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ABSTRACT: The anthelmintic closantel has shown promise in abrogating the
L3 molting of Onchocerca volvulus, the causative agent of the infectious disease
onchocerciasis. In our search for alternative scaffolds, we utilized a fragment
replacement/modification approach to generate novel chemotypes with
improved chitinase inhibitory properties. Further evaluation of the compounds
unveiled the potential of urea-tropolones as potent inhibitors of O. volvulus L3
molting.
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The helminth Onchocerca volvulus is the causative pathogen
of onchocerciasis, a neglected tropical disease that

threatens approximately 100 million people, mostly in Africa.
Currently, the only treatment option is the broad-spectrum
antiparasitic agent ivermectin. The exact pharmacological
mechanism of ivermectin is unclear, but research posits the
glutamate-gated chloride channels in neurons and pharyngeal
muscle cells to be activated, resulting in membrane hyper-
polarization and eventual paralysis/death of the parasite.1 In
another study, Moreno et al. had proposed that ivermectin
functions by disrupting the secretion of proteins imperative for
eluding the human host immune system.2 Although ivermectin
has substantially reduced the microfilarial load in infected
patients as well as transmission, it does not kill the adult filariae
and, thus, does not totally eradicate the disease. Several papers
have also documented the failure of infected patients in Ghana
to respond after repeated treatment with ivermectin.3,4 Given
the paucity of preventive efforts and the possible emergence of
ivermectin-resistant strains of O. volvulus,5 the identification of
novel targets and therapeutic strategies is a pressing necessity
for effective intervention of this infectious malady that will meet
the elimination target of 2025.6

O. volvulus undergoes a series of molts before reaching adult
maturity. The L3-to-L4 molt is of particular interest as it
represents the major developmental event necessary for active
infection of the host and, hence, interruption of this transition
is an attractive chemotherapeutic strategy. The stage-specific
chitinase OvCHT1 has been hypothesized to mediate ecdysis
and contribute to L3 infectivity and transmissibility.7 Our group

has previously disclosed the veterinary anthelmintic drug
closantel (1) to exhibit potent inhibition of OvCHT1 with an
IC50 value of 1.60 ± 0.08 μM.8 Additionally, treatment with
closantel inhibited the separation between the old L3 cuticle
and the newly synthesized L4 cuticle, preventing the molting of
the infective L3 larvae.8

A computational study of the closantel−OvCHT1 complex
revealed that the diiodosalicylate moiety anchors closantel in
the binding pocket of the chitinase, whereas the 4-
(chlorophenyl)acetonitrile and the 5-chloro-2-methylaniline
substituents form strong van der Waals interactions with
important residues lining the active site.9 We have conducted
retro-fragment-based8 and preliminary SAR10 studies on
closantel to map the structural requirements for inhibition of
OvCHT1. Removal of the terminal p-Cl phenyl ring in 1
resulted in a >3-fold loss in potency,8 indicating its relevance
for chitinase inhibition. We have also delineated that the
phenolic group is not crucial for activity,10 suggesting that the
diidosalicylate moiety is most likely interacting with nonspecific
hydrophobic contacts within the active site and is therefore
amenable for fragment replacement and manipulation.
In the absence of crystallographic data, we undertook in this

study a “scaffold hopping” strategy in an attempt to explore the
biological space of OvCHT1 and generate novel molecular
frameworks with improved potency. We show that the urea and
oxadiazole congeners efficiently occupy the active site of the
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chitinase. On the basis of docking studies, these analogues are
able to extend to an adjacent binding pocket that is not readily
accessible by closantel. Further analysis of the compounds
inadvertently led to the discovery of urea-tropolones as
promising inhibitors of O. volvulus L3 molting.

■ RESULTS AND DISCUSSION
To test the feasibility of our approach, we simplified the
structure of closantel by replacing the diiodosalicylate moiety
with a phenyl group bridged to a phenoxyphenyl system via an
amide bond (2a). Although 2a showed only marginal inhibition
of OvCHT1, we were delighted to observe a significant
improvement in activity using three different atom linkers as in
compounds 2b−d (Figure 1A), with the urea analogue 2d
displaying >50% inhibition at 5 μM (Figure 1B). We then
focused on structural modification and expansion using the urea
linkage to generate a tractable series of derivatives 2e−2k
(which were easily accessed by reaction of 4-(4-chloro)-
phenoxyaniline with isocyanates, Scheme 1). Compounds were
initially screened at 5 μM (Figure 1B) and further evaluated for
determination of IC50 (values listed in Table 1). Surprisingly,
inclusion of a chloro substituent in 2a (as in 2e and 2g)
dramatically increased the activity against OvCHT1, with IC50
values in the nanomolar range. Replacement of the phenyl ring
with benzenesulfonamide (2i) or isoxazole (2j) did not yield a
significant effect on potency, whereas adamantane (2k) and the
more flexible ethylbenzene (2h) resulted in almost complete
inhibition at 5 μM (Figure 1B).
An interesting scaffold is the nonbenzenoid aromatic

tropolone 3a, which was prepared by nucleophilic addition of
5-aminotropolone11 to the act ivated PNP-(4-(4-
chlorophenoxy)phenyl)carbamate under microwave irradiation
conditions (Scheme 1). Compound 3a fully inhibited OvCHT1
activity at 5 μM, to give an IC50 value of 0.84 ± 0.01 μM and a
competitive inhibitory constant Ki of 0.22 ± 0.04 μM. Intrigued
by this unusual class of natural product, we synthesized a few
analogues based on the tropolone framework. Biphenyl (3b)
and naphthyl (3c) urea derivatives displayed comparable
potency as 3a (Table 1), whereas monobenzene urea 3e or
coupling to a shorter amide spacer (3f) led to a significant
decrease in activity (Figure 1B). These results echo the
significance of the terminal phenyl ring and the urea
functionality for chitinase inhibition. Of note, installation of
the tropolone moiety greatly reduced the cLogP, compared to
the highly lipophilic closantel (Table 1), although there was no
clear correlation between the lipophilicity of the compounds
and their potency against OvCHT1.
We also explored the use of the oxadiazole linkage as a

secondary pharmacophore against OvCHT1. Refluxing the
amidoxime 7 with the corresponding carboxylic acids in the
presence of the coupling reagent HBTU furnished compounds
4a and 4b (Scheme 1). Oxadiazoles 4a and 4b exhibited potent
inhibition of the chitinase, with IC50 values of 0.56 ± 0.18 and
0.49 ± 0.04 μM, respectively.
Sequence alignment of amino acids indicates that OvCHT1

shares 67% identity with the related filarial chitinase from
Brugia malayi (BmCHT1) and about 13% identity with those
of the parasitic protozoans Entamoeba histolytica (EhCHT1)
and Plasmodium falciparum (PfCHT1). Representative com-
pounds (2g, 3a, 3b, and 4a) were examined for chitinase
selectivity and were shown with a predilection toward
OvCHT1 over the chitinases from other species (Figure S1
in the Supporting Information).

Next, docking studies were undertaken using AutoDock Vina
to provide structural insights into the binding mode of the
inhibitors. We docked compounds 2g, 3a, 3b, and 4a into the
active site of OvCHT1 using the homology model described by
Segura-Cabrera et al.9 All four compounds engage in van der
Waals interactions with both hydrophobic and polar residues in
the binding pocket (Figure 2; Figure S2 in the Supporting
Information). Analysis of the docking poses revealed that
binding of 3a is augmented by π-stacking interactions with
Tyr268 and Phe365, predisposing the seven-membered carbon

Figure 1. (A) Structures of novel OvCHT1 inhibitors; (B) evaluation
of compounds using a fluorescence-based OvCHT1 inhibition assay.
Data are shown as percent OvCHT1 activity in the presence of
inhibitors at 5 μM, relative to control (0.5% DMSO).
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ring into a peripheral binding site (Figure 2). Exploitation of
this additional binding pocket seems to be the prominent
feature for all four compounds, which was not observed with
the closantel molecule.9

Compounds 2g, 3a, 3b, and 4a were then evaluated for their
effect on O. volvulus L3 molting. L3 larvae were cultured in the
presence of the inhibitors at 10 μM until day 6, when molting
was assessed for the empty cast of L3 and emergence of the L4
larvae.8 Treatment with compound 2g or 4c resulted in up to
29% inhibition of molting, whereas tropolones 3a and 3b
displayed better activity, with 3a completely abolishing the L3-
to-L4 molt (Figure 3A). At a dose of 1 μM, 3a inhibited the
shedding of the L3 cuticle by 23%.
The impervious cuticle of nematodes presents an impedi-

ment in the development of anthelmintics. As bioaccumulation
is a predeterminant of in vivo efficacy, we sought to investigate
whether the new OvCHT1 inhibitors could accumulate within
the worm. Burns et al. had previously noted that of >1000 drug-
like small molecules, fewer than 10% accumulated at

concentrations >50% of the initial dose in a bioaccumulation
assay using C. elegans as a model nematode.13 Employing a
similar procedure, we incubated late-stage L4 worms with urea
2g, tropolone 3a, and oxadiazole 4a (at a final concentration of
10 μM) for 6 h and then analyzed the worm homogenates by
LC-MS. Identification of the compounds in the lysates was
confirmed by comparison of LC retention time and mass
spectrum with those of the authentic synthetic standards
(Figure S3 in the Supporting Information). Our results
demonstrate that the urea-tropolone and oxadiazole scaffolds
are capable of penetrating the worm cuticle and thus increasing
the feasibility of engagement with the biological target(s) in O.
volvulus.
Taking into account that the tested compounds have

comparable potencies against OvCHT1, the superior efficacy
of tropolones 3a and 3b on L3 molting suggested additional
functions that might be vital to their bioactivity. We surmise
that because 3a and 3b are lipophilic weak acids and metal
chelators, they could act as ionophores capable of shuttling
protons/cations across biological membranes to uncouple
mitochondrial respiration. To shed light on this matter, we
evaluated the ionophoric activity of tropolones 3a and 3b using
the fluorescent mitochondrion-selective probe TMRE as a
membrane polarization sensor. Human HEK 293T/17 cells
were cultured in the presence of 10 μM 3a and 3b,
subsequently stained with TMRE, and analyzed by spectro-
fluorometry. As shown in Figure 3B, the fluorescence intensity
is decreased in the presence of 3a/3b or CCCP (a proton
ionophore), indicating mitochondrial depolarization, whereas
no uncoupling effect was observed upon incubation with
compounds 2g and 4a. The ionophoric activity of tropolones
3a/3b was even more pronounced at a higher concentration of

Scheme 1. Synthesis of Compounds 2−4a

aReagents and conditions: (a) benzoyl chloride, DIPEA, DMF, rt, 0.5
h; (b) 2-phenylacetyl chloride, DIPEA, DMF, rt, 0.5 h; (c) phenyl
chloroformate, DIPEA, DMF, rt, 0.5 h; (d) RNCO, DIPEA, DMF, rt
or reflux, 3 h; (e) PNP-(4-(4-chlorophenoxy)phenyl)carbamate, THF,
95 °C, microwave; (f) RNCO, THF, 95 °C, microwave; (g) 4-
phenoxybenzoic acid, EDC, Cl-HOBt, DMF, rt, 18 h; (h) RCOOH,
HBTU, DIPEA, DMF, reflux, 3 h.

Table 1. CLogP and IC50 of OvCHT1 Inhibition

compd cLogP IC50 (μM) compd cLogP IC50 (μM)

1 7.8 1.60 ± 0.08 3a 4.3 0.84 ± 0.01
2e 6.8 0.65 ± 0.10 3b 3.4 0.60 ± 0.01
2g 7.1 0.50 ± 0.14 3c 2.7 1.20 ± 0.08
2h 6.7 1.45 ± 0.17 4a 7.2 0.56 ± 0.18
2k 6.6 0.81 ± 0.06 4b 6.3 0.49 ± 0.04

Figure 2. Lowest energy pose of compound 3a docked into OvCHT1
using the program AutoDock Vina. Color scheme: oxygens in red,
nitrogens in blue, carbons in yellow (compound 3a) or gray
(OvCHT1).

Figure 3. (A) Molting of O. volvulus L3 larvae in the presence of
inhibitors at 10 μM. Data are presented as percent molting in a total of
two to three wells containing on average 5−10 larvae per well. (B)
Evaluation of mitochondrial uncoupling activity. HEK 293T/17 cells
were incubated with compound (10 μM) and subsequently stained
with TMRE. Data shown are the mean fluorescence intensity ± SD (n
= 3). Unstained cells (no TMRE) and 0.5% DMSO were used as
negative (−) and positive (+) controls, respectively. RFU, relative
fluorescence units (λex = 488 nm, λem = 575 nm). (C) Percent viability
of HEK 293T/17 cells in the presence of inhibitors (10 μM), as
assessed by MTS assay (n = 3).
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50 μM (Figure 3B). Investigations on the morphology of O.
volvulus L3 larvae disclosed the glandular esophagus as the
predominant structure and the major site of protein synthesis.12

Inhibition of mitochondrial respiration in the esophageal
granules of L3 larvae may thus affect the molting cycle of the
parasite. We add that no significant effect on the viability of
human HEK 293T/17 cells (>90%) was observed upon
incubation with 3a/3b at the effective concentration of 10
μM (Figure 3C).
Indeed, tropolones have been demonstrated to possess a

broad range of biological activities including antibacterial,14

anticancer,15 antifungal,16 and antiviral.17 The pharmacology of
tropolones is largely attributed to their ability to chelate
metalloenzymes such as histone deacetylases,15 carboxypepti-
dase A,18 and elastase LasB.11 In filarial nematodes, metal-
loproteinases have been suggested to be crucial for host tissue
invasion and parasite survival as was shown for the infective L3
larvae of Ancylostoma caninum,19 Strongyloides stercoralis,20 and
Trichinella spiralis.21 In the case of O. volvulus, juvenile and
adult male worms secrete an astacin-like zinc endopeptidase
Ov-AST-1 or onchoastacin22 to facilitate larval migration and
host skin tissue damage, resulting in atrophy and hanging
groins observed in infected individuals. Onchoastacin is also
differentially expressed in L3 larvae,23 presumably to aid in the
infection process and possibly in L3 molting as the involvement
of astacins in cuticle ecdysis has been documented in other
nematodes.24 As onchoastacin is expressed in both the infective
and migratory phases of O. volvulus, pharmacological
intervention of the protease could provide a novel approach
in the search for an effective drug with both micro- and
macrofilaricidal activities. Whether tropolones 3a/3b can
potentially inhibit the metalloprotease will be the subject of a
future investigation.
In the present study, it would seem that the robust inhibition

of L3 molting by tropolones 3a/3b occurs as a result of the
additive effects of chitinase inhibitory and ionophoric activities,
as compounds 2g and 4a (OvCHT1 inhibitors only) exhibited
less potency compared to the dual mechanistic compounds 3a/
3b. Moreover, compounds 3a/3b could likely target metal-
loprotease(s) that may be necessary for active infection and
transmission of the parasite. As such, the tropolone analogues
could present a multitarget scheme for effective treatment of
onchocerciasis.
The infective L3 larva is the critical stage for human host

invasion, and thus halting its development would avoid
subsequent insidious damage within the host. Moreover, the
persistence of microfilarial infection despite multiple treatments
of ivermectin5,25 (suggesting possible appearance of O. volvulus
strains resistant to ivermectin monotherapy) is alarming in its
breadth and urges immediate action. Starting with our initial
screening hit closantel, we initiated a “scaffold hopping”
approach by fragment replacement to identify novel structures
with OvCHT1 inhibitory activity. Our efforts resulted in the
identification of urea and oxadiazole analogues with improved
activity against the chitinase that are also able to penetrate the
worm cuticle. Although compounds 2g and 4a are potent
OvCHT1 inhibitors, they gave only modest inhibition of L3
molting when dosed at 10 μM. The present work culminated in
the serendipitous discovery of tropolones 3a/3b as auspicious
inhibitors of O. volvulus L3 molting. These compounds could
plausibly operate by collective modulation of multiple targets to
impart superior efficacy and prevent drug resistance, thereby

illustrating polypharmacology as a viable strategy to eliminate
onchocerciasis.
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