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Sterol 14a-demethylases (CYP51) are the enzymes essential for sterol biosynthesis. They serve as clinical targets
for antifungal azoles and are considered as targets for treatment of human Trypanosomatidae infections. Re-
cently, we have shown that VNI, a potent and selective inhibitor of trypanosomal CYP51 that we identified and
structurally characterized in complex with the enzyme, can cure the acute and chronic forms of Chagas disease.
The purpose of this work was to apply the CYP51 structure/function for further development of the VNI scaffold.
As anticipated, VFV (R)-N-(1-(3,4’-difluorobiphenyl-4-yl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-
oxadiazol-2-yl)benzamide, the derivative designed to fill the deepest portion of the CYP51 substrate-binding
cavity, reveals a broader antiprotozoan spectrum of action. It has stronger antiparasitic activity in cellular ex-
periments, cures the experimental Chagas disease with 100% efficacy, and suppresses visceral leishmaniasis by
89% (vs 60% for VNI). Oral bioavailability, low off-target activity, favorable pharmacokinetics and tissue dis-
tribution characterize VFV as a promising new drug candidate.
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Human infections with Trypanosomatidae represent a
severe global health problem [1, 2]. Currently, these
protozoan parasites affect more than 20 million people,
producing significant morbidity and mortality. About
30 species of Leishmania cause different types of leish-
maniasis that range from cutaneous lesions to deadly
visceral forms, in which parasites populate the liver,
spleen, and bone marrow. Leishmania is transmitted
by the sandfly (Phlebotomine); in humans, it replicates
intracellularly within macrophages. More than 70
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genetically diverse strains of Trypanosoma cruzi (http://
www.dbbm.fiocruz.br/TcruziDB/strain.html) are trans-
mitted by kissing bugs (Triatomine), causing Chagas dis-
ease. Depending on the T. cruzi strain, Chagas disease
varies significantly in its progression, severity, chronic
symptoms (cardiac vs gastrointestinal), and drug sensi-
tivity [3]. Bloodstream forms of T. cruzi infect a variety
of human tissues, where they transform into amastigotes
and multiply intracellularly. Two species of T. brucei
cause sleeping sickness. They are transmitted by the tset-
se fly (Glossina); in humans, they remain extracellular,
multiplying in the bloodstream and subsequently enter-
ing the central nervous system.

Among these pathogens, only T. brucei is mainly con-
fined to Africa. Leishmania, which used to be more com-
mon in tropical and subtropical areas, is now broadening
its frontiers worldwide as human immunodeficiency
virus coinfections [4]. Chagas disease remains endemic
in South America, and is now spreading all over the
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globe, mainly due to human and vector migration. Currently, 2-7
million people infected with T. cruzi live in North America [5],
and kissing bug bites are reported in 43 states in the United
States. The treatment remains unsatisfactory: the existing drugs
(benznidazole and nifurtimox for Chagas disease; pentavalent
antimonials, amphotericin B, or miltefosine for leishmaniasis)
have limited efficacy, and are highly toxic, the severe adverse
side effects often leading to treatment discontinuation [2].

In 2012, two antifungal triazoles, posaconazole and ravucona-
zole, inhibitors of fungal sterol biosynthesis, entered clinical trials
for Chagas disease. The results, unfortunately, were disappointing,
and 70-80% treatment failure was reported [6, 7]. Further trials
using longer treatment periods, higher drug doses, or combination
therapy are expected. However, repurposing these drugs for treat-
ment of protozoan infections has some limitations. Posaconazole
is too expensive [8] to be used in endemic areas [6], and ravuco-
nazole appears to have issues with bioavailability. Perhaps most
importantly, both these 1,2,4-triazoles are inhibitors of fungal ster-
ol 140-demethylases (CYP51), which have only 20-25% amino
acid sequence identity to CYP51s in Trypanosomatidae [9].

In fungi, CYP51s (reviewed in [10]) catalyze the removal of the
140-methyl group from the cyclized ergosterol precursors: ebur-
icol and/or lanosterol. Ergosterol is required for the formation of
viable membranes (bulk role) and for different regulatory pro-
cesses essential for cell growth and division (metabolic role)
[11]. Similar to fungi, Trypanosomatidae also produce ergosterol
and ergosterol-like molecules. However, indispensability of the
endogenous bulk sterols is well established only for T. cruzi
[12]. The situation with Leishmania remains unclear, and the
bloodstream (human) forms of T. brucei can scavenge host cho-
lesterol for their membranes [13], although they still express the
CYP51 gene, and CYP51 inhibition slows down the development
of parasitemia in a mouse model of sleeping sickness [14], thus
implying that they must require endogenous regulatory sterols.

Recently, we have shown that VNI, (R)-N-(1-(2,4-
dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-
1,3,4-oxadiazol-2-yl)benzamide, a potent experimental
inhibitor of Tulahuen strain T. cruzi CYP51, can cure with
100% efficiency the acute and chronic Chagas disease in
mice [15]. Here we compare antiprotozoan activity of VNI
with its derivative VFV, (R)-N-(1-(3,4'-difluorobiphenyl-4-
yl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadiazol-
2-yl)benzamide that was CYP51 structure-based designed with
the goal to further strengthen its inhibitory potency and broaden
the antiparasitic spectrum of action.

METHODS

Animal Studies

Animal studies on pharmacokinetics and the mouse model of
Chagas disease were conducted under the National Institutes
of Health (NIH) guidelines on the humane use and care of

laboratory animals for biomedical research (NIH Publication
No. 85-23). Protocols were approved by the Meharry Medical
College Institutional Animal Care and Use Committee. Animal
studies on leishmaniasis were performed under the French
guidelines on care of laboratory animals. The animal house fa-
cility has the French agreement #A92-019-01 and conforms to
the French ethics rules concerning animal experimentations.

VNI Derivatives and Enzymatic and Crystallographic Analysis of

CYP51 Inhibition

CYP51 inhibitors, PDB IDs VNI, VNE, VNT, and VFV, were syn-
thesized at the Vanderbilt Chemical Synthesis Core. The CYP51 en-
zymes were purified and assayed as described previously [16, 17].
The VFV and VNT costructures (2.05 and 1.82A resolution, re-
spectively) were determined by molecular replacement using
ligand-free T. brucei CYP51 (PDB ID 3G1Q) as a template. Supple-
mentary Table 1 summarizes the diffraction and refinement statis-
tics. Structure superimposition was performed in LSQkab (CCP4
Program Suite) using a secondary structure matching algorithm.

Cellular Infection Assay

The efficacies of VNI derivatives in cellular experiments with
T. cruzi were evaluated using the same experimental conditions
and the green fluorescent protein-expressing trypomastigote
clone 20A [18] of Tulahuen T. cruzi that we used previously to
compare the activities of VNI, posaconazole, and ravuconazole
[15]. Antileishmanial effects of the compounds were examined
on axenic and intramacrophagic amastigotes of Leishmania
donovani as described previously [19].

Pharmacokinetics, Metabolism and Tissue Distribution

in Mice

The pharmacokinetics and tissue distribution were studied
using the protocol based on the VNI-specific absorption max-
imum at 291 nm [15].In all in vivo experiments, fresh solutions
of the compounds (5% stocks in dimethyl sulfoxide dissolved in
sterile 5% Arabic gum in phosphate-buffered saline containing
0.5% Tween 80) were given to BALB/c mice (Jackson Laborato-
ry) at 25 mg/kg by oral gavage. To obtain a single-dose profile,
the blood samples were collected over time. To monitor drug
concentration after multiple doses, VNI or VFV were adminis-
tered twice a day for 5 days (20 mice per group). Four hours
after the first administration and then every 12 hours, 2 mice
from each group were sacrificed; their blood, hearts, lungs,
skeletal muscle, liver, and spleen were collected. The com-
pounds were extracted from plasma as described for VNI
[15]. To analyze their tissue distribution, prior to drug extraction
approximately 100 mg of each tissue was diluted 5-fold with
water and homogenized. VNI and VFV metabolites [M + 34]
were characterized by liquid chromatography high-resolution
mass spectrometry. The details are provided in the legend to Sup-
plementary Figure 1.
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Hepatic Microsomal Stability and Human Cytochrome P450
Inhibition Assays

Hepatic stability of VNI and VFV were assayed in mouse, rat, and
human microsomes (BD Biosciences San Jose, California) follow-
ing the manufacturer’s instructions. The drugs were quantified
using a Thermo TSQ mass spectrometer (Waltham, Massachu-
setts) coupled to a LC-20AD Shimadzu high-performance liquid
chromatography system (Columbia, Maryland) with Fortis C18
column (2.1 x 50 mm, 3 pm). The scaled CLy,, (mL/min/kg) and
CLpep (mL/min/kg) were calculated as described [20]. Inhibition of
human CYP1A2, 2C9, and 2D6 was conducted in liver microsomes
using a cocktail of substrates at their Km values (40 pM phenacetin,
5 uM diclofenac, and 5 pM dextromethorphan, respectively) [21].

VFV Efficacy Studies in an Animal Model of Chagas Disease

The experiments were conducted as previously described for
VNI [15]. At these conditions, parasitemia reaches its maxi-
mum 14 days after infection, causing death in 100% of untreat-
ed animals [22]. Animals reaching the peak of parasitemia were
euthanized. After 30 days of VFV treatment, the mice were im-
munosuppressed with cyclophosphamide (100 mg/kg) to reac-
tivate infection. On day 62, the animals were euthanized. Blood,
tissues, and organs were collected to determine the presence of
T. cruzi by real-time-polymerase chain reaction (RT-PCR)
analysis as described in [15]. Briefly, genomic DNA was purified
from the organs, tissues, and blood using the DNeasy tissue and
blood isolation kit (Qiagen, Valencia, California). Parasite ge-
nomic DNA was purified from epimastigotes. A standard curve
in the range of 50 pg to 50 ng for the detection of T. cruzi DNA
by RT-PCR (iCycler; Bio-Rad) was developed using the T. cruzi
195-base pair (bp) repeat DNA (GenBank accession no.
AY520044)-specific primers TCZ1 5'-CGA GCT CTT GCC
CAC ACG GGT GCT-3" and TCZ2 5'-CCT CCA AGC AGC
GGA TAG TTC AGG-3’, which amplify a T. cruzi 188-bp

sequence. The negative cycle threshold values were established
in the control experiments using organs, tissues, and blood of
mice that were not infected with T. cruzi.

VNI and VFV Efficacy in an Animal Model of Visceral
Leishmaniasis

The experiments were performed following the previously de-
scribed basic protocol [23] with minor modifications. Mice (EI-
evages Janvier, France) were infected intravenously with 107
L. donovani amastigotes derived from an infected golden hamster
spleen. Treatment with VFV and VNI was started 1 week after
infection and lasted for 10 or 20 consecutive days. Liposomal am-
photericin B (AmBisome) was used as reference treatment. Two
days after treatment, the animals were sacrificed, and livers and
spleens were weighed. Smears were alcohol-fixed, stained, and ex-
amined under a light microscope. Parasite load in the organs was
determined microscopically by counting the number of parasites/
1000 liver cells in Giemsa-stained impression smears prepared
from the liver. The U-rank test was used for statistical analysis.

Analysis of Leishmania Sterols

Promastigotes of L. amazonensis (1 x 10'° parasites) were grown
in M199 medium supplemented with 10% heat-inactivated fetal
bovine serum without inhibitor (control) or in the presence of
1 uM VNI for 3 days at 25°C. Sterols were extracted and ana-
lyzed as described previously [16]; more details are provided
in Supplementary Table 2.

RESULTS AND DISCUSSION

Inhibition of Protozoan CYP51s and Crystallographic Analysis of
Structure—Activity Relationship

VNI and VNF (Figure 1) were both identified as highly po-
tent inhibitors of trypanosomal sterol 140.-demethylases in the

Figure 1.
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Chemical structures of VNI, VNF, VNT, and VFV. The basic Fe-coordinating nitrogen atoms are circled. VNI, VNF, VNT, and VFV are the

compounds PDB IDs, their IUPAC names being as follows: VNI, (R)-N-(1-(2,4-dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)}-4-(5-phenyl-1,3,4-oxadiazol-2-yl)
benzamide; VNF, (R)-N-(2-{1H-imidazol-1-yl)-1-phenylethyl)-4’-chlorobiphenyl-4-carboxamide; VNT, (R)-N-(1-(2,4-dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethyl)-
4-(5-phenyl-1,3,4-oxadiazol-2-yl )oenzamide; VFV, (R)-N-{1-(3,4’-difluorobiphenyl-4-yl)-2-(1H-imidazol-1-yl jethyl }-4-(5-phenyl-1,3,4-oxadiazol-2-yl )benzamide.
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Figure 2. Structural basis for the broader antiprotozoan spectrum of action of VFV. A, Binding modes of VNI (cyan), VNF (salmon), and VFV (yellow) in the
superimposed CYP51 costructures (PDB ID 3GW9, 3KSW, and 4G7G, respectively). The secondary structural elements of the protein are seen as semi-
transparent ribbons of the corresponding colors. A molecule of the CYP51 substrate eburicol is delineated in gray lines as a reference. B, 2Fo-Fc electron
density map (1.50) of the VFV-bound area in the CYP51 costructure (PDB ID 4G7G). The H-bond network is shown in purple, the distances are marked.
C, Inhibitory effects of VNI, VNF, VNT, and VFV on sterol 14a-demethylase activity of 4 protozoan CYP51 orthologs at 1/1/50 molar ratio inhibitor/enzyme/
substrate [16, 17]. P450 concentration 0.5 pM; 1-hour reaction. T. brucei cytochrome P450 reductase [27] was used as the electron donor. While all the deriv-
atives are potent inhibitors of Tulahuen T. cruzi CYP51, only VFV reveals about the same strong potency against different tested protozoan CYP51 orthologs,
including L. infantumand Y-T. cruzi CYPSTA (Y strain T cruzihas 2 CYP51 genes, gene A was shown to be resistant to inhibition [28]). D, In 1 of the 4 T. brucei
CYP51-VNT molecules (4G3J, brown), the side chain of Y103 remains in contact with the heme propionate, and the H-bond network with the inhibitor is not
formed, which is in good agreement with the weaker inhibitory effect of VNT on T brucei CYP51 activity (shown in panel C). Superimposition with VNI in 3GWS9,

cyan. The Fe-N coordination bonds are 2.21A and 2.034, respectively.

reconstituted CYP51 reactions [16] and subsequently cocrystal-
lized with the T. brucei [14] and T. cruzi [24] CYP51 orthologs.
As expected, in the enzyme active site they both coordinate to the
heme iron via the N3-imidazole nitrogen. The other 2 structural
modules of their molecules, however, adopt opposite orienta-
tions. While the 3-ring arm of VNI occupies the substrate access
channel, the 2-ring arm of VNF is projected toward the deepest,
CYP51-specific [25] portion of the binding cavity that physiolog-
ically accommodates the aliphatic arm of the sterol substrate [26].
Interestingly, the carboxamide fragment of VNI appeared to play
an important role by forming a hydrogen bond network with the
protein [14], thus enhancing the binding (the energy of an
H-bond is 5-50-fold higher than the energy of van der Waals in-
teractions) and assuring high antiprotozoan selectivity [2]. VFV
was designed as the VNI/VNF hybrid molecule (Figure 2A) with
the goal to further strengthen the drug inhibitory potency by fill-
ing the deepest portion of the CYP51-binding cavity and thus
generating additional protein-ligand interactions. Indeed, while

VNI forms van der Waals contacts (<4.5A) with 16 CYP51
amino acids, VFV interacts with 22. Four of the 6 additional
VFV-contacting residues are seen in Figure 2B, marked in gray.
VNT, the VNI 1,2,4-triazole derivative, was conceived to test
whether it may reveal a higher selectivity as a CYP51 inhibitor
(which has been confirmed and is shown in Figure 2C) due to
the lower basicity of its N4-nitrogen and potentially a weaker
Fe-N coordination bond [21] (shown in Figure 2D). Another rea-
son for the VNT design was to explore a possibility of its longer
lifetime in plasma [29, 30].

Antiparasitic Effects in Tulahuen T. cruzi Amastigotes

In accordance with their high potency to inhibit Tulahuen T. cruzi
CYP51, all 4 compounds displayed remarkable intracellular anti-
parasitic activity (Figure 3), clearing Tulahuen T. cruzi infection
in vitro at low nanomolar concentrations. Of them, the lowest
median effective concentration (ECs;) values, 0.8 and 1.0 nM,
were achieved in the presence of VFV and VNT, respectively,
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Figure 3. Cellular effects of CYP51 inhibitors in Tulahuen T. cruzi infected cardiomyocytes. A, Comparative dose-dependent clearance of the parasite.
Cardiomyocyte monolayers were exposed to green fluorescent protein—expressing Tulahuen trypomastigotes (10 parasites per cell) for 24 hours and then
treated with 1-16 nM VNI, VNF, VFV, VNT, or DMSO. The infection was quantified by determining the fluorescence level of parasites expressing green
fluorescent protein, indicated as relative fluorescence units (RFUs) 72 hours after infection. Data represent the mean values + SEM of the results from
triplicate samples. B, Fluorescence microscopic observations of Tulahuen T. cruzi inside cardiomyocytes treated with 4 nM of VNI, VNF, VFV, VNT, or
DMSQ 72 hours after infection. The monolayers were fixed with 2.5% paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole to visualize
DNA, and with Alexa fluor to visualize actin myofibrils. Trypanosoma cruzi amastigotes are green, cardiomyocyte nuclei are blue, and cardiomyocyte
actin myofibrils are red. Abbreviations: DMSO, dimethyl sulfoxide; SEM, standard error of the mean.

which may be related, at least in part, to their higher lipophilicity
(logP) and therefore better cellular permeability. The complete
clearance of the parasite infection in cardiomyocytes was ob-
served at <8 nM concentrations of VNI, VNT, and VFV, whereas
some amastigotes were still detected at up to 15 nM VNF, which
therefore was not included into further experiments.

Pharmacokinetics, Tissue Distribution and Biotransformation

When administered as a single oral dose, VNI, VFV, and VNT
displayed quite different results (Figure 4A). Although the time-
concentration curves for VNI and VFV are comparable in shape,
the peak plasma level of VNI is higher (approximately 40 pM vs
approximately 25 uM for VEV), but the slope of its curve is
sharper. As a result, no trace of VNI is present in plasma 18 hours
after administration, while VFV can still be detected after 26
hours. The triazole VNT is also seen in plasma for at least 26 hours,
thus indeed displaying a longer lifetime. Yet, its concentration re-
mains <3.5 uM, indicating drastically lower bioavailability.

Because oral bioavailability is crucial for potential antitrypanoso-
matid agents [6], as well as because VNT turned out to be too
selective, only VNI and VFV were tested in further studies.
After multiple oral doses, VNI and VFV plasma concentra-
tions remain rather stable (Figure 4B), which is in agreement
with their favorable in vivo safety profiles [31]. Formation of a
more polar metabolite was observed in both cases (Figure 4C),
the rate being higher for VFV. Mass spectrometric analysis
(Supplementary Figure 1) showed that each metabolite has
the molecular weight [M + 34] (538.1043 and 582.1943, for
VNI (504.0989) and VFV (548.1894), respectively), their frag-
mentation patterns indicating addition of 2 OH-groups to the
imidazole ring, the process that has been reported for other im-
idazoles as well [32]. The site and type of biotransformation
pointed out that VNI and VEV conversion is likely to occur
in the liver. This was confirmed in human, rat, and mouse
liver microsomes, where an allometric relationship across spe-
cies was observed (Table 1), and the same [M + 34] metabolites
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Figure 4. Pharmacokinetics and tissue distribution. The analysis was performed using reverse-phase high-performance liquid chromatography (HPLC).

The HPLC system was equipped with the dual-wavelength UV 2489 detector (Waters) set at 291 and 250 nm and Symmetry C18 (3.5 um) 4.6 x 75 mm
column. The mobile phase was 55% 0.01 M ammonium acetate (pH 7.4) and 45% acetonitrile (v/v) with an isocratic flow rate of 1.0 mL/min. A, Single oral
dosage profiles of VNI, VFV, and VNT. The compounds were administered by oral gavage at 25 mg/kg. B, Detection of VNI, VFV, and their metabolites
[M +34] in plasma after multiple oral doses (25 mg/kg twice a day for 5 days). C, Examples of HPLC profiles (112-hour samples), the UV detector was set at
291 nm, and 50 pM ketoconazole was used as an internal standard. D, VNI and VFV tissue distribution after multiple oral doses. The bars represent average
drug concentration (the mean values + SEM) within the time period of 16112 hours. Abbreviations: SEM, standard error of the mean; UV, ultraviolet.

were identified (not shown). Thus, although the imidazole ring
was reported as a potentially metabolically vulnerable portion
of this class of drugs (eg, at a single dose of 60 mg/kg, the lifetime
of ketoconazole in mouse plasma is only 7 hours [33]), our exper-
iments support the notion [29] that the metabolic stability of im-
idazoles may vary substantially depending on the compound
composition. Because both metabolites are formed as a result of
hydroxylation of the heme-coordinating ring of the parent drugs,
we evaluated the inhibitory effects of VNI and VFV on the major
human drug-metabolizing P450s. Both compounds demonstrated
weak P450 inhibition (Table 1), though the data may suggest
some involvement of CYP1A2, because this is the only CYP
that is more strongly affected by VFV. Further experiments are
needed to establish the detailed biotransformation process, yet
it appears to differ from that of the clinical antifungals posacona-
zole, itraconazole, or ketoconazole, which are known to be strong
inhibitors and substrates of CYP3A4 [29, 34].In general, VNI and
VFV show low and moderate hepatic clearance, respectively, and
weak influence on the major drug-metabolizing CYPs, which are
good characteristics of potential human drugs.

VNI and VFV also revealed a very favorable tissue distribu-
tion (Figure 4D). Interestingly, the concentration of VFV in tis-
sues is higher than in the blood, particularly in the heart and
muscle, where it also significantly exceeds the concentration
of VNI Altogether, the data analysis makes it reasonable to be-
lieve that the lower concentration of VFV in blood may be due
to combination of its faster blood clearance and stronger affinity
to tissues/organs. Stronger affinity of VFV to tissues/organs
may be a result of its higher lipophilicity, while its relatively lon-
ger lifetime in plasma after a single oral dose can reflect a slower
rate of absorption, which in turn may imply higher VFV con-
centrations in the gastrointestinal tract. All these features can be
of special value in targeting intracellular pathogens, such as
T. cruzi, which mainly inhabit the heart, skeletal muscles, and
the gut, the latter being suggested as the site where quiescent
forms of T. cruzi congregate to evade host immune-defense
mechanisms [35]. Further work on VFV metabolic stabilization
might be advantageous and is currently in progress, but overall
its drug-like properties were found quite satisfactory to proceed
to in vivo experiments.

Table 1.
Human Drug-Metabolizing CYPs

Clearance of VNI and VFV in Human, Rat, and Mouse Microsomes and Their Inhibitory Effects (ICsy) on the Activity of Major

Human Rat Mouse 1Cs0, UM
Compound T2 (min) C|_|N‘|'a GLHEF’ ti (min) CLINT GLHEP ti2 (min) CLlNT GLHEF’ 1A2 2C9 2D6 3A4b
VNI >60 4.38 3.62 31 90.6 39.5 31 178 59.8 5.61 206 1.63 0.4
VFV 50 245 1.3 41 69.0 34.8 18 313 69.9 082 440 146 3.6

Abbreviation: ICso, median inhibitory concentration.

@ The values used for mouse liver weight (g): body weight (kg) and the hepatic flow were 87.5 and 90 (mL/min/kg), respectively.

® The ICg values for CYP3A4 were determined previously [15, 311.
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Curative Effect of VFV in a Mouse Model of the Acute Chagas
Disease

Because it is quite well known that high antiparasitic potency of
a compound in cellular experiments does not necessarily indi-
cate its activity in vivo [7, 12, 33], it was important to verify the
ability of VFV to cure Chagas disease in animal models. Infec-
tion of mice with T. cruzi and treatment with VFV were per-
formed following the scheme previously used for treatment
with VNI [15]. Results in Figure 5 show that parasitological
clearance and survival rate were 100%. No side effects were no-
ticed: the mice had normal appearance during the whole treat-
ment period and there was an increase in their body weight,
occurring at the same rate as in the uninfected group of animals.
No relapse of parasitemia was observed after 6 rounds of post-
treatment immunosuppression. RT-PCR analysis confirmed
100% parasitological cure in all tested tissues, organs, and
blood of all treated animals. Taking into account that the CY-
treated mice were challenged with a lethal dose of T. cruzi, the
results are remarkable and clearly indicate that VFV is a new
drug candidate that is highly potent and effective in vivo.

Comparative Effects of VNI and VFV in a Mouse Model of
Visceral Leishmaniasis

Although endogenously produced sterols are required for cell pro-
liferation and viability of parasites of the genus Leishmania [36,
37], the information about the use of antifungal azoles for anti-

leishmanial chemotherapy remains controversial, often depending
on Leishmania species and the type of infection [38-43]. Visceral
leishmaniasis, which is caused by L. donovani complex (L. donova-
ni, L. infantum, and L. chagasi) and represents the most severe
form of the disease, was reported to be the least sensitive [44].
Before proceeding to in vivo studies, antileishmanial activities
of VNI and VFV were tested in cellular experiments against
axenic and intramacrophage amastigotes of L. donovani and
found comparable to that of the reference drugs miltefosine
and AmBisome (Table 2). In the in vivo experiments, mice in-
fected with L. donovani were treated with VNI and VFV, using
the same dosage and administration route as described above
for T. cruzi. AmBisome was administered 3 times at a higher
dose (1 mg/kg) or 10 times at a lower dose (0.2 mg/kg),
which is considered the optimal use of AmBisome in experi-
mental models of leishmaniasis because of its toxicity. The
20-day treatment with VNI and VFV resulted in 60% (VNI)
and 89% (VEFV) reduction of parasitemia, all animals survived,
and no side effects were observed (Table 2). Though, unlike in
the Chagas disease model, the effects achieved at these condi-
tions were only suppressive, the data demonstrate that both
compounds have in vivo activity against visceral leishmaniasis
and because of their low toxicity deserve further testing. Higher
potency of VFV correlates well with its stronger inhibitory effect
on the activity of the target enzyme (Figure 2C; L. infantum and
L. donovani CYP51s have 100% amino acid sequence identity).

A T 301 B 100 op ©
£ -~ VFV -
< 257 -e- Vehicle 3 804 - VFV
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Q
£ 159 =
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g 0,‘ ll l J’ ll c - L] L] L L L 1
l_ v L 4 v v v v 1
8 16 24 32 40 48 56 6 0 8 16 24 32 40 .48 56 64
C Days Post-Infection Days Post-infection
Mouse group Heart Muscle Liver Spleen Blood
T. cruziinfected | 5/5(17.63+0.32) | 5/5(12.18£0.35) | 5/5(16.15+0.33) | 5/5(17.63+0.28) | 5/5(12.66+0.16)

+vehicle

T. cruzi infected
+VFV

0/5 (28.74 £0.40)

0/5 (29.80 £0.50)

0/5 (29.52 £0.26)

0/5(29.81£0.17)

0/5(30.26+0.78)

Uninfected

0/5 (29.81 £0.19)

0/5 (29.44 £ 0.29)

0/5 (29.65+0.13)

0/5 (30.09 £ 0.29)

0/5 (30.88 £ 0.25)

Figure 5. VFV cures Trypanosoma cruzi infection in vivo. A, Female BALB/c mice (5 per group) were intraperitoneally infected with a lethal dose of
Tulahuen T. cruzi bloodstream trypomastigotes (1 x 10° organisms), followed by oral treatment with either VFV (25 mg/kg) or with drug vehicle twice
per day for 30 days. Mice were then immunosuppressed by 6 injections of cyclophosphamide (CY, arrows). Three independent experiments were performed
using the same protocol and provided similar results. Data represent the mean values + SEM. B, Kaplan—Meier survival plot. C, Results of RT-PCR for
detection of T. cruzi in organs, tissues, and blood. Samples from each mouse group were tested in triplicate. The data in each column are the number
of T cruzi-positive mice/number in group (mean [+ standard error] cycle threshold for parasite detection). Abbreviations: RT-PCR, real-time—polymerase

chain reaction; SEM, standard error of the mean.
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Table 2.

In Vitro and in Vivo Activity of VNI and VFV Against Leishmania donovani

In Vitro Activity

In Vivo Activity

ECso (UM + SD)
Reduction of

Compound/ Axenic Intramacrophage Number Parasitemia
Formulation Amastigotes Amastigotes Regimen of Mice Route (%)
VNI 2.29+0.40 6.68 +0.97 25 mg/kg x 2/day x 20 d 10 p.o. 60°P
VFV 6.32 +0.91 0.42 +0.02 25 mg/kg x 2/day x 20 d 10 p.o. 89%P

25 mg/kg/day x 10 d 10 p.o. 28
Miltefosine 52+0.7 6.40£0.75
AmBisome 0.71+0.2 1.14 +0.45 1 mg/kg at days 5, 7, 9 12 AV 93?

0.2 mg/kg/day x 10 d 12 AV 87°
Control (vehicle) 0.2 mL x 2/day x 20 d 12 p.o. 0

Abbreviations: ECsg, median effective concentration; i.v., intravenously; p.o., by mouth.

@ Versus control mice; P< .05.
5 VVFV versus VNI; P= 515.

In order to verify that the effects of VNI/VFV in Leishmania
are due to alterations in the parasite sterols, we examined the
sterol composition of Leishmania cells, untreated or treated with
1 uM VNI The results show that contrary to fungi [45, 46] or
T. cruzi [16],where CYP51 inhibition stops the pathway at the stage
of lanosterol/eburicol, in Leishmania these C4-dimethylated
sterols do not accumulate (Supplementary Table 2). Instead, they
undergo further conversions, leading to the appearance of C4-
desmethylated 140-methylzymosterol and 140-methylfecosterol.
A relatively low (2-fold) decrease in the content of 5-dehydroe-
pisterol and ergosterol may be due to some delay between
CYP51 inhibition and exhaustion of the previously synthesized
endogenous sterols. However, it cannot be excluded that 5-
dehydroepisterol and ergosterol are still produced via 14a-
demethylation of the C4-desmethyl sterols because of the higher
substrate promiscuity of leishmanial CYP51 [17]. Branching of
the sterol biosynthetic pathway may well be the cause for the
weaker (slower) effect of CYP51 inhibitors in Leishmania, thus
calling for drug combinations, particularly with sterol biosyn-
thetic inhibitors that would work upstream the pathway (eg, an
inhibitor of squalene epoxidase terbinafine [42] or azasterols,
which inhibit sterol 24-methyl transferase [47]).

Concluding Remarks

For about 50 years, azoles have been used as antifungal agents in
medicine, each new compound being discovered and developed
empirically, by monitoring its action on fungal cell growth.
Although it was proven by sterol analysis that azoles inhibit
ergosterol biosynthesis in fungi by preventing sterol 14a-
demethyation [48], the target CYP51 enzymes still remain
excluded from the drug discovery process, mainly due to their
highly hydrophobic membrane-bound nature, which complicates
their handling and assay in vitro. Biochemical [16, 27, 49] and
structural [14, 17, 24] characterization of protozoan CYP51s

opened new opportunities for target-driven drug discovery.
Perfect superposition of VNI and VFV in the protozoan
CYP51 active site confirms sterol 140-demethylase as an excel-
lent template for rational structure-based inhibitor design. The
H-bond network found in the CYP51 costructures with all 3
VNI derivatives must be the basis for this scaffold antiprotozoan
potency and selectivity. Deeper projection of the second aromatic
ring into the CYP51 substrate-binding cavity makes VFV a more
potent inhibitor for a broader variety of protozoan CYP51 ortho-
logs. Good oral bioavailability, pharmacokinetics, and tissue dis-
tribution, as well as low off-target activity, characterize this new
nontoxic and inexpensive compound as an attractive drug candi-
date. While it might benefit from further metabolic stabilization,
its broader testing in vivo, preferably by a pharmaceutical com-
pany, would significantly impact the current treatment for Cha-
gas disease, visceral leishmaniasis, and perhaps sleeping sickness
as well, either as a monotherapy, or in combination with other
antiprotozoan drugs. This would decrease their dosage and there-
fore alleviate the adverse toxic effects [50].

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages regard-
ing errors should be addressed to the author. Supplementary data include
the table summarizing the X-ray data collection and refinement statistics
on the CYP51-VFV and CYP51-VNT costructures, the figure showing the
results of VNI, VFV, and their [M + 34] metabolites mass spectrometric
analysis, and the table comparing sterol composition of Leishmania amazo-
nensis in the presence and absence of VNI.
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