive to its sulfoxide
and sulfone metabolites. As previously demonstrated in 7.
cruzi, nifurtimox resistance in bloodstream 7. brucei also re-
sulted in a similar level of resistance to benznidazole (5-fold
higher than that of wild-type parasites). Notably, NfxR cells
were not cross-resistant to the antitubercular compound PA-
824, which is considered to have a mode of action different
from those of other nitro drugs (27, 35). Metronidazole, a drug
used to treat microaerophilic bacterial and protozoal infec-
tions, had no effect on the growth of either wild-type or NfxR
parasites at the highest concentration tested (500 uM).

Nitro drug resistance in vivo. To confirm the biological rel-
evance of nifurtimox resistance in NfxR clones, groups of mice
were inoculated with either WT or NfxR1 parasites. Previous
studies had established that the WT strain has a 50% effective
dose (EDs,) of 36.7 mg kg~ * when administered once daily for

4 days (m = 3.7; EDy,, 128 mg kg~ * [recalculated from refer-
ence 13]). Twenty-four hours following infection, WT- and
NfxR1-infected mice were either dosed with nifurtimox (100
mg kg~ !) via an intraperitoneal injection or left untreated. The
dosing of nifurtimox-treated mice was repeated in an identical
manner for a further 3 days. Infections were monitored over a
30-day period, and survival curves of each infection are shown
in Fig. 2. Mice infected with WT cells succumbed to infection
between days 5 and 7, and this was also the case for mice
infected with NfxR1, confirming that nifurtimox resistance
does not compromise virulence in these bloodstream trypano-
somes. Nifurtimox treatment ensured that WT-infected mice
remained free from parasitemia for the entire 30 days of the
study. However, one mouse from this group died due to drug
toxicity, and this was also the case in the NfxR1-infected group,
indicating that 100 mg kg~ ' may exceed the maximum tolera-
ble dose of nifurtimox in these animals. Most significantly,
nifurtimox treatment of NfxR1-infected mice did little to im-
pede the growth of these parasites, and lethal levels of para-
sitemia were reached within 6 days. Collectively, these results
confirm that NfxR1 parasites retain their nifurtimox-resistant
phenotype in vivo.

To determine if nifurtimox-resistant parasites were cross-
resistant to the clinical trial candidate fexinidazole in vivo, WT-
and NfxR1-infected mice were treated orally with up to 200 mg
kg~! fexinidazole once a day for 4 days. In general, fexinida-
zole seemed to be well tolerated in mice, and there were no
signs of the toxicity issues previously seen following intraperi-
toneal administration of nifurtimox. Treatment of WT-in-
fected mice with fexinidazole at 50 mg kg™~ ' affected a cure in
100% of these animals, with an established EDs, value of 21 =
0.3 mg kg™! (m = 7.9) (Fig. 3). In keeping with our in vitro
studies, NfxR1 parasites in vivo were found to have a relative
resistance to fexinidazole that was 8.5-fold higher than that of
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FIG. 2. Nifurtimox resistance in vivo. Groups of 5 mice were in-

fected with either WT or NfxR1 cells (1 X 10* parasites). Twenty-four

hours following infection, WT- and NfxR1-infected mice were either

dosed with nifurtimox (100 mg kg~ ') via an intraperitoneal injection or

left untreated. Data are presented in the form of a Kaplan-Meier

survival plot. Animals that succumbed to drug toxicity rather than

parasitemia are annotated (skull and crossbones). WT, pink; WT

treated with nifurtimox, blue; NfxR1, green; NfxR1 treated with nifur-
timox, red.

WT parasites (EDs,, ~171 mg kg™'). At the highest dose of
the drug (200 mg kg™ '), only 2 out of 5 mice were aparasitemic
following treatment. The other three mice showed relapsing
peaks of parasitemia after treatment, with one apparently be-
ing self-cured, since no further signs of infection were observed
from days 18 to 60, when the experiment was terminated.
Pharmacokinetic properties of fexinidazole. In early studies
regarding the potential of fexinidazole as a treatment for HAT,
Winkelmann and Raether (41) proposed that the sulfur atom
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FIG. 3. Fexinidazole resistance in vivo. Groups of 5 mice were
infected with either WT cells (open circles) or NfxR1 cells (closed
circles) (1 X 10* parasites). Twenty-four hours following infection,
WT- and NfxR1-infected mice were dosed orally with fexinidazole (25
to 200 mg kg™ !). Cured mice were determined to be those which
survived to 60 days following inoculation.
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FIG. 4. Blood exposure of fexinidazole and its metabolites. Levels
of fexinidazole and two major metabolites (sulfone and sulfoxide) were
monitored in blood samples collected from mice at defined intervals,
following oral dosing of fexinidazole (200 mg kg™ '). The ECy, values
of fexinidazole and its sulfoxide and sulfone metabolites, established in
vitro, are annotated as solid, dotted, and dashed lines, respectively.
Symbols: closed squares, fexinidazole; open circles, sulfoxide; closed
circles, sulfone. Data are the means of triplicate measurements.

in this compound is almost certainly metabolized in vivo to
sulfoxide and/or sulfone groups (see the structures in Table 1).
Analysis of blood samples from mice orally dosed with fexin-
idazole (200 mg kg~ ') confirmed that this was indeed the case
(Fig. 4). Fifteen minutes after oral dosing, levels of fexinida-
zole in the blood were found to peak at 961 ng ml~", before
declining steadily over time. The sulfoxide metabolite accumu-
lated to considerably higher levels in the blood than the parent
compound, reaching 40,000 ng ml~* 2 h following dosing. Fex-
inidazole sulfone, the final metabolite to appear in the blood,
continued to accumulate throughout the 8 h of the study,
reaching a concentration of 55,000 ng ml~".

Comparison of the maximum achievable total blood levels of
fexinidazole with the previously established in vitro ECyq (4,900
ng ml~!) suggests that the unmetabolized form of this drug is
unlikely to be the major trypanocidal agent in vivo. In contrast,
total blood levels of both the sulfoxide and sulfone metabolites
comfortably exceeded their respective ECyq levels for several
hours following dosing. Additional studies established that the
fraction unbound (fu) of fexinidazole and its sulfoxide and
sulfone metabolites in mouse plasma is high (fu, 0.147, 0.858,
and 0.728, respectively), indicating that the free-drug metabo-
lite levels are also well in excess of the parasite ECy,. Collec-
tively, these findings suggest that fexinidazole acts as a pro-
drug, which is oxidized in vivo to these more therapeutically
relevant species.

Fexinidazole-resistant T. brucei lines. To determine whether
fexinidazole-resistant cell lines would show reciprocal cross-
resistance to nifurtimox, fexinidazole-resistant parasites were
generated in a manner identical to that previously described
for nifurtimox. The results of a representative drug sensitivity
experiment are shown for cloned line FxR1 in Fig. 5. Overall,
the cloned lines (FxR1 and FxR2) were found to be 10-fold less
sensitive to fexinidazole than parental WT cells, with weighted
mean EC;, (and Hill slope) values from 4 independent exper-
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FIG. 5. Cross-resistance to nifurtimox in FxR cell lines. ECs,s were
determined for fexinidazole (circles) and nifurtimox (squares) against
WT (open symbols) and FxR1 (closed symbols) cells, respectively. The
curves are the nonlinear fits of data using a two-parameter ECs,
equation provided by GraFit (see Materials and Methods). In this
experiment, the ECs, (and Hill slope) values for fexinidazole are 1.6 =
0.1 pM (1.6) and 17.8 £ 1.5 uM (1.4) for WT and FxR1 cells, respec-
tively, and for nifurtimox are 1.8 = 0.1 uM (3.1) and 18.4 = 0.6 pM
(3.9), respectively.

iments of 16.9 = 0.8 (1.5) and 16.0 = 1.2 uM (1.2), respec-
tively. Significantly, FxR1 and FxR2 demonstrated consider-
able cross-resistance to nifurtimox and were found to be 9.5-
and 9.3-fold less sensitive than WT parasites, respectively (3
independent experiments). Notably, the Hill slopes for nifur-
timox are considerably steeper than for fexinidazole in both
sensitive and resistant cell lines. Thus, although the ECs, for
fexinidazole in WT cells is 2.4-fold lower than that of nifurti-
mox (Table 1), the resulting MICs (defined as the EC,, calcu-
lated from the ECs, and Hill slope) are roughly equivalent
(15.2 and 17.7 pM for nifurtimox and fexinidazole, respec-
tively). In contrast, the mean ECsys of the two FxR cell lines
for fexinidazole and nifurtimox are equivalent (16.4 versus 18.8
wM), whereas the calculated mean MIC values are 4.3-fold
higher for fexinidazole than for nifurtimox (510 versus 120 uM
for fexinidazole and nifurtimox, respectively).

DISCUSSION

The resistance potential of nitro drugs such as nifurtimox
and fexinidazole has yet to be adequately studied in the Afri-
can trypanosome. With ongoing phase II clinical trials of fex-
inidazole as a treatment for HAT and the inclusion of NECT
on the Model Lists of Essential Medicines of the World Health
Organization, the need for such studies has become more
pressing. 7. b. brucei is a suitable model for 7. b. gambiense,
since it is more amenable to culture in vitro and in vivo and
displays similar sensitivities to nifurtimox, eflornithine, and
pentamidine (25, 26). In the current study, we have confirmed
that resistance to nifurtimox can be generated relatively easily
in bloodstream trypanosomes in vitro and that these nifurti-
mox-resistant cell lines are cross-resistant to a number of other
nitro drugs. Most significantly, NfxR parasites are highly cross-
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resistant to fexinidazole and its active metabolites (13- to 29-
fold more resistant than WT parasites). Conversely, our
fexinidazole-resistant lines of 7. brucei are cross-resistant to
nifurtimox (10-fold more resistant than WT parasites). Should
this occur in a clinical setting, widespread resistance to nifur-
timox would preclude the use of fexinidazole and vice versa. In
addition, based on pharmacological data from human subjects
(31), it can be calculated that, with an oral-dose schedule of 15
mg kg~ ! of nifurtimox every 8 h for 10 days for HAT patients
(32), the total serum concentration will reach approximately 3
M. Thus, if this concentration is reflected in the central ner-
vous system, then this might account for the partial efficacy of
nifurtimox as a monotherapy (4, 5) since the mean ECsy, in vitro
for clinical isolates of 7. b. gambiense ranges from 0.26 to 2.6
wM (25, 26). This 10-fold range of inherent susceptibility to
nifurtimox underlines the need for future clinical trials with
fexinidazole to include testing of 7. b. gambiense field isolates
for their intrinsic sensitivity to this drug.

It is not known whether the success of NECT in the treat-
ment of the Gambian form of sleeping sickness is due to the
additive or synergistic toxic effects of nifurtimox and eflorni-
thine. However, eflornithine treatment lowers the intracellular
concentrations of the unique antioxidant trypanothione in Af-
rican trypanosomes (14) and nifurtimox may increase oxidant
stress as discussed below.

Nitroheterocyclic compounds, such as nifurtimox, are believed
to function as prodrugs requiring enzyme-mediated reduction by
nitroreductases (NTRs) to generate cytotoxic species that cause
damage to DNA, lipids, and proteins. Depending on the organ-
ism and the nature of the nitro drug, reduction can occur via
sequential one-electron or two-electron processes (6, 9, 10). In
one-electron processes, the first intermediate formed is the
nitro anion radical (RNO, ), which, under aerobic conditions,
is rapidly oxidized back to the parent drug, forming a super-
oxide anion (O, ). Superoxide can dismute to form hydrogen
peroxide (H,O,) and dioxygen (O,). If the cell’s capacity to
remove O, and H,O, is exceeded, then the highly reactive
hydroxyl radical can be formed via the transition metal-cata-
lyzed Fenton reaction (19). In addition, RNO, "~ can be further
reduced to form the reactive and toxic nitroso species, partic-
ularly under anaerobic conditions. Curiously, the nitrofuran
nifurtimox readily undergoes futile redox cycling in 7. cruzi,
whereas the nitroimidazole benznidazole does not (see the
reviews in references 9 and 10). Whether the lower potency
and lower resistance factor of benznidazole compared with
nifurtimox are related to a different mode of action in 7. brucei
needs to be investigated. In two-electron processes, reduction
is catalyzed by type I NTRs (6), enzymes which are insensitive
to futile redox recycling by oxygen and utilize flavin mononu-
cleotide as a cofactor, directly forming toxic species, such as
the nitroso intermediate, or, following a second round of re-
duction, the hydroxylamine species (33). Recent studies of
T. cruzi and T. brucei have identified a trypanosomal type I
NTR which is capable of metabolizing a number of nitrohet-
erocyclic drugs, including nifurtimox (39). Wilkinson and col-
leagues reported that modulation of NTR levels within these
parasites directly affected their sensitivity to nitro compounds,
with reduced levels of the enzyme leading to nitro drug resis-
tance. These findings not only confirm a crucial role for NTR
in drug activation in the trypanosomes but also suggest deple-
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tion of this enzyme as one possible mechanism of nitro drug
resistance. Reliance on a single enzyme for prodrug activation
could leave these drugs particularly vulnerable to the emer-
gence of drug resistance, a hypothesis that seems to be sup-
ported by the ease with which nitro drug resistance was gen-
erated in NfxR and FxR cell lines. NTR activity is too low to be
measured in cell lysates, and our attempts to generate a spe-
cific antiserum to estimate NTR protein levels have proved
unsuccessful. However, we have eliminated the possibility that
point mutations in 7. brucei NTR are responsible for resis-
tance. Furthermore, deletion of one copy of the NTR gene in
this diploid parasite increases resistance to nifurtimox only by
a factor of 2- to 3-fold (39; A. Y. Sokolova et al., unpublished
data). Characterization of the molecular basis of nitro drug
resistance in these cell lines will be the focus of our subsequent
studies.

Notably, many of the structurally diverse nitroheterocyclic
compounds tested in this study were found to have similar
potencies in inhibiting cell growth and display similar resis-
tance factors to nifurtimox (Table 1, compounds 1 to 5 and 9),
suggesting similar mechanisms of cell killing. The most striking
exceptions were the antituberculosis drug PA-824, which
showed no cross-resistance, and metronidazole, which was in-
active. PA-824, a bicyclic nitroimidazole, is reduced in Myco-
bacterium tuberculosis by an unusual deazaflavin-dependent
nitroreductase (35), while in Trichomonas vaginalis, metro-
nidazole is reduced either by the pyruvate-ferredoxin oxi-
doreductase system (11) or thioredoxin reductase (24), none of
which are present in 7. brucei. The inability of these com-
pounds to efficiently kill wild-type parasites combined with the
lack of resistance to PA-824 in NfxR cell lines supports the
hypothesis that NTR is intimately involved in the mode of
action of nitro drugs in 7. brucei.

With the pitifully small armory of drugs available for the
treatment of HAT, it is essential that effective policies are in
place to prevent the development of resistance to new and
existing antitrypanosomal drugs. One such strategy involves
the use of drugs in combination, with the rationale that the
likelihood of developing resistance to a single agent is rela-
tively high, but the likelihood of developing resistance to two
compounds is much lower (38). The use of drug combinations
to circumvent resistance has been successfully employed with
antimalarials (38), and ideally, partner drugs should be found
for new antitrypanosomal drugs prior to widespread clinical
use. The introduction of NECT represents the first widely used
combination therapy for HAT and could serve as a template
for the introduction of subsequent therapies. In light of the
findings of this study, it is imperative that fexinidazole should
be used clinically only with a partner drug, such as eflornithine.
Failure to do so may have dire consequences for the future use
of nitro drugs as effective treatments for HAT.
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