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Nifurtimox is a nitroheterocyclic drug employed for treatment of trypanosomiases (Chagas disease and West
African sleeping sickness); its use for certain cancers has also been assessed. Despite having been in the mar-
ket for over 50 years, knowledge of nifurtimox is still fragmentary and incomplete. Relevant aspects of the
chemistry and biology of nifurtimox are reviewed to summarize the current knowledge of this drug. These
comprise its chemical synthesis and the preparation of some analogues, as well as its chemical degradation.
Selected physical data and physicochemical properties are also listed, along with different approaches
toward the analytical characterization of the drug, including electrochemical (polarography, cyclic voltam-
metry), spectroscopic (ultraviolet-visible, nuclear magnetic resonance, electron spin resonance), and single
crystal X-ray diffractometry. The array of polarographic, ultraviolet-visible spectroscopic, and chro-
matographic methods available for the analytical determination of nifurtimox (in bulk drug, pharmaceutical
formulations, and biological samples), are also presented and discussed, along with chiral chromatographic
and electrophoretic alternatives for the separation of the enantiomers of the drug. Aspects of the drug likeli-
ness of nifurtimox, its classification in the Biopharmaceutical Classification System, and available pharmaceu-
tical formulations are detailed, whereas pharmacological, chemical, and biological aspects of its metabolism
and disposition are discussed.

© 2023 Published by Elsevier Inc. on behalf of American Pharmacists Association.

Introduction

phase which can be lifelong, and symptoms may appear even decades
after the initial infection.! Nearly one-third of the infected patients

Chagas' disease is a zoonosis caused by the protozoan parasite
Trypanosoma cruzi. It is one of the most relevant public health prob-
lems and a major cause of morbidity and mortality among poor peo-
ple in most developing countries of Latin America. Poor sanitary
conditions, coupled with migrations of rural populations to urban
zones have greatly contributed to the spread of the disease. Further-
more, it is beginning to be a health issue in non-endemic countries,
as a result of migration waves originating in infected areas.

Within the human body, the main targets of the disease include
the gastrointestinal tract and the nervous system. The evolution of
the disease is divided into two well-defined phases, with a ‘silent’
asymptomatic stage between them; an acute phase, where the para-
site can be identified in blood samples by direct examination, and a
chronic phase.

The acute phase is usually acquired during childhood; it is asymp-
tomatic, but nearly 5% of the patients develop organ damage and
some die. Without treatment, the infection evolves up to the chronic
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display chronic chagasic cardiomyopathy,? characterized by mega
viscera, arrhythmias, atrioventricular blockade, apical aneurysm, and
ventricular dysfunction, all of which end in heart failure. Stroke due
to pulmonary or cerebral embolism, sudden death, and heart failure
are the main causes of morbidity and mortality.*”

Currently, only two drugs are available to treat this disease, and
nifurtimox (Fig. 1) is one of them. The drug [Bayer 2502, (E)-3-
methyl-4-(((5-nitrofuran-2-yl)methylene) = amino)thiomorpholine
1,1-dioxide] was launched by Bayer in 1967;° however, 30 years
later, its production was discontinued due to lack of demand, but it
was soon resumed under the patronage of the WHO, as a repurposed
drug for treating late-stage African trypanosomiasis, as part of the
nifurtimox-eflornithine combination therapy.”* The needs for Latin
America were considered again in 2012.° Nifurtimox has been exam-
ined as a treatment for pediatric neuroblastoma'®!! and other pedi-
atric tumors,'? and has also been patented as a drug to treat cancer
and inhibit angiogenesis. >

Nifurtimox is marketed by Bayer in the form of tablets (Lampit), to
be administered for 90 days (acute infection) to 120 days (chronic
infection), at a level of three tablets every day. The efficacy of the
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Figure 1. Chemical structure of nifurtimox. The numbering of the compound is accord-
ing to Elguero et al.'*

treatment stems from the reduction in parasitemia and antibody
titers, while its expected benefit relates mainly to a reduction in the
incidence of chronic complications and death. The drug exhibits
many side effects and significant toxicity, such as gastrointestinal
disturbances followed by neurological symptoms (neurosensory dis-
orders, insomnia, memory disorders, and irritability),'> which chal-
lenge patient compliance.

Nifurtimox is recommended for both, acute and chronic phases,
but its efficacy has been mainly proven in terms of reducing parasite-
mias and antibody titers.'® The treatment efficacy for stopping the
progression of heart disease is still under debate. The expected bene-
fits of using the drug include a reduction in the incidence of chronic
complications and death.!”

Chemical Synthesis

The synthesis of nifurtimox (1), which inspired the preparation of
related compounds, has been reported in scientific'® and patent!? lit-
erature. In one of the synthetic sequences (Scheme 1), the patented
diol sulfide 4,° which may be obtained by the nucleophilic attack of
mercaptoethanol (2) on propylene oxide (3) with subsequent epox-
ide ring opening,?' is oxidized to the corresponding sulfone 5 with
hydrogen peroxide under acidic conditions provided by phosphoric
acid in a refluxing aqueous medium.?? Next, the sulfone intermediate
is cyclocondensed with tert-butoxycarbonylhydrazine or hydrazine,
under basic conditions, to provide the cyclic hydrazine derivative 6,
presumably resulting from substitution at the secondary alcohol level
and further dehydrative cyclization and hydrolysis of the tert-butoxy-
carbonyl moiety in the refluxing aqueous NaOH medium used for this
process.

To complete the synthesis, compound 6 is condensed with 5-
nitrofuran-2-carbaldehyde (nitrofurfural, 7) in refluxing ethanol, to
yield nifurtimox (1). Nitrofurfural may be obtained by direct nitra-
tion of furfural (8).>*?° In principle, the hydrazone can adopt the syn
and anti (Z and E, respectively) configurations; however, only the E-
configuration is observed in the product, presumably as a result of
steric interactions between the methyl group attached to the six-
member ring and the vinyl proton of the hydrazone moiety.
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Scheme 1. Reagents and conditions: a) BnMesN"HO~, 20°C, 10 min; b) H,0,, H3POy,
reflux; ¢) NaOH, ‘BuOC(O)NH-NH,, H,0, reflux or H,-NH,, NaOH, H,0; d) 4, EtOH,
reflux, 24 h; e) HNOs, H,S04 (cat.), Ac,0, 0°C, 1 h. For details on the different synthetic
steps and intermediates, see refs. 15-2°,
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Scheme 2. Preparation of **)S-mercaptoethanol as a precursor for radiolabelled
nifurtimox.”®

Differently radiolabeled versions of nifurtimox have been custom
synthesized and used for pharmacological studies. These included
nifurtimox-dg,?® [*H]nifurtimox®” and [3*S]nifurtimox.?® The prepa-
ration of [*°S]nifurtimox has been reported to proceed along these
lines, using [>°S] mercaptoethanol as starting material. Such com-
pound was synthesized by reduction of radiolabelled sodium sulfate
(Na,3°150,) to the corresponding sulfide (Na,>'S), further liberation
of the gaseous hydrogen sulfide (H,*°!S), and final hydrogen sulfide-
mediated ring opening of ethylene oxide (Scheme 2).

Analogues of Nifurtimox

Following an analogous synthetic approach, differently substi-
tuted thiomorpholines and related compounds were condensed with
7,%° resulting in a series of analogues with general structure 9. Fig. 2
displays some of the representative substitution patterns of the
resulting analogues.'®

Interestingly, the same condensation approach has been
employed in other contexts,*° including the preparation of other bio-
active hydrazones®! and by Enders et al.*? for the synthesis of valu-
able 2-furfurylhydrazones, useful as chiral auxiliaries for the
asymmetric synthesis of 3-substituted dihydro-2H-isoquinolin-1-
ones, dihydro- and tetrahydro-isoquinolines, in moderate to good
yields and high enantiomeric excesses (ee =85—99%). Formic acid in
benzene and even HCl have been employed as promoters, to facilitate
the reaction.

Chemical Degradation

A study on the chemical degradation of nifurtimox was disclosed
(Scheme 3), informing that treatment with sodium formate and
nitrous oxide under neutral aqueous conditions results in furan ring
opening and the formation of unsaturated nitrile 10.>> This comple-
ments electrolytic studies under non-aqueous conditions, using N,N-
dimethylacetamide as the solvent, resulting in hydroxylamine deriv-
ative 11 and then in the related amine 12.>4
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Figure 2. Substitution patterns of representative analogues of nifurtimox (9a-n).'®
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Scheme 3. Reagents and conditions: a) hv, HCO,Na, N,0, H,0, phosphate buffer, pH
7;%° b) electrolysis, MeCONMe,, 28°C; c) electrolysis, dimethylsulfoxide (DMSO), 28°C;
d) TiCls, HCI (titration).>*

Physical Data and Physicochemical Properties

Nifurtimox (CAS Reg. N° 23256-30-6) is a yellow to orange-
yellowish powdery crystalline and odorless solid, with a density of
1.483 g cm™3, as determined during its crystallographic study.' The
drug has a stereogenic centre, but it is currently marketed as a race-
mate, and there is unlikely to be any therapeutic benefit of a single
enantiomer over the racemic mixture.>® It has been shown that both
enantiomers are equivalent in their in vitro activity against a panel of
T. cruzi strains. In addition, they proved to be equivalent in their in
vivo pharmacokinetic properties and also in their efficacy in a murine
model of Chagas disease, as well as in their in vitro toxicity and
absorption, distribution, metabolism, and excretion characteristics.
The enantiomers have been separated by supercritical fluid chroma-
tography and recrystallization, and their absolute structure was
determined by X-ray diffraction.>®

The melting point of the drug was determined as 180-182°C.'®
The lipophilicity is moderate, with a distribution coefficient of 125:1
at pH 7.4 (log Dpy 7.4 = 2.1).>> Nifurtimox is a weak base at physiologi-
cal pH, with a very low pK,=0.34.% According to the International
Pharmacopeia,®” nifurtimox is easily soluble in dimethylformamide,
poorly soluble in dioxane and chloroform, and practically insoluble in
diethyl ether and water. The drug has an equilibrium aqueous solu-
bility in the range of 50-100 g mL~'>* or even as low as 10 ug
mL~"%%; its minimum solubility was estimated to take place at
pH=32°

The available data regarding the logarithm of its Octanol:H,0
partition coefficient (log P) are widely divergent. This parameter
has been determined under different conditions and it has been
informed to be 0.04,°%® but also in the range from -0.27 to
-0.25.2940 Other authors have determined the octanol-saline par-
tition coefficient for [*H]nifurtimox as 5.46 + 0.03 (log P=0.74).%’
Using [>H]nifurtimox, the same group found that 6.2 + 1.4% of
the drug is bound to bovine serum albumin in artificial plasma,
whereas approximately 38.9 + 0.5% of nifurtimox was bound to
albumin protein in human plasma.
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Scheme 4. Proposed mechanism for the electrochemical reduction of nifurtimox in
DMF-H,0.3*

Analytical Characterization of Nifurtimox

Polarography

The electrochemical behavior of nifurtimox was studied in N,N-
dimethylformamide (DMF)-H,0,>* at 28°C, using direct polarography
with a Pt auxiliary electrode. Under acid conditions (pH 1-4) nifurti-
mox gives rise to four peaks; however, peaks 3 and 4 coalesce at pH
4, whereas peak 2 disappears and only two peaks are visible above
pH 4. The 4-electron process of reduction of the nitro group to the
related hydroxylamine 11 (Scheme 4) is the only peak observed
across the whole range of pH employed (Peak 1), where the potential
changed from -0.07 V at pH 2 to -0.68 V at pH 10.

The subsequent step, which entails the reduction of the proton-
ated hydroxylamine 11a to the related amine 12, is a two-electron
process, related to Peak 2. On the other hand, Peaks 3 and 4 represent
the reductive fission of the oxime N-N bond of the hydroxylamine to
afford furylimine 13 and thiomorpholine 14 and further reduction of
the imine derivative 13 to the related amine 15.

Cyclic Voltammetry

The electrochemical production and further reactions of the nitro
radical anion have been the target of studies on several pharmacolog-
ically active compounds, including nifurtimox (Table 1).*! Cyclic

Table 1

Cyclic voltammetric parameters of nifurtimox vs. saturated calomel electrode in different solvents.*
Solvent Epe1 (mV) Epa1 (mV) AE (mV) ipa/ipc Epcz (mV)
Citrate buffer (102 M, pH 10.5) + DMF (60:40, v/v)* —640 -580 60 ~ 990 -940
DMSO +0.1M TBAP (scan rate: 2V s~')* -900 -810 90 910
Acetonitrile (ACN) + 0.1 M Et,NBF,* -950 —-885 65
ACN +0.55M H,0** -910 -835 75 -1180
H,0* -960 —-895 65 —1465
DMSQ*>+4° -910 -850 60 1010 —1600
DMF"’ -890 -840 50 830 —1300

3 Sweeprate: 20mV s~
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voltammetric studies of the drug indicated that the reduction mecha-
nism depends significantly on the nature of the supporting electro-
lyte and solvent system used. In a protic medium (0.2 M phosphate
buffer, pH 7.4), a single irreversible reduction process was observed
(Epc =-0.59 V), with no waves on the reverse sweep, even at a scan
rate of 5 V s~ 1. This was assigned to the reduction of the drug up to
the hydroxylamine stage (R-NO, + 4H" + 4 e~ — R-NHOH + H,0).4>%3

At more positive potentials, an anodic peak was observed (Ep, = -
0.24 V), compatible with the oxidation of the hydroxylamine (R-
NHOH - 2e~ — R-NO+2H") and confirmed by the observation of a
reduction peak at Ep. =-0.27 V in a second sweep.

The addition of DMF or acetonitrile to an aqueous buffer modified
the profile of the voltammograms. When formation of the nitro radi-
cal anion of the drug and its kinetic stability were studied in 1 mM
solutions of the drug in a mixture (60:40, v/v) of aqueous citrate
buffer (pH 10.5) and DMF, the initial irreversible four-electron reduc-
tion was observed as two separated stages. The formation of the nitro
radical anion (R-NO,+1 e~ — R-NO,*) and the hydroxylamine (R-
NO,*+4H"+3 e~ — R-NHOH +H,0) were clearly observed. In the
case of the first stage, analysis of the CV response as a function of the
scan rate (0.05-5.0 V s™') and content of DMF gave information on
the stability of the radical anion. It was found that the nitro radical
anion was more stable at higher concentrations of DMF and that the
forward chemical decomposition reaction of the nitro radical anion
follows a second-order kinetics with a stability constant of 954 M~!
s~! and a half-life of 1.05 .

It was also found that in a mixture (60:40, v/v) of 15 mM aqueous
citrate buffer pH 9 and DMF, which included 0.3 M KCl and 0.1 M
TBAI, nifurtimox displayed a cathodic peak potential (Ep.=-630 mV)
for the nitro radical anion and a second order decay constant
k;=053x1072 M~! s! with a half-lifetime of 3.77 s for its
decomposition.*®

On the other hand, the E'; values are parameters that account for
the energy necessary to transfer the first electron to an electroactive
group at pH 7 in an aqueous medium, to form a radical anion. Accord-
ingly, pulse radiolysis data reveal that nifurtimox has an E';=-
260 mV with a second order decay constant (k,) of 1.0 x 1076 M~!
s~1.%9 This was in good agreement with the calculated value (E'; =-
257 mV) from cyclic voltammetry data. Interestingly, these results
for nifurtimox could be correlated with those obtained for several
analogous nitroaryl compounds and they could also be related to
their biological activity against T. cruzi.

On the other hand, the group of Cerecetto studied the electro-
chemistry of 0.1 M solutions of nifurtimox and related compounds in
DMSO and DMF containing TBAP (~10~2 M), using cyclic voltamme-
try three-electrode cells.’® The latter contained a mercury dropping
electrode as the working electrode, a platinum wire as the auxiliary
electrode, and saturated calomel as the reference electrode.

Density functional theory calculations were performed on nifurti-
mox and a couple of related compounds. The studies were carried
out on their neutral and radical species and used to rationalize the
reduction potentials of these compounds.®’ The molecular properties
determined were the energies of the Highest Occupied Molecular
Orbital (Egomo =-5.72 eV), which when subtracted from the energy
of the Lowest Unoccupied Molecular Orbital (E ymo) yields the energy
of the gap (Ecap = ELumo - Enomo =-1.73 eV). It was found that the NO,
moiety is the more electrophilic part of the molecule and that the
LUMO is localized in the NO, group.

The authors concluded that the electrochemical reductions
occur in the nitro group because it is the most susceptible moiety
to nucleophilic attack. In addition the ability of the compounds to
reduce species was in agreement with their values of Egap and
Enomo and with the experimental data for their in vitro trypanoci-
dal activity on trypomastigotes and antriproliferative activity on
epimastigotes.

Nifurtimox showed two well-defined reduction waves. The first
wave corresponds to a reversible one-electron transfer, while the
reverse scan displayed the anodic counterpart of the reduction
waves. The breadth of the cathodic waves at their half intensity dis-
played a value of 55 + 5 mV, and the intensity ratio ip,/ip. had a value
of 920 + 90 mV, which is typical of a pure electrochemical quasi-
reversible mechanism.

According to the standard reversibility criteria, this couple corre-
sponds to a reversible diffusion-controlled one-electron transfer
without adsorption interference, attributable to the reduction of the
nitro group to the corresponding stable radical anion. The second
cathodic peak proved to be irreversible at all sweep rates (50-
1000 mV s~ ') and was related to the generation of the hydroxyl-
amine derivative.

The group of Sanchez-Urban*® studied the voltammetric behavior
of nifurtimox in the presence of biomolecules and glutathione. In the
presence of biomolecules, two reduction signals are observed in
aprotic medium, corresponding to the reversible formation of the
nitro radical anion and its further reduction to the hydroxylamine, by
a three electrons and four protons process. The addition of glutathi-
one (0.4 - 1.6 mM) to 1 mM nifurtimox in 0.1 M ACN-Et4NBEF, as elec-
trolytic medium, did not affect the first electro-reduction wave;
however, when a glassy carbon electrode (3 mm?) was used along
with a scan rate of 0.1 V s~!, the second electron-transfer became
strongly modified.

Summarizing, the cyclic voltammetry studies enabled to acquire a
better understanding of the redox properties of the drug and its
behavior in the organism, including its interaction with enzymes of
the metabolism and its reduction mechanism. It also facilitated the
development of electrochemical analytical methods for the determi-
nation of the drug.

Ultraviolet-Visible Spectroscopy

In water solutions, nifurtimox displays two maxima in the UV-Vis
region, at about 275 nm and 400 nm (¢=15000 L mol~! cm™!), and
two minima at about 219 and 321 nm (Fig. 3).>*°? Some of them,
such as the first minimum and the second maximum have been
selected as detection wavelengths in HPLC-based analytical method-
ologies for the drug.

Electron Spin Resonance Spectroscopy

ESR spectra of the electrogenerated nitro radical anion of nifurti-
mox were acquired at —1.2 V vs Fc*/Fc during the study of its
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Figure 3. UV-Vis spectrum of nifurtimox in water, in the range 200-800 nm. The spec-
trum was taken by the authors and is in agreement with those of refs.>*°2,
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Table 2

Assignment of signals of the 'H, 13C and 2D NMR spectra of nifurtimox in CDCls.*
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S,
O:N+ 8 (6]
\ 17 9 10
(o} Me

Position” THNMR (8, ppm; J, Hz) 13CNMR cosy HMBC HSQC

2 - 1514 - - -

3 7.38,d,1H,J=36 1139 H4 C2,4,C5 «]

4 6.74,d,1H,J=3.6 1089 H3 €2,03,C5 ca

5 - 1540 - - -

64 7.46,5,1H 125.0 H13 €a,C5 c6

9* 4.10,ddq, 1H,J=6.9,9.9 and 13.9 578 H10, H17 - c9

10a 2.95,dd, 1H,/=9.9 and 13.9 56.5 H9 c17 c10

10e 3.06, dt, 1H,J=3.0 and 13.9

12a 3.16,ddd, 1H,J=3.6,11.7 and 14.1 454 H13 C9 c12

12e 2.85-2.93,m, TH

13* 425,dt, 1H,J=15.6,3.6 436 H12 c12 c13
3.79,ddd, 1H,J=2.7,11.7 and 15.6 H6 9

17 1.54,d,3H,J=69 177 H10, H9 C10,C9 c17

3 Data (300 MHz) were acquired and assigned by the authors; the chemical shifts and their assignments are in agreement with those provided by Elguero et al.'*
b The resonances marked with an asterisk (*) exhibit strong NOE enhancement of the signal marked as “#".

interaction with triolein, to examine the influence of molecules that
mimic cellular membranes on the radical anion. The width of the sig-
nal was analyzed because this parameter is related to the electronic
spin density of the radical anion and is directly proportional to the
increase in the concentration of triolein in solution. The enlargement
in the width of the signal suggests that nifurtimox has additional pla-
ces where it shares its electronic spin density, meaning that it could
be a direct interaction between the nitro radical anion and triolein.

A concomitant UV-vis analysis of the nitro radical anion - triolein
system revealed that absorption bands located at 360, 500, and
550 nm, which are associated with the former component, disap-
peared upon the addition of 0.025 mM triolein, indicating a strong
interaction between these species. The spectroelectrochemical cell
included a Pt mesh (~ 0.2 cm?) working electrode, a Pt wire (2.5 cm?)
as the counter electrode, and a Ag/Ag* (0.01 M AgNOs + 0.1 M TBAP in
ACN) reference electrode.

Nuclear Magnetic Resonance Spectroscopy

Elguero et al. published the NMR chemical shift data of nifurtimox
in CDCl3 (Table 2). The more recent addition of 2D spectra (COSY,
HMBC and HSQC) provided additional insights and an unequivocal
assignment of all signals. On the other hand, Holtzer used nuclear
Overhauser effect (NOE) data to confirm the stereochemistry of the
drug in solution.”® The E-configuration was unambiguously assigned
based on the observation of a strong NOE enhancement on the singlet
signal of the iminyl-CH moiety (N=CH) upon irradiation of the mul-
tiplets assigned to NCH; and NCH of the thiomorpholine moiety.

The absence of long-range proton-proton couplings of H4 (%]) and
H3 (%)) with H6 suggested that their solution conformation is s-cis,
consistent with that of furfural in polar solvents such as DMS0O.>#5°

Single Crystal X-Ray Diffractometry

The group of Elguero reported the X-ray diffraction data of nifurti-
mox, acquired using CuK, radiation (1=1.54188 A).'* They informed
that the crystal phase has two crystallographically independent mol-
ecules, with slightly different bond lengths and bond angles (Cam-
bridge Crystallographic Data Centre deposition N° 1182040; database
identifier: JAHPEN). Both molecules are present in an s-trans confor-
mation about C5-C6, which has a bond length of 1.44 A and some
double bond character due to resonance (Scheme 5).

o

Scheme 5. Some resonance forms of nifurtimox.'*

The resonant forms 1a<1b explain the observed planarity of
nifurtimox, resulting from dihedral angles 01-C5-C6-N7 of 184.2 and
180.9° for both conformers of the unit cell. Because the barriers to
syn/anti isomerization in hydrazones are too high, it can be antici-
pated that solutions of nifurtimox will keep the s-trans configuration,
as confirmed by NMR analysis.

On the other hand, the diffraction data confirmed that the methyl
group is equatorial and that the thiazine ring takes a chair-like shape.
Additional characteristics of the crystal phase are shown in Table 3.
To date, except for the very recent characterization of an amorphous
phase,*® no other solid-state forms of the drug (including structural
polymorphs and solvates) have been reported. The latter publication
contains detailed analyses of the spectroscopic (solid-state NMR, mid
and near-infrared) and thermal (differential scanning calorimetry,
thermogravimetry) characteristics of the crystalline and amorphous
phases, along with hot stage microscopy, powder X-ray diffractome-
try, and functional (solubility, dissolution) information.

Analytical Determination of Nifurtimox

Polarography

The development of polarographic methods for the determination
of nifurtimox was based on the redox properties of the nitro moiety
attached to the furan ring. Chronologically, the reports of these meth-
ods preceded the development of simpler spectrophotometric alter-
natives. As part of their study on the drug, Squella et al. developed a
polarographic method for the determination of nifurtimox in syn-
thetic samples and commercial tablets. The recovery rates were 99.2
+ 1.8% and 99.6 + 1.9%, respectively.®’

In vivo, nitrofuran derivatives are generally metabolized to their
corresponding amines via nitroso and hydroxylamine intermediates.
However, in the polarographic experiment, the reduction of the
nitroso group to hydroxylamine occurs at a more positive potential
than the reduction of the nitro group, so the reduction is not
detected. This polarographic method could be used in metabolic
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Table 3

Crystal parameters of nifurtimox at room temperature, as informed by Elguero et al.'*
Parameter (units) Value Parameter (units) Value
Chemical formula Cy0H13N30,S Crystal dimensions (mm) 0.27/0.27/0.30
Formula weigth 287.29 o (%) 92.890(4)
Crystal color Yellow B() 104.974(3)
Space group P1 y (%) 80.185(4)
a(A) 11.491 5(5) V(A®) 1286.3(1)
b(A) 13.191 9(6) 8 calc. (g cm—3) 1.483
c(A) 8.9143(3) u(cm™) 24.07

Table 4

Colorimetric methods for the determination of nifurtimox.”
Method Parameter A B C D E F G
Substrate Nifurtimox Nifurtimox Nifurtimox  Reduction product Hydrolysis product  Nifurtimox Nifurtimox

Color reagent system Direct Spectro-photometry Direct Spectro- Direct

3-Methyl-2-benzothiazolinone 2-Thiobarbituric acid NBS,

Chloramine T

photometry Spectro- hydrazone Metol - isonicotinic Gallocyanine
photometry FeCls acid hydrazide

Sample Urine Plasma, Plasma Drug Drug Drug Drug
type Organs formulations formulations formulations formulations
Range 0.5-10 1-20 1.77-10 2.5-10 2.5-30 1.25-7.5 0.8-5.6
(ngmL ™) (LOQ=1.77)
Recovery ~80 90 92.8-96.8 99.2-100.9 99.2-100.9 99.2-100.9 99.8-102.1
(%)
E x 10° 0.58 8.5 5.86 21.8 21.55
(Lmol~'em™)
Sandell’s sensitivity 0.033 0.049 0.013
(g cm? 10° AU)
RSD 414 0.72 0.29 0.84 0.87
(%) (n=21) (n=6) (n=6) (n=6) (n=6)
Wavelength 400 400 400 620 530 620 540
(nm)
Waiting period (min) 0 0 0 <5 <60 5-20 25-40

3 For details of the different methods, see refs. °® (Methods A and B), 59 (Method C), 60 (Methods D-F) and 69 (Method G).

studies as a means to monitor the hydroxylamine intermediate
simultaneously with the parent compound.

Differential pulse polarograms acquired at 6.0 demonstrated
method specificity and selectivity, separating the nitro peak (selected
for quantitative studies) from the azomethine peak. The peak current
is linearly dependent on the temperature (0.38°C~'), with the square
root of the mercury height column and the nifurtimox concentration
(range 1077=10"* M), in agreement with a diffusion-controlled
process.

Spectroscopic Methods in the UV-Vis Region

Medenwald et al. developed the first direct spectrophotometric
method (Table 4, Method A) for the determination of nifurtimox,
using urine samples.”® The procedure entailed the extraction of the
sample with toluene, followed by evaporation of the organic solvent,
redissolution of the residue in acetone, and finally a spectrophoto-
metric determination at 400 nm. The valid linear range is 0.5-10 ug
mL~!, where drug recovery is ~80% and absorbance readings result-
ing from a 5 g mL™! solution are ~0.75.

The same group reported an alternative method for plasma sam-
ples (Method B), where MeOH was employed for deproteination, and
after evaporating the solvent, the residue was dissolved in acetone
and passed through a silica gel column, eluting with acetone. The
absorbance of a concentrated sample of the eluate was determined at
400 nm and the concentration of the drug was obtained by interpola-
tion of a calibration curve. The sensitivity of the method was deter-
mined to be 0.5 ;g mL~! and drug recovery was 90%. The apparent
E1%1cm Was 580 and the method proved to be useful for plasma con-
centrations of nifurtimox in the range of 1-20 g mL™!. The method
can also be used for organ samples (liver, kidneys, spleen, and brain),
despite the higher blanks and lower sensitivity. However, one of its

drawbacks is that the silica gel column and the calibration curve can
only be used once.

The group of Bulffer developed and validated an alternative direct
spectrophotometric method®® for the determination of nifurtimox
and benznidazole in plasma samples (Table 4). During the procedure
(Method C), the organics were extracted by passage through an
Extrelut column. The extract was evaporated and the residue was
redissolved in MeOH:H,0; finally, its absorbance was recorded at
400 nm, and the results were compared against a standard solution
of the drug. This method was applied to plasma samples obtained
from rats, to which a high dose of the drug was administered. The
method requires 1 mL of blood and some of the validation parame-
ters, such as accuracy, precision, and limit of quantification, are less
satisfactory than the indirect spectrophotometric methods based on
the generation of alternative chromophores.

Sastry et al. reported four simple and sensitive spectrophotomet-
ric methods for the determination of nifurtimox, suitable for their
application on bulk drug and tablet formulations.® One of these
approaches (Method D) is based on the formation of a colored species
when the furfurylamine derivative 12 (Scheme 6) is treated with the
3-methyl-2-benzothiazolinone hydrazone (MBTH, 16)/ferric chloride
reagent system.®!

In this process, based on the method described by Sawicki,
MBTH is oxidized to the related charged 17 and 17a (resonant spe-
cies), which in turn can participate in an electrophilic aromatic sub-
stitution on the electron-rich furan ring of 12 to give the colored
product 18. The reduced species 12 is conveniently obtained by a
Zinc/HCl-mediated reduction of the active pharmaceutical ingredient
(API).

In a second alternative (Method E),°° nifurtimox is hydrolyzed
under acidic conditions to furnish the aldehyde 7 and the substituted
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Scheme 6. Colorimetric determination of nifurtimox under oxidizing conditions. Reac-
tion with MBTH (16) and Fe(111).5%"
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Scheme 7. Colorimetric determination of nifurtimox by hydrolysis qnq reaction of the
resulting 5-nitro-2-furfuraldehyde 7 with thiobarbituric acid (19).5%:64-5¢

hydrazine 6,°*> which upon exposure to 2-thiobarbituric acid (TBA,
19) in an HCI-AcOH-H,0 medium affords the colored species 20
(Scheme 7).%° The latter is determined at 530 nm (& =5860 L mol "
cm™ ).

On the other hand, the third method (Method F)°° entails a two-
stage scheme where the API is first made to react with excess N-bro-
mosuccinimide (NBS, 21), resulting in succinimide (22) which does
not interfere. Then, the remainder of the oxidant is reduced with
metol (23), which becomes converted into the related quinone-imine
(PMBQMI) 24 (Scheme 8). In turn, the latter is exposed to isonicotinic
acid hydrazide (INH, 25), affording the colored complex 26, which is

21, NBS 22, Succinimide

Me
-HBr / O@:N,

24, PMBQMI

/i 0™, AR CONH;
N H———— N
\\_1:/>_<N—N/ 25, INH Q
1= ! \ P
TN_H __-H HO o* nE!
- |
OH Cl Et

26 27, Celestine Blue

Scheme 8. Colorimetric determination of nifurtimox. Chemical basis of the quantita-
tion of excess NBS (21), through the reaction with metol (23) and complexation of the
resulting oxidation product (PMBQMI, 24) with INH (25). The excess of NBS can also be
determined with the Celestine Blue dye.®”%®

Me
S//O Na*
or CO,H N OH H COH
29, Chloramine T Cr
X, ~
Me\l}l o* oH Me N o OH
Me OH Me OH
28, Gallocyanine 30

Scheme 9. Quantitation of nifurtimox with Chloramine T (29) as oxidant. Determina-
tion of the excess of oxidant with Gallocyanine (28).%

determined at 620 nm (¢=21800 L mol~! cm™!). Most probably
mr-stacking between the quinone ring systems and the pyridine moi-
ety takes place, favored by hydrogen bonding, whereas the genera-
tion of a charge transfer complex contributes to the color.” The
method requires close control of the pH and the so-formed charge-
transfer complex is slightly unstable.

An alternative procedure involves the addition of a known excess
of NBS to the sample, in the presence of 0.25M HCl and the determi-
nation of the unreacted NBS by measuring the decrease in the absor-
bance of the dye Celestine Blue (27), at Amax =540 nm (¢=108000 L
mol~' cm™1).°® The method is useful for pharmaceutical formula-
tions. It was found that time spans of 5-20 min for the first reaction
and 2-30 min for the second stage gives the best sensitivity (Sandell’s
sensitivity =2.67 x 10~ ug cm? 10° AU).

The method was applied for the the drug content determination
test in pharmaceutical formulations at the microgram level (0.2-5 ug
mL~"), with low standard deviations (RSD=0.17%, n=6) and high
recoveries (99.8-101.1%). These methods were free from interfer-
ences of the tablet matrix, including excipients such as starch, lactose,
talc and magnesium stearate.

The fourth indirect photometric method developed by the same
group (Method G)®° involves the addition to the sample of excess
chloramine T (29) as an oxidant (Scheme 9), in the presence of 0.25M
HCl, and the determination of the unreacted oxidant by measuring
the decrease in the absorbance of Gallocyanine (28) at 540 nm. The
dye undergoes bleaching in the presence of the HCIO generated from
the Chloramine T, since this reactive halogen compound may cause
ring oxidation to a colorless species, such as 30.

Chromatographic Methods

Medenwald et al. reported a bidimensional TLC method for the
determination of the drug® in body fluids (serum, urine). Preparation
of the samples involves extraction with EtOAc followed by solvent
evaporation, partition of the residue between ligroin and acetonitrile
and final partition of the acetonitrile phase residue between water
and benzene. The residue of the benzene phase was then dissolved in
MeOH and applied to a TLC plate.

The samples were eluted with CHCl; (Rg=0.3-0.4) in the first
dimension, whereas EtOAc (R¢=0.7-0.8) was employed for the second
dimension. Nifurtimox is recognized by its yellow color. Co-chroma-
tography with a standard of the drug was employed for its unequivo-
cal identification. For quantitation purposes, the spot containing
nifurtimox was scratched off the plate and taken in DMF-pyridine;
the silica gel was separated by centrifugation, and the content of the
drug was determined spectrophotometrically at 410 nm.

The method is rather laborious and requires 10 mL plasma
samples, which are extracted with a total of 40 mL EtOAc; it is
useful in the range of 0.5-10 ug mL~! with LOD=0.1-0.2 g mL™!
and has a drug recovery of 80% for standard additions in the range
of 5-50 pug mL~!. The apparent Ei4icm was 600. The authors
reported that the addition of a drop of 2% KOEt in EtOH to the
DMF-pyridine solution yielded an intense but unstable blue color
(Amax= 605 nm, Eqy1cm = 600), which is less satisfactory for quanti-
tative determinations.
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Table 5
HPLC-based analytical determination of nifurtimox in biological samples.*
Parameter/Method A B C D E
Internal standard Nitrofurazone 30 ;g mL~! in Carbamazepine 250 ug - - Nifurtimox-dg
H,0 mL~! in DMSO
Column PBondapak RP-18 ODS Hypersil Eclipse Luna C8(2)
Part. Size (;um) C18 5 5 XDB-C18 5
ID x 1 (mm) 10 4.6 x 125 2.1 x 200 5 2 x50
3.9 x 150 4.6 x 250
Mobile phase MeOH-phosphate MeOH- 400 nm: MeOH:H,0 MeOH-25 mM phosphate  A: 2 mM NH4OAc buffer,
buffer phosphate (60:40, v/v) buffer (pH 3 with HCO,H)
pH7.0 buffer pH 7.0 215 nm: 25 mM KH,PO,4 pH 2.7 B: MeOH
(50:50, v/v) (50:50, v/v) (pH2.5) (58:42, v/v)
Mode Isocratic Isocratic Isocratic Isocratic Gradient
%B (min):
10% (0.5)
70% (0.6-2.7)
90% (2.8-3.7)
re-equilibration 10%
(3.8-5.5)
Detector wavelength 400 270 400 395 Standard triple quadru-
(nm) 215 pole tandem mass
spectrometer
t/t; of IS 2/3 2.8/6.2 3.75 5.4/- 3.5/3.5
(min)
LOD/LOQ 77.0/- 15.7/47.2 10
(ngmL™1)
Sample Plasma Tissue (cytosol), urine Plasma Plasma (dog)
Loop volume or sample size (uL) 1 5 50
Reproducibility Intraday: 5% Intraday: 0.76-1.79 Intraday:
(CV, %) 3.5(n=10) at15 ugmL™! Interday: 1.02-2.13 at 1.3-95
at 0.500 jug mL~! 5-10 ug mL~! Interday:
Interday: 4 2.6-10.1 at
(n=10) 0.01-10 ug mL™!
Accuracy, Bias (%) -14--23 +6-+13
Recovery (%) 90.6 96.8-98.1 98.4-101
Selectivity No plasma peaks as Negligible
interferents
Linear range 0.077-2.3 0.078-0.91 0.01-5
(ngmL)
Flow rate 1.0 0.2 1.0 04
(mL min~1)

3 For details of the methods, see Refs. 7° (Method A), 2° (Method B), 7> (Method C), ”* (Method D) and 7' (Method E).

Paulos et al. disclosed the first convenient and sensitive approach
for the chromatographic analysis of nifurtimox in human serum sam-
ples using RP-HPLC and UV detection (Table 5). In their approach
(Method A),”° the deproteinization was performed by precipitation
with HClO,, followed by separation of the liquid phase and addition
of NaOH. Then, nifurtimox and nitrofurazone (internal standard)
were extracted with CH,Cl,, the organic phase was concentrated, and
after solvent exchange, the HPLC analysis was carried out. Other
methods use carbamazepine (Method B) and nifurtimox-dg (Method
E) as internal standards.

In the latter case, the stable isotope dilution technique was used, a
triple quadrupole tandem mass spectrometer was employed as
detector [Nifurtimox (m/z): parent ion (Q1) 288.3; product (Q3):
148.0; Nifurtimox-dg (m/z): parent ion (Q1) 296.3; product (Q3):
156.2;] and elution was in the gradient mode.”! This HPLC/MS/MS
method enabled the sensitive determination of nifurtimox down to
0.010 g mL™" in deproteinized plasma samples in a concentration
range 0.01-5.0 pug mL~!, with great interassay accuracy (Recov-
ery = 98.4-101%) and precision (CV =2.61-10.1%).

A useful method which does not use an internal standard has been
reported by the group of Castro’?> and it was further improved
(Method C) to detect the unchanged drug excreted in urine along
with two more polar metabolites which the authors were unable to
identify. A variation of these methods was reported for the determi-
nation of the distribution of nifurtimox across the healthy and try-
panosome-infected murine blood-brain and blood-cerebrospinal
fluid barriers with radioactivity detection.?’

The method was applied to blood and brain membrane homoge-
nates. To this end, a 100-uL aliquot of the sample containing [H]
nifurtimox was injected into a 4.1 x 250 mm PRP-X300 column
(7 uwm) and eluted with MeOH:H,0 (60:40, v/v) at a flow rate of
0.3 mL min~!. The column eluent was mixed with a scintillation fluid
(1:3 v/v) in a radioactive detector, to perform real-time radioactivity
analysis.

Method D, which does not require an internal standard, involves
an alternative sample preparation process, based on an ionic liquid
dispersive liquid-liquid microextraction (DLLME) with 1-octyl- 3-
methylimidazolium hexafluorphosphate as ionic liquid in MeOH as
disperser and KClI as salt.”® Due to the presence of matrix effects, the
uncommon standard addition approach had to be used for quantifica-
tion. Improvements in the sample preparation were also disclosed,
and the method was extended to milk samples.”>’% Under the opti-
mum working conditions, the average recovery was 89.7%, the LOD
was 0.09 pg/mL and the inter-day reproducibility was 5.77%. The
proposed methodology was considered sensitive, simple, robust,
accurate, and green.

Chiral Separations

Chromatographic Methodologies

The enantiomers of nifurtimox have been separated by supercriti-
cal fluid chromatography®® and the group of Chankvetadze per-
formed analytical separations of different drugs, including
nifurtimox, employing chromatographic (Tables 6 and 7) and
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Table 6
Chiral HPLC separation of the enantiomers of nifurtimox bulk drug employing different columns and mobile phases.””
Column Mobile phase k' k> o Rs
Chiralcel-0J Cellulose (tris 4-methylbenzoate) MeOH 1.53 2.25 1.57 1.0
Chiralcel-OD Cellulose tris(3,5-dimethylphenyl carbamate) MeOH 0.68 0.74 1.08 -
Chiralpak-AD Amylose tris(3,5-dimethylphenyl carbamate) MeOH 3.35 4.09 1.22 1.5
Chiralpak-AD ACN 0.10 0.22 2.20 12
CDCPC Cellulose tris(3,5-dichlorophenyl carbamate) MeOH 1.21 1.21 1.00 1.0
Table 7
Enantioseparation of nifurtimox bulk drug using Chiralcel OD? coated on silica gel.”®
Mode® Amount of chiral selector (% w/w) k't o N; N, Rs
CLC 2 - 1.00 3404 3404 -
5 0.07 2.02 10233 10285 1.58
10 0.13 2.03 9153 8535 2.69
20 0.25 1.90 10909 11158 5.62
CEC 2 0.02 1.72 22673 22977 0.62
5 0.06 2.13 27636 31001 2.47
10 0.19 1.68 32317 28623 4.60
20 0.31 1.70 20876 2045 4.10

¢ Chiralcel OD is cellulose tris(3,5-dimethylphenylcarbamate).

b CLC: Capillary liquid chromatography; CEC: nonaqueous capillary electrochromatography (CEC).

electrophoretic methods (Table 7). The enantiomers of nifurtimox
have been submitted to chiral HPLC with different columns, Chankve-
tadze et al. reported the use of 250 x 4.6 mm Chiralcel-O]J, Chiralcel-
0D, and Chiralpak-AD columns, in the polar organic mode, using
MeOH or acetonitrile as mobile phases. Pure polar organic eluents
offer some advantages, including alternative chiral recognition mech-
anisms, higher solubility of some analytes, low cost, and ease of
removal. The runs were performed at a flow rate of 1 mL min~' and
detection of the analytes was performed at 254 nm.””

In comparison with the phenylcarbamate derivatives of polysac-
charides, the phenylester type column was less efficient when pure
MeOH was used as the mobile phase. The separation factors of nifur-
timox were rather high but low peak efficiency did not enable the
observation of a baseline enantioseparation. No baseline separation
was achieved with the Chiralcel OD column either, although MeOH
appeared to perform better than acetonitrile. The Chiralpak-AD col-
umn, which contains the same phenylcarbamate moiety as Chiralcel-
OD but attached to an amylose backbone, exhibited a rather high
enantiomer resolving ability compared to its cellulosic analogue,
with MeOH as the most discriminating solvent.

Electrophoretic Methodologies

In the case of the electrophoretic methodologies (Table 7), enan-
tioseparations employing nonaqueous capillary liquid chromatogra-
phy and capillary electrochromatography using cellulose tris(3,5-
dimethylphenylcarbamate) as chiral stationary phase (Chiralcel OD)
were reported.”® The effects of chiral selector loading on the silica
gel, the particle size of the latter, the nature of the organic solvent,
and the electrolyte salts on the separation characteristics were
investigated.

It was found that the chiral selector loading onto silica gel is very
significant for the enantioseparation characteristics, affecting the
number of theoretical plates, as well as the resolution between peaks,
their retention factors, and selectivity. It was also detected a decreas-
ing EOF when the particle diameter was increased from 5 to 12 pum,
that alcohols (EtOH and MeOH) and ACN are suitable non-aqueous
solvents and that the plate numbers observed in methanol-Tris and
methanol-ammonium acetate were comparable to each other.

In addition, it was observed that CEC had significant advantages
over CLC, including better tolerance to higher linear flow rates and a
higher plate number at similar linear flow rates of the mobile phase.

Drug Likeliness of Nifurtimox

After observing that most orally administered drugs are active if
they are small molecules of moderate lipophilicity, Lipinsky proposed
his seminal “rule of five”, to measure drug likeliness of a compound
for oral delivery, indicating that to be active a drug should have a
molecular mass below 500 daltons, a log P below 5, and be able to
form hydrogen bonds through no more than five hydrogen bond
donors (N-H, O-H) and no more than 10 hydrogen bond acceptors (N
and 0).”? Nifurtimox complies with all four criteria: it has a molecular
weight of 287.30, whereas its log P was determined as 0.04°¢ and cal-
culated (clog P) as 1.173;% furthermore, it has 4 hydrogen bond
acceptors, and no hydrogen bond donors.

On the other hand, Veber et al.®' also studied the oral druggable
space, by examining the molecular properties that influence the oral
bioavailability of drug candidates. They observed that for proper oral
bioavailability, the compounds must have no more than 10 rotatable
bonds and a polar surface area below 140 A2, Nifurtimox complies
with both criteria; its polar surface area is 117 A? and it has only
three rotatable bonds.

The monograph of Nifurtimox in the International Pharmacopeia

The International Pharmacopeia is the only widely known com-
pendium that carries a nifurtimox monograph.>’#? The latter speci-
fies identity and purity tests, as well as an assay. Accordingly, the
identity of the drug can be determined by examining its mid-infrared
spectrum against a spectrum of the reference substance or a refer-
ence spectrum. Alternatively, it should comply with several tests.
One of these includes a color reaction test based on the complexation
reaction with CuSO4/pyridine in DMF-H,0; this should afford a dark
green color, which remains in the aqueous phase when the reaction
mixture is diluted with CHCl;. Additionally, the drug should pass a
classical silica gel TLC-based identity test against a standard of the
drug. The mobile phase is an EtOAc:hexane solvent mixture (1:1, v/
v), and the spots are detected by exposure of the plate to short-wave-
length UV-light (254 nm).

The purity tests include the determinations of the melting point
(176-178°C), sulfated ashes (limit: 0.1%) and loss drying (limit: 0.5%
after drying at 105°C until constant weight), along with a TLC run. In
the latter, the limit of individual impurities is set to 2%, specifying
that any secondary spot generated from the sample should not be
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more intense than the principal spot originated from a suitably
diluted sample. The TLC-plate of the purity test should also be used
for identification; to that end, a third lane containing the standard of
the drug is included in the run.

Finally, the assay consists in a classical titanometry, where the
sample dissolved in a dimethylformamide:ethanol (4:1, v/v) mixture,
is acidified with HCl and exposed to excess standardized TiCl3 (Eq. 1),
back-titrating the excess of titrant with a standardized solution of
Mohr's salt [FeNH4(SO,),]. The latter becomes reduced to ferrous ion
(Eq. 2), and potassium thiocyanate (KSCN), which is capable of form-
ing a deep red complex with Fe(lll) species (Eq. 3),%> was employed
as the color indicator.

R —NO, + 6TiCl; + 6HCl — 6TiCl, + RNH, + 2H,0 1)
T1Cl3 + FENH4(SO4)2 — TiCly + FeSO, + (NH4)ZSO4 (2)
Fet> + nSCN~ — Fe(H0),_n(SCN)*™n (3)

Under the titration conditions, the nitro group of the drug
becomes reduced to the corresponding amino moiety,®* with con-
comitant oxidation of the titanous species to Ti(IV), which remains
stable under the strong acidic medium provided by hydrochloric
acid. Nifurtimox is a hydrazone, which can be hydrolyzed under
aqueous acidic conditions to unveil its components, the aldehyde 7
and the hydrazine 6. Interestingly, despite it has been reported that
TiCls is capable of reacting with certain hydrazines, under the speci-
fied titration conditions this is not an interference.

Nifurtimox and the Biopharmaceutical Classification System (BCS)

The BCS approach was introduced®® as a new paradigm in bio-
equivalence, based on scientific principles.®® The system classifies the
APIs according to their solubility and permeability. Class I comprises
those with high solubility and permeability, whereas Class IV groups
APIs with low solubility and permeability. Class II is for compounds
with low solubility and high permeability, while Class III collects all
APIs with high solubility and low permeability. BCS avoids costly and
unnecessary human experiments, and strongly reduces the costs of
developing generic products. One of its benefits is that under specific
conditions, products can be approved on the bases of pharmaceutical
dissolution data instead of bioequivalence studies in humans.

Drug permeability is often considered as if drugs cross biological
membranes by passive transcellular diffusion, based on the relation-
ship between log P and human intestinal permeability, using meto-
prolol (absorbed up to 95%) as the reference compound.®® In this
context, drugs with log P > 1.76 is classified as having high-perme-
ability.8” Following oral administration, nifurtimox is well absorbed,
and the drug reaches plasma levels in the range of 10-20 mM; lower
concentrations can be found in tissues and urine. The patient’s age
and disease phase are key factors in establishing a proper therapeutic
schedule.®8°"

Employing [*H]nifurtimox (1.25—6 ©M), it has been shown that
the drug can cross the blood-brain and blood-cerebrospinal fluid bar-
riers readily and that after 30 min of perfusion it is able to attain rele-
vant concentrations in the frontal cortex (6.0 ©M) and CSF (12 uM)
which could be effective against T. brucei gambiense (ICsq 1.7 M)
and T. b. rhodesiense (ICsq 1.5 ;tM).?”

The solubility of nifurtimox is consistent with the characteristic of
a practically insoluble drug;°? However, as manifestation of the poor
knowledge of the drug, some authors have considered its aqueous
solubility at notably higher values, ranging from the calculated
1.44 mg mL~1,°% to 2.39 mg mL~!,®® and even up to 33 mg mL~1.%4

According to different authors, and probably due to the lack of
proper knowledge of the properties of the drug, nifurtimox was

placed in different BCS classes, including Class I1,°>°¢ (especially at

lower doses),®® Class 1I°’~'°! and Class IV. The placement of nifurti-
mox in Class Il was a result of the poor knowledge of its aqueous sol-
ubility. According to the available experimental data and considering
its dose/solubility ratio (>250 mL at pH=1.2—6.8), Class Il is the one
that better represents the characteristics of the drug.

The drug has been provisionally placed in Class IV in the Pediatric
BCS.>® The pediatric drug solubility classification was determined
through the pediatric dose number, which is calculated as Dop= Mg/
(Vop @ Cs), where My, is the pediatric highest dose strength (in mg),
Vg is the water volume taken with a dose (in mL), and C; is the solu-
bility (in mg mL™1).

Pharmaceutical Formulations

Nifurtimox is effective when treatment is initiated during the
acute stage of the infection; however, its effectiveness in treating the
chronic stage of infection proved to be highly variable.'®? Different
strains of T. cruzi display different susceptibilities to the drug, impact-
ing on its effectiveness.'’*!% Despite the toxicity and solubility
issues, the diversity of known pharmaceutical formulations of the
drug is rather restricted to a handful of alternatives.

The traditional formulation of nifurtimox (Lampit) consists of
30 mg and 120 mg tablets. These should be administered for 3-4
months,'% cautioning the patient that prolonged treatment may be
associated with significant toxicity, which challenges patients’ com-
pliance. The drug is seemingly less tolerated by adults during the
chronic phase of Chagas disease.

A new, dividable tablet that can be split by hand on the scored
lines is also available; it is specially formulated to disperse in water,
which can aid in dosing and administration to pediatric patients who
may be unable to swallow whole or half tablets.'%®

Slow, medium, and fast release tablet versions have also been
used in clinical studies.'®” Aiming to decrease toxicity and side effects
Gonzdlez Martin et al. devised polyalkylcyanoacrylate particles as a
targeted delivery system for nifurtimox against Trypanosoma cruzi.'®
They used an emulsion polymerization process, where different con-
centrations of nifurtimox, Tween® 20 (a nonionic surfactant agent),
and polymers were processed, yielding particles of approximately
200 nm, as determined by scanning electron microscopy and cytome-
try; they have a 33% drug load and are capable of releasing 65% of the
drug within 6 h at pH 7.4, while the release dropped to 20% at pH 1.2.

During in vitro studies, the formulation evidenced considerably
increased trypanocidal activity against T. cruzi epimastigotes, com-
pared with a standard solution of nifurtimox, achieving parasite
reduction rates in the range of 87—94%. However, an unexpected
activity was found when the parasites were treated with empty
nanoparticles, suggesting that their degradation could result in prod-
ucts that are toxic to the parasites,'® and casting doubts on the valid-
ity of this specific approach.

In addition, a recent patent described a multi-particulate sus-
tained-release capsule formulation based on a water-swellable hydro-
philic polymer and a binder,''° with improved efficacy and safety,
and sustainable drug release characteristics (< 50% in 8 h and > 70%
after 24 h), resulting in a more stable plasmatic profile of nifurtimox.

The group of Lalatsa and Serrano developed self-nanoemulsified
drug delivery systems (SNEDDS) capable of producing easily scalable
combined formulations of nifurtimox and benznidazole.''! These facili-
tate adjustments of the dose and, upon impregnation on mesoporous
silica particles, can be easily converted into an oral solid dosage form.
The formulation provided enhanced solubilization of both drugs, and
combined tablets prepared from SNEDDS loaded on Syloid 3050 silica
demonstrated near complete dissolution and efficacy in epimastigotes
and amastigotes of T. cruzi at the nanomolar level, with acceptable
selectivity indexes in acute murine models of Chagas disease.
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Metabolism and Disposition

Treatment of humans and laboratory animals with nifurtimox
results in a complex chain of reactions that leads to biochemical
changes and ultrastructural modifications. Early investigations on
rats using [>°S]-labeled nifurtimox (dose range, 2.5-25 mg/kg)
showed that at 48 h after an oral or intravenous dose of the drug, the
animals excreted > 90% of the mark (urine, 34—38%; feces, 56— 58%).
Dogs behaved similarly, excreting 75% of the radioactivity at 72 h
after an oral or intravenous dose of 10 mg/kg. In humans, it was
shown that the active compound has a relatively short time to peak
(1-2 h) and a short half-life (2.95 4+ 1.19 h).

The drug undergoes significant metabolism; it has an extensive
liver first-pass effect and it is subjected to fast elimination. A high
percentage of nifurtimox is converted to metabolites and only 0.5% of
a single oral dose of nifurtimox was recovered as an unchanged drug
in the urine of rats and dogs. TLC of rat urine revealed over 10 spots
containing marked excretion products along with an almost unde-
tectable amount of nifurtimox, suggesting that it was almost
completely metabolized.?®

The disposition of nifurtimox has been studied in isolated per-
fused rat livers, employing a recirculating system.!'? Perfusate sam-
ples were analyzed after administration of the drug as bolus (5-30 ug
mL~1), observing the monoexponential disappearance of the drug.
Nifurtimox was cleared slowly from the rat isolated perfused liver,
being poorly extracted by hepatocyte cells and completely metabo-
lized in 2-4 h after perfusion. The elimination constant remained
essentially unaltered (0.013 + 0.002 min~'), the half-life experi-
enced a small increase with the dose (46.6 to 66.8 min), whereas the
extraction rate and the distribution volume diminished with the dose
(0.128 to 0.099 and 41.1 to 30.7 mL g, respectively). The hepatic
clearance became halved from the lower to the highest dose (0.66 to
0.34mLmin~"g ).

The reperfusion of rat livers in recirculation mode with a solution
of nifurtimox demonstrated that after a 2 h incubation, nifurtimox
became barely detectable, being replaced by highly polar metabolites.
Analysis of the perfusate revealed that they retained most of the

antiparasitic activity, suggesting the formation of a pharmacologically
active metabolite.?®

Pharmacokinetic studies on nifurtimox in healthy individuals have
shown that nifurtimox undergoes extensive metabolism and thus it
belongs to class I of the Biopharmaceutic Drug Disposition Classification
System (BDDCS).%” Interestingly, however, in humans with chronic renal
failure undergoing hemodialysis the C,.x is higher due to a change in
systemic availability, distribution volume and/or clearance, whereas the
mean half-life remained similar to that of healthy subjects.'

The mode of action of the drug has been studied, proposing that it
is a result of the generation of reactive oxygen species.''*~!!” It has
also been shown that nifurtimox lowers the intracellular thiol level
of T. cruzi, and reduction of the nitro moiety with subsequent conju-
gation to thiols has been proposed as the operating mechanism.''®
The electrochemical study of 5-nitroindazole derivatives using cyclic
voltammetry in DMSO provided additional support for this proposal.
There, it was evident the generation of nitro-anion radical species,
which were characterized by electron spin resonance spectroscopy.**
On the other hand, molecular orbital calculations, indicated that the
LUMO is localized in the NO, group.”!

Among the metabolic enzymes, T. cruzi has superoxide dismutase;
however, it lacks other enzymes, such as catalase and GSH-peroxi-
dase and it has only low levels of an alternative peroxidase that uses
ascorbate.!!® The reduction of nifurtimox to the hydroxylamine and
further to the amine can take place under anaerobic conditions. How-
ever, it is recognized that the trypanocidal mode of action of nifurti-
mox is associated with the enzyme-mediated reduction of the drug
by the ubiquitous type II nitroreductases, which contain FMN or FAD
as a co-factor. They catalyze the one-electron reduction of the sub-
strate with the generation of radicals like RNO,"* (Eq. 4).

Formation of nitroso species (Eq. 5) is also part of the process yield-
ing more reduced derivatives of nifurtimox. In turn, under aerobic con-
ditions the latter can react with oxygen and become involved in a
futile cycle to generate the strongly oxidizing species O,°, which is a
source of H,0,, and regenerate nifurtimox to begin another redox cycle
(Eq. 6). In this way, large amounts of O," can be produced. The hydro-
nitroxide radical species can also be involved in a similar cycle.'?°

Anaerobic conditions

+1e” +1e” +1e” +1e” +2e”
R-NO, —> R-NO,* —> R-NO —— R-NHO®* —— R—-NHOH 2, R—NH,
Nitro- Radical Nitroso Hydronitroxide Hydroxylamine Amine
aromatic nitroanion radical

Aerobic conditions

Reductase

Eq.4 2R-NO,+ NAD(P)H

Eq.5 2R-NO,* + 2H*

2 RNO,* + NAD(P)* + H*

» R-NO, + R-NO + H,0

Eq 6 R-NOZ: + 02

Superoxide dismutase

R-NO, + O,

Eq.7 20,

Felll

0,* + Hy0O,

Eq8 02: + H202

2HO® + O,
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The 0,° species can undergo dismutation to H,0, and O, under
SOD catalysis (Eq. 7). On the other hand, H,0, and O,° can participate
in heavy metal catalyzed reactions (Eq. 8), resulting in more toxic
radical oxygen species. Such species, like OH® and singlet oxygen
('0,) can cause permanent DNA damage, enzymatic inhibition, and
oxidation of sulfhydryl groups in proteins.

Formation of the radical nitro-anion was detected under anaero-
bic  conditions using electron paramagnetic  resonance
spectrometry.'?""'?? Under these conditions, the radical nitro-anion
can undergo subsequent reduction to unstable compounds and stable
metabolites depending on the oxygen pressure of the medium and
the reaction kinetics,'?> giving rise to more reduced and very toxic
forms.

The nitro-anion and nitroxide radicals have been detected as
intermediaries'?* and it has been postulated that these reactions pro-
ceed sequentially in one-electron reduction stages leading to the
nitroso and hydroxylamine en route to the amine derivative.

It has also been shown that nifurtimox reacts with thiol-contain-
ing compounds, such as coenzyme A (CoA), lipoic acid (LA), glutathi-
one (GSH), and cysteine (RSH) to produce nitrite (NO,~), which is
excreted in urine. Using GSH and RSH, it was shown that formation
of nitrite was accompanied by the decrease in drug concentration
and the formation of a reaction product. This type of reaction might
have toxicological relevance, since it may be involved in the side-
effects as well as in the chemotherapeutic effects of nifurtimox on
Trypanosoma cruzi, whereas the reaction with GSH might be key to
detoxification of the drug.

In one of the most recent investigations, Lang et al. performed in
vitro studies on the metabolism of the drug, employing '“C-labeled
nifurtimox as substrate along with hepatic and renal sources. They
obtained urine, plasma, and fecal rat samples, and also analyzed sam-
ples of human urine and plasma by HPLC/HRMS and HRMS/MS with
offline liquid scintillation counting for the radiolabeled samples.'?

The in vitro incubations with hepatocytes and subcellular fractions
yielded traces of metabolites; in contrast, rat urine enabled the iden-
tification of over 30 metabolites. The characteristic MS/MS fragmen-
tation of the metabolites was used to propose structures for 18
metabolites and to synthesize the six most abundant products (Fig. 4)
to confirm their structures by HRMS and 2D NMR. It has been shown
that typical hepatic and renal drug-metabolizing enzymes are not the
main pathway; instead, the drug is rapidly metabolized by reduction,
nucleophilic attack, and eventually through oxidation, to a minor
extent.

The group of Garcia Bournisan also found the main metabolites of
nifurtimox in pediatric urine using a fast tandem MS/MS method.'?°
Compounds 31-33 result from furan ring opening and dehydration,
whereas 6 is a hydrolysis metabolite. Formation of the pyridone
metabolites containing a cysteine residue (34 and 35) confirmed pre-
vious results on the interaction of nifurtimox with thiol-containing
compounds.

HO
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Figure 4. Structures of metabolites of nifurtimox synthesized by Lang et al.'*®
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Scheme 10. Proposed mechanism of the formation of 2-pyridone-type metabolites of
nifurtimox, by nucleophilic attack of thiols.'>
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Scheme 11. Proposed mechanism of the formation of nifurtimox metabolites derived
from the hydroxylamine 11.'*

The mechanism for the formation of such compounds entails a
first nucleophilic attack of the thiol to the furan ring of the drug,
aided by the nitro moiety (Scheme 10), which results in a ring open-
ing process through intermediate 36, to afford the a-nitroketone 37,
followed by loss of nitrite ion, and further ring-closing and double
bond rearrangement to the pyridone 38.

It was also shown that the hydroxylamine 11 is a reduction prod-
uct of nifurtimox, which can undergo additional transformations,
namely dehydration, hydrolysis, and intramolecular rearrangement
(Scheme 11) to afford additional metabolites. This compound has
also been postulated as a precursor of the amine 12, which is believed
to be inert, and of nitrenium species, which can break DNA.'?7~130

The dehydration results in the ring-opened B-cyano enone 39,
which is further reduced to the S-cyanoethylketone 40. Nitrile deriv-
atives have also been observed in similar compounds,’®'"'*2 and the
unsaturated nitrile 39 was observed by HPLC/MS after exposing
nifurtimox to the trypanosomal type I nitroreductase TcNTR, being
more abundant than its reduced counterpart 40. Its structure was
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confirmed by UV-Vis and tandem MS/MS analyses (ESI+ mode). The
unsaturated nitrile 39 proved to inhibit both, parasite and mamma-
lian cell growth at equivalent concentrations.!*®> The stability
and activity of this compound may explain why nifurtimox is an
effective anti-parasitic agent despite being a poor substrate for the
nitroreductases.

On the other hand, hydrolysis of the furan ring gives a ring-
opened §-ketohydrazide (41), which can undergo additional hydroly-
sis to the corresponding §-ketoacid (42). In addition, the intramolecu-
lar rearrangement resulting from an attack of the hydroxylamine
nitrogen on the furan ring results in the unstable N-hydroxypyrroli-
done intermediate 43, which suffers ring opening to afford the
S-ketoacid-oxime 44.

Conclusions

Chagas disease is a parasitic disease caused by Trypanosoma cruzi.
It is mainly endemic to the Americas, from the Great Lakes of North
America to Southern Patagonia, but is spreading to other continents
as a result of the migration of infected people. Nifurtimox, a nitrofu-
ran hydrazone derivative, is one of the only two drugs currently
available for treating the disease.

Although nifurtimox has been in the market for over 50 years,
knowledge of its analytical and pharmaceutical profiles is still frag-
mentary. This work has collected the most relevant details on the
synthesis, characterization and analytical determination of the drug.
Spectroscopic, electrochemical and chromatographic methods
(including chiral alternatives) for the determination of nifurtimox
provide a wide choice depending on the needs of the specific situa-
tion. Pharmaceutically important aspects, such as the BCS classifica-
tion of nifurtimox, its pharmaceutical formulations and metabolism
have also been covered, including the identity of the main metabo-
lites.

Considering that nifurtimox is an essential drug, that various
efforts for its repurposing in the area of cancer have been made with
promising results, that research on the drug is still an active topic,
and that the drug is increasingly mentioned in the scientific litera-
ture, this review may result in a useful platform for additional discov-
eries and the development of new knowledge.
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