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ABSTRACT The intestinal parasites Giardia lamblia and Entamoeba histolytica are major
causes of morbidity and mortality associated with diarrheal diseases. Metronidazole
is the most common drug used to treat giardiasis and amebiasis. Despite its efficacy,
treatment failures in giardiasis occur in up to 5%-40% of cases. Potential resistance of
E. histolytica to metronidazole is an increasing concern. Therefore, it is critical to search
for more effective drugs to treat giardiasis and amebiasis. We identified antigiardial and
antiamebic activities of the rediscovered nitroimidazole compound, fexinidazole, and
its sulfone and sulfoxide metabolites. Fexinidazole is equally active against E. histolytica
and G. lamblia trophozoites, and both metabolites were 3- to 18-fold more active than
the parent drug. Fexinidazole and its metabolites were also active against a metronida-
zole-resistant strain of G. lamblia. G. lamblia and E. histolytica cell extracts exhibited
decreased residual nitroreductase activity when metabolites were used as substrates,
indicating nitroreductase may be central to the mechanism of action of fexinidazole.
In a cell invasion model, fexinidazole and its metabolites significantly reduced the
invasiveness of E. histolytica trophozoites through basement membrane matrix. A q.d.
oral dose of fexinidazole and its metabolites at 10 mg/kg for 3 days reduced G. lamblia
infection significantly in mice compared to control. The newly discovered antigiardial
and antiamebic activities of fexinidazole, combined with its FDA-approval and inclusion
in the WHO Model List of Essential Medicines for the treatment of human African
trypanosomiasis, offer decreased risk and a shortened development timeline toward
clinical use of fexinidazole for treatment of giardiasis or amebiasis.

KEYWORDS antiparasitic agents, Giardia, Entamoeba histolytica

iardiasis has an estimated worldwide annual prevalence of 280 million cases and
G about 500,000 new cases are reported each year (1). In developed countries, Giardia
lamblia, the protozoan responsible for giardiasis, infects ~2% of adults and ~6%-8% of
children (2, 3). The prevalence of G. lamblia infection is higher in developing countries
(4, 5). G. lamblia was the single most frequently identified pathogen in all drinking water
outbreaks reported in the US during 1971-2006 and was responsible for 121 outbreaks
during that period (3). In 2010, the total number of reported cases of giardiasis in the
US was 19,927 (3). Each year, hospitalizations resulting from giardiasis cost approximately
$34 million; additionally, each ambulatory care visit for giardiasis costs $121-$273 (6).
Because of its link with poverty, Giardia was included in the WHO Neglected Diseases
Initiative in 2004 (7).

Invasive amebiasis, caused by the intestinal protozoan parasite Entamoeba histolytica,
is @ major health and social problem in the developing world. It is also a problem in
the developed world in travelers, immigrants, and men who have sex with men (8, 9).
Approximately 500 million people worldwide are infected annually with E. histolytica,
resulting in 50 million cases of invasive amebiasis (10) and about 70,000 annual deaths
(11). The estimated prevalence of E. histolytica infection in the US is 4% (12). The mortality
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from fulminating amebic colitis is almost 70% and that from amebic liver abscess is up
to 10% (13). A recent study found that amebiasis produces about 2.2 million DALYs (8),
and it accounts for 12.5% of all microbiologically confirmed cases, with an estimated
incidence of 14 in every 1,000 returning travelers (9, 14). Both G. lamblia and E. histolytica
have been listed by the NIH as category B priority biodefense pathogens due to their low
infectious dose and potential for dissemination through compromised food and water
supplies in the United States.

Metronidazole is the most common drug used to treat giardiasis and invasive
amebiasis (15), but it has several adverse effects, such as nausea, vomiting, diarrhea, and
constipation (13). Standard treatment with metronidazole requires 250 mg 3 times daily
dosing for 3-5 days for giardiasis (2) and at least 10 days at high dosage (750 mg t.i.d) to
eradicate intestinal amebae (16). Newer metronidazole derivatives such as tinidazole (17)
and nitazoxanide (18) have fewer side effects and shorter treatment courses. However,
potential resistance of E. histolytica to metronidazole is an increasing concern, as in vitro
E. histolytica trophozoites adapt to therapeutically relevant levels of metronidazole (19).
In spite of the efficacy of nitroimidazole drugs, treatment failures in giardiasis occur in
up to 40% of cases (20) and cross-resistance occurs to tinidazole and nitazoxanide (21).
Benzimidazole drug albendazole has been used, but its efficacy varies considerably (22)
and in vitro resistance and treatment failure with albendazole have also been reported
(2). Given the prevalence of giardiasis and amebiasis, the development of new antimicro-
bials to treat these infections is a critical unmet need to avert future outbreaks and
potential terrorist attacks.

MATERIALS AND METHODS
Chemicals and reagents

White, solid bottom tissue culture-treated 96-well microplates were purchased from
E&K Scientific (Santa Clara, CA). CellTiter-Glo Luminescent Cell Viability Assay was
purchased from Promega (Madison, WI); dimethyl sulfoxide (DMSO) and metronidazole
were purchased from Sigma-Aldrich (St. Louis, MO); fexinidazole, fexinidazole sulfoxide,
and fexinidazole sulfone were provided by Drugs for Neglected Diseases initiative (DNDi)
through Epichem Pty Ltd (Bentley, WA, Australia).

Maintenance of G. lamblia and E. histolytica

Trophozoites of G. lamblia metronidazole-sensitive (MtzS) WB and GS/M and E. histolytica
HMT:IMSS strains were axenically maintained in TYI-5-33 medium supplemented with
penicillin (100 U/mL) and streptomycin (100 pg/mL) (23, 24). The metronidazole-resistant
(MtzR) G. lamblia WB-M2 (25) was maintained in 50 uM metronidazole but was grown
without the drug for 2-3 days before experiments. All experiments were performed
using trophozoites and cells harvested during the logarithmic phase of growth.

In vitro drug testing against G. lamblia and E. histolytica trophozoites

Candidate compounds were screened and reassayed for ECsg determination against G.
lamblia and E. histolytica trophozoites using a final 8-point concentration range. 2.5 pL
of 5 mM stock compounds in 100% DMSO was diluted with 17.5 L sterile water to
yield 625 puM working concentration of compounds. A threefold serial dilution was
then performed yielding a concentration range of 0.25-625 pM. From this dilution
plate, 4 pL was transferred into the 96-well screen plates followed by the addition of
96 L of trophozoites (5,000 parasites per well) to yield a final 8-point concentration
range spanning 0.01-25 pM in final 0.5% DMSO (26, 27). The assays were performed in
triplicate, and assay plates were incubated for 48 h at 37°C in the GasPak EZ gas-gener-
ating anaerobe pouch system (VWR). At the end of incubation, the assay plates were
equilibrated to room temperature for 30 min, and 50 pL of CellTiter-Glo Luminescent
Cell Viability Assay (Promega) was added in each well of the 96-well plates. The plates
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were then placed on an orbital shaker at room temperature for 10 min to induce cell
lysis. After lysis, the plates were again equilibrated at room temperature for 10 min to
stabilize luminescent signal (26). The resulting ATP-bioluminescence of the trophozoites
was measured at room temperature using an EnVision Multilabel Reader (PerkinElmer,
Waltham, MA). Negative controls in the screen plates contained 0.5% DMSO and positive
controls contained 30 uM metronidazole (Sigma-Aldrich).

Data analysis and statistics

Percent inhibition relative to maximum and minimum reference signal controls was
calculated using the formula:

% Inhibition = [(mean of Maximum Signal Reference Control — Experimental Value)/
(mean of Maximum Signal Reference Control — mean of Minimum Signal Reference
Control)] x100 (26)

Visualization and statistical analysis of compound screening data were performed
using GraphPad Prism software 10.0.2.

Nitroreductase activity assays

We determined the nitroreductase activity in the cell lysates of G. lamblia WB and
E. histolytica HMLIMSS strains by measuring oxidation of NADPH in the presence of
metronidazole, fexinidazole, and its metabolites as substrates. Briefly, the reaction
mixture in 96-well plate contained Tris-acetate (100 mM Tris-HCl, 50 mM acetate buffer,
pH 7.0), 5 pg of cell lysate protein, 100 uM of either fexinidazole or 100 uM of fexinidazole
sulfoxide or 100 uM of fexinidazole sulfone or 100 uM of metronidazole, and 0.5 mM
NADPH. A control reaction was performed with 0.5% DMSO. The assays were performed
in triplicate in three independent experiments. Each experiment contained controls of
extract lacking NADPH, buffer with NADPH, and buffer only. Reactions were monitored
every 15 s at 340 nm for 30 min for the change in the amounts of metronidazole,
fexinidazole, and its metabolites as substrates (28). Nitroreductase activity was deter-
mined by following the decrease in absorbance at 340 nm generated by the oxidation of
NADPH in the presence of metronidazole, fexinidazole, and its metabolites.

Efficacy testing in animal model of G. lamblia infection

G. lamblia MtzS GS/M trophozoites were grown to mid-logarithmic phase, and adult
C57BL/6 mice (The Jackson Laboratory) were infected by oral gavage with 107 tropho-
zoites/mouse in a 50 L volume in Giardia growth medium (16). We selected MtzS GS/M
strain because earlier study showed that MtzR strain WB-M2 could not reliably establish
infection in mice (25). After 2 days of infection, mice were treated orally by gavage
with 10 mg/kg qg.d. of fexinidazole, fexinidazole sulfoxide, and fexinidazole sulfone in
0.1% Hypromellose in PBS for 3 days. Control mice received only 0.1% Hypromellose in
PBS. At the end of treatment, the entire small intestine was removed, opened longitudi-
nally, placed into 2-5 mL PBS, and cooled on ice for 10 min. Live trophozoites were
counted in a hemocytometer (27). All animal studies were reviewed and approved by
the UC San Diego Institutional Animal Care and Use Committee. Animal studies were
performed under the University of California San Diego Institutional Animal Care and
Use Committee (IACUC) approval #500205 and adhered to guidelines set forth in the NIH
Guide for the Care and Use of Laboratory Animals and the USDA Animal Care Policies.
Mice were euthanized by CO, inhalation and cervical dislocation in accordance with
the recommendations of the American Veterinary Medical Association Guidelines on
Euthanasia.

Drug effects on invasion by E. histolytica

To test whether fexinidazole and its metabolites influence invasiveness of E. histolytica,
we used a transwell matrigel invasion assay (29). Briefly, 75,000 E. histolytica trophozoites
were preincubated for 3 h with 0.5% DMSO, 10 uM of metronidazole, 10 and 20 uM of
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fexinidazole, 1.5 and 3 uM of fexinidazole sulfoxide, and 1.3 and 2.5 uM of fexinidazole
sulfone, and after 3 h, cells were re-suspended in serum-free TYl medium (23) and
loaded in the upper chamber of a BioCoat Matrigel Invasion Chamber (Corning). The
lower chamber contained TYl medium supplemented with 10% adult bovine serum. The
chamber was incubated at 37°C for 72 h in a GasPak EZ gas-generating anaerobe pouch
system (VWR). Trophozoites that had migrated into the lower chamber were counted
using a hemocytometer. The data were obtained from three independent experiments
each performed in triplicate.

RESULTS
In vitro drug testing against G. lamblia and E. histolytica trophozoites

Since fexinidazole is a nitroimidazole and is rapidly oxidized in vivo to sulfoxide and
sulfone metabolites (30), we tested the activity of not only fexinidazole but also its
metabolites against G. lamblia and E. histolytica. Both fexinidazole and its metabolites
were active against two MtzS G. lamblia strains, WB and GS/M. The parent compound
had an ECsq of 5.6 uM against the G. lamblia WB strain, whereas the metabolites
were more than 10-fold more active, with the sulfone metabolite exhibiting an ECsg
of 0.3 uM and the sulfoxide metabolite an ECsg of 0.5 uM (Table 1; Fig. 1). Similarly, both
metabolites were more active than the parent compound against the G. lamblia GS/M
strain. Fexinidazole sulfoxide showed an ECsq of 0.4 uM, and the sulfone metabolite had
an ECsq of 0.2 uM, while fexinidazole ECsg was 1.3 pM against the GS/M strain (Table
1). The parent compound and metabolites had ECsq better than metronidazole, which
were 7.9 and 3.7 uM against the WB and GS/M strains, respectively. Fexinidazole and
metabolites were also active against the G. lamblia MtzR WB-M2 strain (Table 1). The
ECsq of fexinidazole and metabolites against the resistant strain was similar to the ECsg
against the WB parental strain, whereas the ECsq of metronidazole was more than 10-fold
higher in the resistant strain than the parental strain.

A similar trend was seen with E. histolytica trophozoites when tested for ECsgg
determination at 48 h. The parent compound had an ECsq of 9.7 uM against E. histolytica,
while the metabolites were >5-fold more active, with the sulfone metabolite exhibiting

TABLE 1 ECsq° of fexinidazole, fexinidazole sulfoxide, fexinidazole sulfone, and metronidazole against G. lamblia

Antimicrobial Agents and Chemotherapy

Compounds Structure G. lamblia EC5q E. histolytica EC5q
(PECs0 + SE) (uM) (PECs0 + SE) (uM)
Strain WB Strain GS/M Strain WB-M2
MtzS MtzS MtzR
Fexinidazole | g 56(53+0.01) 1.3(5.9+0.14) 7.4(5.1+£0.17) 9.7 (53£0.01)
N AN
O,N
2 \&Z/\O/Q/
Fexinidazole (“) 0.5 (6.3 +£0.02) 0.4 (6.4 +£0.07) 0.5 (6.3 £0.07) 1.5 (5.8 +0.01)
sulfoxide S
N
oN— T ©
\ N
Fexinidazole sulfone Q\ /0.3 (6.5+0.01) 0.2 (6.7 £0.07) 0.2 (6.7 £ 0.05) 1.3(5.9£0.01)
W\
N
O2N W/\O
\ N
Metronidazole OH 7.9 (5.1 £0.05) 3.7(54+0.11) 80.4 (4.1 +£0.04) 5.3(5.3+0.05)

9EC50 minimum n = 3.
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FIG 1 Activity (ECsq) of fexinidazole, fexinidazole sulfoxide, fexinidazole sulfone, and metronidazole against G. lamblia WB strain trophozoites. Different

concentrations of compounds were tested for activity (EC5g) against the trophozoites. The data represent the mean + SE.

an ECsp of 1.3 uM and the sulfoxide metabolite an EC5q of 1.5 uM against E. histolytica
(Table 1).

The cytotoxicity (CCsp) of fexinidazole and metronidazole against the human hepatic
cell line HepG2 are >200 and >100 pM, respectively (31, 32), so the selectivity index (Sl)
(CCs0/EC50) was >36 and >21 for fexinidazole against G. lamblia and E. histolytica, which
compares favorably to the SI of >16 and >19 for metronidazole against G. lamblia and
E. histolytica. Fexinidazole and its metabolites did not have any effects on the cysts of G.
lamblia (data not shown).

Nitroreductase activity assays

Since several studies have suggested that bioactivation of fexinidazole is mediated by
oxygen-insensitive type | nitroreductase (NTR) (33) and G. lamblia and E. histolytica
contain genes encoding NTR | (28, 34), we determined the nitroreductase activity present
in the cell lysates of G. lamblia and E. histolytica when the parent drug fexinidazole and
its metabolites were used as substrates. Oxidation of NADPH in the presence of different
nitroheterocyclic compounds as substrates showed the highest nitroreductase activity
in G. lamblia extract with metronidazole followed by fexinidazole and its metabolites as
substrates (Fig. 2A). This is consistent with the increased potency of metabolites against
G. lamblia than metronidazole (Table 1). In case of E. histolytica, the highest residual
activity obtained with metronidazole and fexinidazole as substrates is consistent with
the similar EC5q of metronidazole and fexinidazole on whole cell E. histolytica. Although
E. histolytica lysate did not exhibit low nitroreductase activity when fexinidazole sulfone
was used as a substrate, the lowest residual activity was detected with the sulfoxide
metabolite as a substrate (Fig. 2B). This reduction in the nitroreductase activity with
sulfoxide as a substrate matches with the high potency of fexinidazole sulfoxide against
E. histolytica trophozoites (Table 1).

Efficacy testing in animal model of G. lamblia infection

Fexinidazole is orally available and is rapidly converted to two metabolites, the sulfoxide
and the sulfone. In the in vitro study, both parent compound and metabolites were
found to be active against G. lamblia. We next tested the in vivo efficacy of fexinidazole,
fexinidazole sulfoxide, and fexinidazole sulfone in a mouse model of giardiasis with the
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FIG 2 Nitroreductase activity in G. lamblia and E. histolytica cell lysates. Oxidation of NADPH in the presence of 100 uM each of fexinidazole, fexinidazole

sulfoxide or fexinidazole sulfone, or metronidazole as substrates was used to evaluate the nitroreductase activity present in G. lamblia (A) and E. histolytica (B) cell

lysates. Nitroreductase activity was determined by following the decrease in absorbance at 340 nm every 15 s for 30 min. The data represent the mean and

standard error of mean for assay performed in triplicate and measured every 15s.

MtzS GS/M strain. In vivo efficacy testing of fexinidazole and its metabolites against
metronidazole-resistant G. lamblia strain could not be done due to lack of infectivity of
MtzR WB-M2 strain in mice (25). In an earlier study (35), the pharmacokinetic profiles of
fexinidazole sulfoxide and sulfone metabolites were assessed in mice. The key param-
eters after an oral dose of 10 mg/kg in female mice were as follows: terminal elimina-
tion half-life (T1/2) = 0.8 h for fexinidazole sulfoxide and 1.9 h for fexinidazole sulfone;
maximum concentration of drug in serum (Cpmax) = 3.56 pg/mL for fexinidazole sulfoxide
and 6.88 pg/mL for fexinidazole sulfone; time to Chax (Tmax) = 0.5 h for fexinidazole
sulfoxide and 2 h for fexinidazole sulfone; and area under the concentration-time curve
to infinity (AUCjn) = 7.68 pg h/mL for fexinidazole sulfoxide and 43.4 ug h/mL for
fexinidazole sulfone (35). The absolute bioavailability of fexinidazole after oral adminis-
tration was 41% in mice (36), and fexinidazole sulfoxide and sulfone can achieve plasma
levels of 12 uM and 22 pM, respectively after single oral administration of 10 mg/kg
of fexinidazole sulfoxide to uninfected mice (35). These plasma concentrations are well
above the EC5g we determined in vitro. Earlier toxicology studies showed that fexinida-
zole is well tolerated. The No Observed Adverse Event Level (NOAEL) of fexinidazole
in the 28-day repeated dose toxicokinetic study in both rats and beagle dogs was
200 mg/kg/day (36). Considering an excellent safety profile and favorable pharmacoki-
netic parameters of fexinidazole and its metabolites, we selected a dose of 10 mg/kg. A
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g.d. oral dose of fexinidazole, fexinidazole sulfoxide, and fexinidazole sulfone at 10 mg/kg
for 3 days significantly reduced the number of G. lamblia compared to the number in
control mice (P < 0.05) (Fig. 3). We did not observe gross pathological changes in the
small intestine with drug treatment.

Drug effects on invasion by E. histolytica

Since E. histolytica invades the large intestine to cause amebic colitis, we determined
the effect of fexinidazole and its metabolites on the invasiveness of E. histolytica in
a controlled in vitro model. A 3 h pre-incubation of trophozoites with fexinidazole,
fexinidazole sulfoxide or fexinidazole sulfone at their EC59 and 2x ECsg concentrations
decreased the invasion of trophozoites significantly after 72 h compared to 0.5%
DMSO-treated trophozoites (Fig. 4). Fexinidazole at 10 puM caused significantly more
decrease in invasion than the same concentration of metronidazole (Fig. 4).

N
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o

w
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Antimicrobial Agents and Chemotherapy

FIG 3 Effect of fexinidazole, fexinidazole sulfoxanide, and fexinidazole sulfone in a mouse model of giardiasis. At 2 days

postinfection with G. lamblia, mice were treated once daily with 10 mg/kg with fexinidazole, fexinidazole sulfoxide, and

fexinidazole sulfone for 3 days. Control mice received 0.1% Hypromellose in PBS. *P < 0.05 by Mann-Whitney U test compared

to PBS-treated control mice. Each black circle indicates Logjg number of trophozoites present in the small intestine of each

mouse treated with the vehicle control (0.1% Hypromellose in PBS) or a compound. The dashed horizontal line represents the

detection limit of the assay.
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FIG 4 Effect of fexinidazole, fexinidazole sulfoxide, and fexinidazole sulfone on invasion of matrigel by E. histolytica. E.

histolytica trophozoites were incubated for 3 h with 0.5% DMSO, 10 uM of metronidazole, 10 and 20 puM of fexinidazole, 1.5

and 3 uM of fexinidazole sulfoxide, and 1.3 and 2.5 uM of fexinidazole sulfone, and at the end of incubation, trophozoites were

allowed to invade the matrigel for 72 h. After 72 h, the migrated cells in the lower chamber were counted and percentage

invasion of trophozoites was calculated and plotted. *P < 0.05 by student’s t-test compared to 0.5% DMSO-treated E. histolytica

trophozoites. The horizontal bar represents the percentage invasion of matrigel in 10 uM metronidazole-treated versus 10 uM

fexinidazole-treated trophozoites and *P < 0.05 by student’s t-test compared to 10 uM metronidazole-treated E. histolytica

trophozoites.

DISCUSSION

The nitroimidazole scaffold has an established history of antiparasitic activity and the
nitro group is critical to the mode of action. Despite more than 50 years of use, the
full antimicrobial potential of nitroimidazole compounds has not been fully explored.
Recent studies strongly suggest that the systematic development of next-generation
nitroimidazole drugs can lead to superior antiparasitic agents (16, 32).

In the early 1980s, the nitroimidazole fexinidazole was identified as a broad-spectrum
antimicrobial agent with lower toxicity and comparative ease of chemical synthesis
(37). In the development of a suckling mouse model of G. lamblia infection, a prelimi-
nary investigation of the activity of fexinidazole was also conducted (38). However,
fexinidazole’s clinical development was not pursued, mainly due to the avoidance of
the development of nitroaromatic compounds at that time (33). More recently, the
compound was “rediscovered” and selected for development by the Drugs for Neglected
Diseases initiative (DNDiJ) as drug lead for human African trypanosomiasis, caused by
Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense. A detailed analysis
of genotoxic potential of fexinidazole was undertaken utilizing different assays such
as in vitro micronucleus test on human lymphocytes, an in vivo mouse bone marrow
micronucleus test, and an ex vivo unscheduled DNA synthesis test in rats (36). These
studies suggested that fexinidazole may not be genotoxic. DNDi then carried out phase |
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clinical trials in 2010 and 2011, assessing the safety and pharmacokinetics of fexinidazole
in human volunteers given a single dose or multiple doses, and a phase II/lll study of
clinical safety and efficacy in sleeping sickness patients was commenced in 2012 (39).
The human clinical studies demonstrated that doses of up to 3,600 mg of fexinidazole in
fasted conditions were safe and well tolerated in healthy male subjects of sub-Saharan
origin. A dosing regimen of fexinidazole 1,800 mg/day for 4 days and 1,200 mg/day for
6 days with concomitant food was shown to meet the required criteria of effective drug
concentrations with a good safety profile (39). Free fraction of metabolites in human
studies were about 60% and 43% for sulfoxide and sulfone, respectively, indicating that
neither metabolite is highly protein bound (39). Based on the clinical data, fexinidazole
is now FDA-approved and included in the WHO Model List of Essential Medicines, 21st
List (2019) and WHO Model List of Essential Medicines for Children, 7th List (2019) for
the treatment of human African trypanosomiasis. Fexinidazole is currently used for the
treatment of both first and second stages of human African trypanosomiasis in pediatric
patients aged 6 years and older. Since the safety and effectiveness of fexinidazole have
not been established for patients younger than 6 years old (40), it is not recommended
for patients in that age group.

Given the renewed interest in the chemotherapeutic potential of nitroheterocy-
clic compounds for giardiasis and amebiasis, we initiated investigations of the drug
candidate fexinidazole and its two principal metabolites, fexinidazole sulfoxide and
fexinidazole sulfone, for in vitro activity against G. lamblia and E. histolytica and in vivo
efficacy against G. lamblia.

Our in vitro studies identified nanomolar and low micromolar potency of the sulfoxide
and sulfone metabolites of fexinidazole against G. lamblia and E. histolytica. Previous
studies showed that fexinidazole is rapidly metabolized in vivo through oxidation to at
least two biologically active sulfoxide and sulfone metabolites and the blood concen-
trations of these metabolites exceed that of fexinidazole, suggesting that the metab-
olites are the therapeutically relevant species in vivo (36). Once-daily oral dosing of
1,800 mg/day for 4 days led to human plasma concentrations of sulfoxide and sulfone
metabolites of 7.768 ug/mL and 18.79 ug/mL, respectively, or 26.3 uM and 60.4 uM,
respectively (39), which are about 17- to 40-fold more than the in vitro EC5y we identified
against E. histolytica or G. lamblia. Based on the in vitro activity of the metabolites, we
hypothesized that these two metabolites would exert greater efficacy in the animal
model of giardiasis.

In our study, fexinidazole and its sulfoxide and sulfone metabolites showed in vivo
efficacy in a mouse model of giardiasis at single oral daily dose of 10 mg/kg for 3
days. This dose is very low when compared with doses used in the in vivo efficacy
studies of fexinidazole and metabolites in other parasitic diseases. The effective daily
doses were at least 25 mg/kg in case of visceral leishmaniasis (30) and 100 mg/kg for
Chagas disease (35) and human African trypanosomiasis (36, 41). Our effective daily
dose of 10 mg/kg in mouse represents a human equivalent dose of 0.8 mg/kg, which is
1/25 of the dose that was found well tolerated in human clinical studies (1,200 mg/day
human dose of fexinidazole for 6 days with concomitant food, equivalent to ~20 mg/kg)
(36). Considering its simple chemistry and shorter steps to synthesize fexinidazole, it
is expected to be relatively inexpensive. Fexinidazole was calculated to be not more
than USS$50 per treatment or perhaps significantly less for the treatment of African
sleeping sickness (36). While metronidazole cost varies considerably, a 2018 cost of oral
metronidazole ranged from US$4.38 to US$13.14 for 500 mg (42). Based on this price,
treatment cost of giardiasis with metronidazole is almost similar to the treatment of
African sleeping sickness with fexinidazole. Considering the shorter treatment schedule
and low effective total human equivalent dose for giardiasis, which is expected to be at
least 1/42 of the total dose that was used in phase II/Ill clinical study for African sleeping
sickness, the total cost for the treatment of giardiasis would be significantly less than
the cost of treatment for African sleeping sickness and similarly lower than the cost of
metronidazole.
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Previous experiments suggested that metronidazole was not a good substrate for

G. lamblia NTR | (34). Considering the nanomolar potency of fexinidazole metabolites
on metronidazole-resistant G. lamblia and lower nitroreductase activity with fexinida-
zole metabolites than metronidazole as substrates, fexinidazole may not exert similar
resistance as metronidazole. This will require further investigation on the development of
resistance against fexinidazole metabolites and understanding the underlying mecha-
nism that may confer resistance. It will also be important to carry out detailed molecu-
lar and biochemical studies on the implication of nitroreductases in the activation of
fexinidazole and its metabolites.

In conclusion, we have identified a safe, inexpensive, rediscovered oral antigiardial,

and antiamebic drug, fexinidazole. This alternative nitro-based antimicrobial with good
efficacy, pharmacokinetic, and toxicity profiles is suitable for further clinical development
as oral drug therapy for the treatment of giardiasis and amebiasis. Pediatric use of
fexinidazole for patients less than 6 years old will require safety and effectiveness study
in that age group.
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