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ABSTRACT: Chronic filarial infections remain a global health
burden, with limited adulticidal therapies highlighting the need for
new drugs. We explored repurposing human GPCR antagonists,
including clemizole, pimozide, proroxan, and suloctidil, along with
45 rationally designed analogs for activity against Brugia pahangi
and two Onchocerca species. Of those, 27 showed in vitro adulticidal
activity. In vivo, clemizole and analog C-8 significantly reduced
worm burden by 60.5% and 50.8%, respectively, while S-17 and
PMZ-6 modestly reduced worm burden (36% and 25%,
respectively); however, all three significantly reduced worm
fecundity. C-8 also downregulated GPCR expression in surviving
adult females after in vivo treatment. Radioligand binding assays
revealed selective human GPCR affinities, with clemizole and
suloctidil analogs having increased parasite selectivity. Caenorhabditis elegans reverse genetics screen identified gar-3 and ser-7 as
putative nematode targets of clemizole and its analogs. Clemizole, C-8, and S-17 represent promising leads for further optimization
as antifilarial drugs.

1. INTRODUCTION
Chronic filarial infections remain a global health burden. River
Blindness, caused by the filarial nematode Onchocerca volvulus,
is targeted for elimination in 2030. There are no vaccines
against onchocerciasis, nor drugs that directly kill the adult
stages (macrofilaricides or adulticides).1−3 Control programs
since the 1990s attempt to interrupt transmission with annual
or biannual mass drug administration (MDA) of the donated
microfilaricidal drug ivermectin (IVM), which kills micro-
filariae (mf) released by adult female worms that live in the
human body for 10−14 years.4−7 Although IVM also has
sterilizing effects (suppressing microfilarial production) and
reduces the life expectancy of the adult worms,8 the longevity
and fecundity of these worms made the WHO’s 2025
elimination goal unlikely with IVM alone,9−11 with only a
31% reduction by 2013, following 10 years of MDA.12

Presently, ∼25 million people in sub-Saharan countries are
infected,13 with ∼300,000 individuals blind, and 800,000
visually impaired. Operational challenges to mass drug
administration (MDA) and the absence of adulticidal drugs
have pushed the WHO onchocerciasis elimination targets to

2030.14,15 Predictive modeling indicates that relying solely on
annual ivermectin through 2045 would require delivering as
many as 2.63 billion treatments under a standard control
program, or as few as 1.15 billion treatments via a more
aggressive elimination strategy.16 However, sustaining the
required high coverage and therapeutic compliance over this
multidecade horizon presents severe logistical, financial, and
political hurdles.11,17,18 Furthermore, relying exclusively on
continued ivermectin mono- or cotherapies over this timeline
is severely threatened by increasing global reports of
suboptimal parasite clearance patterns and potential drug
resistance.19
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Figure 1. Overall experimental workflow, and semithroughput phenotypic screening and in vitro transmission electron microscopy (TEM) results
for clemizole (CLE) and analogs. Experimental overview including (A) two orthogonal approaches to compound selection and development, (B)
the semithroughput in vitro phenotypic screening using a multifaceted screening funnel spanning filarial nematode species and (C) additional in
vitro testing approaches, and in vivo testing approaches. (D) Activity and selectivity of CLE and analogs in three different filarial nematode species.
ND = Not Done. “Inactive” = not active in initial B. pahangi screens at 10 μM (so IC50 values were not calculated), or <50% inhibition in O.
volvulus. IC50 = inhibitory concentration corresponding to 50% inhibition of worm motility; R2 values indicate how well the fitted dose−response
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Decades of research have yielded no current alternatives to
MDA with IVM, and high cost precludes treatment in hypo-
endemic areas, allowing transmission via migration and
parasite reintroduction.11 Emerging suboptimal IVM efficacy
against O. volvulus mf further threatens MDA effective-
ness3,20−23 and undermines elimination progress. Doxycycline,
the only proven adulticidal drug, kills adult worms by targeting
Wolbachia, but takes 18 months to work and cannot be used in
children under 9 years or pregnant women (transmission
reservoirs24), and requires long (4−6 weeks) treatment
regimens infeasible for MDA.25 It is currently limited to
“Test & Treat” campaigns.26 The macrocyclic lactone
moxidectin demonstrates superior and more sustained micro-
filarial suppression compared to IVM by halting embryo-
genesis27,28 and was added to the WHO’s essential medicines
list in 2025.29 Clinical data further demonstrates that a
combination of moxidectin plus albendazole safely clears
Wuchereria bancrofti microfilariae for up to 2 years, presenting
a significantly longer-lasting effect than traditional ivermectin-
based coadministrations. However, it also lacks direct macro-
filaricidal efficacy against adult worms in humans.19 These
limitations underscore the urgent need for new adulticidal
drugs with alternate mechanisms of action, greater efficacy, and
pan-filarial activity. To address this deficit, several macro-
filaricidal candidates are being clinically evaluated. Emodepside
and the repurposed veterinary benzimidazole oxfendazole are
currently undergoing Phase I/II clinical trials to assess safety
and adulticidal efficacy.30,31 Oxfendazole is particularly
promising because it acts as a selective macrofilaricide with
no prominent direct activity against microfilariae, safely
avoiding microfilariae-induced inflammatory adverse events
during treatment.19 Clinical evaluation of the anti-Wolbachia
antibiotic fusidic acid has been initiated to investigate short-
course curative regimens.32 However, given the high attrition
rates typical of clinical drug development (including the
discontinuation of promising candidates such as flubentylosin
and AWZ1066S due to limitation in efficacy and host
toxicity19), there remains a critical need for distinct pan-filarial
scaffolds. Consequently, continuously expanding the discovery
pipeline with structurally novel macrofilaricidal chemotypes is
essential.

Earlier, omics-driven prioritization and phenotypic screening
of an FDA-approved library of compounds against Brugia
pahangi adult worms in vitro identified several antifilarial hits,33

including several CNS-active drugs targeting G-protein Couple
Receptors (GPCRs). GPCRs are among the most targeted
protein families, ∼34% of FDA-approved drugs act on 108
GPCRs, with 66 more in clinical trials,34 treating conditions
including hypertension, depression, Alzheimer’s disease and
infectious diseases.35 Importantly, structural data for many
GPCRs has enabled rational drug design.34,36 GPCRs are also

promising anthelmintic targets in trematodes37 and other
nematodes.38 For example, nuciferine is a potent antagonist of
a schistosome serotonergic GPCR37 and praziquantel (effective
against schistosomiasis, schistosomula and adults) targets a
mammalian serotonergic GPCR (5HT2B),

39 but appears to act
through targeting transient receptor potential (TRP) channels
in helminths.40−42 In nematodes, SER-4 agonists cleared
Haemonchus contortus infections in jirds.43 Notably, the O.
volvulus genome contains 230 GPCRs, with unique expansion
in the Srt family and duplications in Srx and Srsx families.44

In a previous study, we identified four GPCR antagonists,
clemizole (CLE), pimozide (PMZ), proroxan (PRO)(FDA-
approved drugs), and suloctidil (SUL; non-FDA-approved
compound) as having potent anthelmintic activity against
several parasitic filarial worms.33 CLE, a benzimidazole
antihistamine, is a selective H1 antagonist and TRPC5
inhibitor.45 PMZ, a diphenylbutylpiperidine antipsychotic,
inhibits D2−D4 dopamine, histamine, serotonin and alpha-
adrenergic receptors.46 PRO is a nonselective alpha-blocker
targeting α-adrenoreceptor.47 SUL is an adrenergic receptor
antagonist48 that also inhibits other GPCRs, including the H2
receptor.49 Here, we expanded on these findings by advancing
hit-to-lead studies across these structurally diverse GPCR
antagonist classes.

2. RESULTS AND DISCUSSION
To identify additional GPCR antagonists with adulticidal
anthelmintic activity,33 we pursued two approaches (Figure
1A): 1) chemogenomic screening of human GPCR ligands
based on the antagonists CLE, PMZ, PRO and SUL, and 2)
scaffold-based lead identification to reduce toxicity, improved
selectivity and pharmacokinetic (PK) properties. Since O.
volvulus, our target species, lacks an animal model for adult
worm harvesting, we implemented a cost-effective, stepwise in
vitro screening funnel (Figure 1B); primary screens with adult
B. pahangi, secondary screens with O. ochengi (worms
harvested from infected cattle;50 close relative to O.
volvulus51,52), and tertiary screens with O. volvulus L3 and L4
larvae.53 Like other nematodes, filarial parasites possess a
collagen-rich cuticle that functions as a primary semipermeable
barrier, regulating the passive diffusion and subsequent efficacy
of anthelmintic compounds.54,55 Findings from drug bio-
accumulation screening suggest that some inactive analogs are
incapable of penetrating the filarial nematode cuticle due to
differential hydrophobicity.33 This knowledge can be directed
at improving uptake of inhibitors through the nematode cuticle
and used to optimize the compounds for potency.56 The target
species, O. volvulus, reaches substantial lengths, with adult
females measuring approximately 30−50 cm (diameter ∼ 300
μm), while O. ochengi (the closely related sister species that we

Figure 1. continued

curve matches the experimental data points; Complete IC50 statistics are provided in Table S1. CC50 = Cytotoxicity concentration, corresponding
to 50% death of HepG2 cells. “Selectivity index” represents the ratio of CC50 to IC50, corresponding to the fold-increase of efficacy in worms
relative to mammalian cells. Panels E-L show ultrastructural alterations induced by 3 days of 30 μM in vitro treatment in adult female B. pahangi.
(E) A vehicle-treated worm with a normal gonad with a healthy embryo shown in the inset, and (F) a normal hypodermis and cuticle. (G) A
necrotic gonad full of electron dense debris from a CLE-treated worm, with several necrotic embryos shown in high magnification in the inset. (H)
A muscle fiber from a CLE-treated worm with electron dense debris scattered throughout the muscle fiber (boxed region). (I&J) Normal
ultrastructure of vehicle-treated worms from a second experiment for C-8 treatment. (K) A deformed, highly vacuolated embryo from a C-8 treated
worm. (L) A destroyed, necrotic hypodermal cord of a C-8 treated worm. Cu: cuticle; Mu: muscle; Hy: hypodermis; HyC: hypodermal chord.
Scale bars represent 2 μm. Brightness and contrast adjustments were applied to the entire image.
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screen) reaches ∼ 25 cm; in comparison, B. pahangi, used in
our primary screening, is ∼5 cm in length.

Adult B. pahangi responses were evaluated (Figure 1C)
using (i) motility inhibition (MI) over 3 days of treatment. For
active compounds (≥50% MI), motility IC50 statistics
including R2 values, P values, standard error values and 95%
confidence intervals are provided in Table S1 (F-IC50 for
female, M-IC50 for male), and IC50 curves are provided in
Supporting Information. Since adult B. pahangi worms must be
obtained from individual infected gerbil hosts rather than from
a fully standardized in vitro source, batch-to-batch variability in
baseline worm activity and motility is expected, despite efforts
to tightly control infection, recovery, and culture conditions.
For this reason, motility inhibition values at single concen-
trations with one batch of worms may not correlate precisely
with IC50 values calculated using a subsequent batch. The
“selectivity index” (F−SI for female, M-SI for male) was
calculated as the ratio of HepG2 cell cytotoxicity (CC50;

calculated for all compounds, with detailed statistics in Table
S1 and plots in Supporting Information) to the B. pahangi
IC50. (ii) Female fecundity was measured as the reduction of
active vs dead microfilariae (mf) relative to DMSO controls
(%; P ≤ 0.05, two-tailed pooled student’s t tests; complete
statistics provided in Table S1). (iii) Embryograms assessed
differential embryonic development within the uterine of
female worms (“embryogenesis”; FDR-adjusted P ≤ 0.05, two-
tailed student’s t tests; Table S1); (iv) Transmission electron
microscopy (TEM) of uterine content ultrastructure; (v) for
representative compounds transcriptional profiling of treated
worms (harvested from infected and treated gerbils); and vi)
GPCR binding across a panel of 43 human GPCRs receptor
(radioligand binding assay; Table S2). Based on efficacy,
selectivity and pharmacokinetic properties, we identified four
lead compounds that underwent in vivo evaluation.

Scheme 1. The Preparation of Clemizole (CLE) Analogsa

aThe condensation of 2-chloromethylbenzimidazole with pyrrolidine or piperidine provided intermediate C-1 and C-2, which upon deprotonation
by sodium hydride were subjected to the nucleophilic substitution with appropriate alkyl halides to furnish C-3, C-4, C-5, C-6, C-7. C-3 underwent
subsequently Suzuki coupling reaction with 3,5-difluorophenylboronic acid to give C-8. C-9 was synthesized through the coupling of 2-
chloromethylbenzimidazole with sodium phenoxide, which was generated in situ from phenol with sodium hydride. Deprotonation of C-9 by
sodium hydride, followed by alkylation with 4-bromobenzyl bromide gave C-10, which reacted with 3,5-difluorophenylboronic acid under Suzuki
coupling condition to yield C-11. In a similar fashion, C-12 and C-13 were produced, starting with benzimidazole.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.6c01435
J. Med. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_002.csv
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=sch1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.1. Expanding the Chemical Space by Evaluating Known
Human GPCR Inhibitors

We conducted chemoinformatic searches based on GPCR
targets of CLE, PMZ, PRO and SUL, to select 16 additional
antagonists (5 histamine, 6 dopaminergic, 2 α-adrenergic, 3 β-
adrenergic) for evaluation. Eleven of the 20 total compounds
caused ≥50% motility inhibition (MI) at 10 μM (4 replicates,
repeated twice), including 5 in both sexes (Figure S1). Of
these 5, two were histamine antagonists: CLE and azelastine, a
second generation antihistamine used to treat hay fever and
conjunctivitis among other conditions57 (CLE F-IC50 = 5.4,
F−SI = 10.7, M-IC50 = 11.4 μM, M-SI = 5.0; Azelastine F-IC50
= 1.1 μM, F−SI = 27.6, M-IC50 = 23.4 μM, M-SI = 1.3).
Dopamine antagonists PMZ and melperone were active in B.
pahangi females (PMZ F-IC50 = 2.3 μM, F−SI = 6.9, M-IC50 =
0.59 μM, M-SI = 26.9; melperone F-IC50 = 14.3 μM and F−SI
> 3.5). Among adrenergic blockers, PRO and SUL were active
in both sexes (PRO F-IC50 = 4.2 μM, F−SI = 23.6, M-IC50 =
2.5 μM, M-SI = 36.9; SUL F-IC50 = 7.9, F−SI = 0.67, M-IC50
= 1.8 μM, M-SI = 2.9). All four primary hits increased mf
killing by at least 75.7% (P ≤ 2.5 × 10−3; Table S1). CLE and
PRO also increased the proportion of embryos (by at least
10.7%, P ≤ 0.048) while reducing mf counts (−10.3% and
−9.8%, P = 0.048 for both), with PRO decreasing egg counts
(−13.3%, P = 0.048).

All 20 compounds were also screened for O. ochengi adult
female viability and adult male MI. Fourteen showed >70%
MI, six in both sexes (Figure S1) including CLE, PMZ and
SUL, as well as dopamine antagonists aripiprazole and
chlorpromazine, and the alpha-adrenergic blocker prazosin.
Aripiprazole was O. ochengi-specific and active in both sexes.
Both CLE and PMZ inhibited O. ochengi motility in females ≥
30 μM IC50, but PMZ was more potent against males (≥3 μM
vs ≥10 μM for CLE; Table S1). Five compounds had >50%
MI in O. volvulus L4 larval stage (10 μM, 8 days). CLE and
PMZ inhibited L3 molting with IC50 = 2.5 μM and 2.9 μM,
respectively (Table S1).

Fifteen compounds were active in at least one filarial species,
sex or stage. Chlorpromazine and prazosin were excluded from
further studies due to inactivity in B. pahangi, despite activity in
Onchocerca species. These differences may be due to species-
or sex-specific GPCR expression, as observed for emodepside
with adult B. malayi, attributed to SLO-1K splice variation.58

Azelastine and melperone were excluded due to inactivity in
female Onchocerca.

For further optimization, one representative from each active
class was selected (CLE, PMZ, PRO and SUL) due to their
synthetic tractability and potential for analog development,
activity against at least one Onchocerca species and strong
potency in B. pahangi (F-IC50 = 2.3−7.9 μM, M-IC50 = 0.59−
11.4 μM). Anthelmintics must cause irreversible damage to the
worm due to transient host exposure, so we tested the
durability of the effects of these four representatives. Adult B.
pahangi were treated with 5−60 μM (∼3× IC50 at day 1) for
24 h, washed and monitored for 5 days. All representative
compounds were 100% effective by 48 h, and none recovered
motility, indicating irreversible damage (Figure S2). To explore
structure−activity relationships (SAR) and enhance potency
and worm selectivity, we synthesized focused libraries of
derivatives.

2.2. Structure Activity Relationships
2.2.1. Clemizole Analogs. We synthesized new com-

pounds based the CLE chemical scaffold (Scheme 1). First, we
varied the N-substituents 4-chlorobenzyl (benzimidazole ring
nitrogen; R1) and then explored replacements of the
pyrrolidine ring (R2). Without substitution, B. pahangi MI
was diminished (C-1 and C-2). When R1 is changed to 4-
bromobenzyl (C-3), potency against B. pahangi slightly
improved (F-IC50 = 4.1 μM, M-IC50 = 8.9 μM), and when
replaced by a biphenyl (C-8; inspired by the diphenyl portion
of pimozide), potency further improved (F-IC50 = 3.9 μM, M-
IC50 = 2.8 μM; CLE F-IC50 = 5.4 μM, M-IC50 = 11.4 μM).
When R1 was substituted with a long alkyl group such as n-
octyl, potency as well as selectivity greatly improved (e.g., C-4,
F-IC50 = 0.33 μM, F−SI = 80.3, M-IC50 = 0.7 μM, M-SI = 39
and C-7, F-IC50 = 1.2 μM, F−SI = 36.1, M-IC50 = 1.4 μM, M-
SI = 30.7). We performed an LC-MS bioaccumulation assay
for CLE, C-3 and C-4 on female B. pahangi lysate following 20
min of 30 μM incubation (N = 2; Table S1). We detected 4.2-
fold and 2.4-fold more C-4 bioaccumulation than CLE and C-
3 (4.4 μM vs 1.1 μM and 1.8 μM, respectively), indicating that
the CLE R1 substitution with a long alkyl group such as n-octyl
improves uptake through the cuticle. While potency was
retained when R2 was replaced with a 6-membered piperidine
ring (C-6, F-IC50 = 6.6 μM, M-IC50 = 7.9 μM), replacing it
with a phenoxy group (C-10) or removing it (C-12, C-13)
eliminated MI. The hybrid analog C-11, with a di-F-biphenyl
group based on the pimozide structure, retained activity only
in female B. pahangi (F-IC50 = 10.6 μM). Overall, 7 newly
synthesized compounds were active in B. pahangi. Of those, 2
were sex-specific (C-5, male; C-11, female). Four female-active
analogs had a better F-IC50 than CLE (F-IC50 range 0.33−4.14
μM vs 5.4 μM), and all 6 male-active analogs had better
activity than CLE (M-IC50 0.68−10.2 μM vs 11.4 μM).

Female fecundity was significantly affected by all active
analogs including C-3, C-7 and C-11 (100% dead/inactive mf;
P ≤ 8.4 × 10−7), and C-12 and C-13, which did not reduce
motility (96% and 98% dead/inactive mf, P ≤ 4.6 × 10−8). C-3
increased uterine premf while decreasing mf (13.2% and
10.6%, respectively; P = 0.023). Notably, CLE and 8 analogs
were also larvicidal, inhibiting motility of 42-day B. pahangi L4
female by >50%, reinforcing that these adulticidal drugs have
also larvicidal potential. C-9, C-10, C-12 and C-13 were not
larvicidal, while C-1 and C-2 had a stage and/or sex specific
activity (active in L4 female but not in L4 male), and C3-C8
had larvicidal activity in both sexes (Table S1).
CLE and its analogs C-1, C-4, C-7 and C-8 were adulticidal

against both sexes in O. ochengi, with improved potency for C-
8 compared to CLE (C-8 F-IC50 = 0.35 μM, M-IC50 = 1.7 μM;
CLE F-IC50 ≥ 30 μM, M-IC50 ≥ 10 μM). Due to efficacy in
both B. pahangi and O. ochengi, CLE, C-4, C-7 and C-8 were
also tested in O. volvulus. L3 molting inhibition IC50 values
were 2.5, 6.2, 1.1, and 3.2 μM (respectively), while only C-4
reduced O. volvulus L4 viability following a 14-day 30 μM
exposure (by >70%; Figure 1D; Table S1).

Based on consistent efficacy across species and sexes, C-4,
C-7 and C-8 were the best CLE analogs. TEM structural
analyses confirmed CLE and C-8 affect the wellness and
fecundity of adult female B. pahangi in vitro (compared to
vehicle Figure 1E, 1F). Specifically, we observed severe
deformities in the gonads of CLE-treated worms (lost integrity
and filled with unrecognizable necrotic material; Figure 1G),
and the few recognizable embryonic developmental stages were
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severely deformed (inset, Figure 1G). While the hypodermis of
CLE-treated worms was mostly normal, electron-dense debris
was frequently observed near disrupted muscle fibers (Figure
1H). Compared to vehicle-treated worms, C-8-treated worms
displayed vacuolated embryos and marked damage to regions
of the hypodermis; most notably the hypodermal chords
appeared destroyed (Figure 1I, 1J, 1K and 1L).

2.2.2. Pimozide Analogs. For PMZ, we modified the
nitrogen substituent R2 of the phthalimide to various benzylic
groups and investigated different substituents on the piperidine
ring (Scheme 2). Inspired by the increased potency of the CLE
analogs, we synthesized N-4-bromobenzyl analog PMZ-1 and
disubstituted analogs PMZ-2 and PMZ-3 having an N-4-
pyridinylbenzyl group, but all 3 were inactive (Figure 2A). The
activity was also lost when the difluorophenyl butane group

attached to piperidine ring was removed or replaced by n-octyl
or 3,5-dimethoxybenzyl (PMZ-7, PMZ-8 and PMZ-9). N-
methyl and N-benzyl substitution on the pimozide-free amine
NH R1 retained activity for PMZ-5 and PMZ-6 but the
alkylated piperidine analog PMZ-4 was inactive, indicating that
the basicity (high pKa) of the piperidine might be important
for targeting B. pahangi (PMZ-5 F-IC50 = 0.76 μM, F−SI =
8.3, M-IC50 = 0.88 μM, M-SI = 7.2; PMZ-6 F-IC50 = 1.8 μM,
F−SI = 10.5, M-IC50 = 0.24 μM, M-SI = 77.7). In addition, the
constant positive charge in PMZ-4 might hinder its ability to
penetrate the worm cuticle and reach the putative receptor,
potentially leading to its inactivity against B. pahangi. Female B.
pahangi lysate bioaccumulation assays with the best analog
(PMZ-5; detected) vs the inactive (PMZ-9; undetectable)
corresponded with their differential activity (Table S1). While

Scheme 2. Synthesis of Pimozide (PMZ) Analogsa

a(A) Deprotonation of benzimidazolone with sodium hydride, followed by the nucleophilic substitution with 4-bromobenzyl bromide afforded
PMZ-1 and PMZ-2. PMZ-1 underwent Suzuki coupling reaction with 4-pyridineboronic acid to give PMZ-3. (B) In a similar fashion, PMZ-4,
PMZ-5 and PMZ-6 were prepared with the pimozide as the starting material. (C) The reaction of 4-(2-keto-1-benzimidazolinyl)piperidine (PMZ-
7), which is commercially available, with appropriate alkyl halides in the presence of base yielded PMZ-8 and PMZ-9.
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PMZ concentration was 5-fold higher than PMZ-5, PMZ-5 F-
IC50 was 3-fold better compared to PMZ (0.76 vs 2.3 μM),
supporting that while less PMZ-5 penetrates the worm, its
potency is much higher. PMZ and the two adulticidal analogs
PMZ-5 and PMZ-6 showed larvicidal activity against L4 males
and female B. pahangi. In Onchocerca species, PMZ-5 was

active only in male O. ochengi, and PMZ-6 was active against
both female and male. Both compounds inhibited O. volvulus
L4 viability or motility by >90% and reduced O. volvulus L3
molting (IC50 = 0.80 μM and IC50 = 3.6 μM, respectively).
PMZ-5 was the most effective, and is equipotent to the
anthelmintic emodepside,59 which has macrofilaricidal activity

Figure 2. Semithroughput phenotypic screening and in vitro transmission electron microscopy (TEM) results for pimozide (PMZ) and analogs.
(A) Activity and selectivity of PMZ and analogs in three different filarial nematode species. ND = Not Done. “Inactive” = not active in initial B.
pahangi screens at 10 μM, so IC50 values were not calculated. IC50 = inhibitory concentration corresponding to 50% inhibition of worm motility; R2

values indicate how well the fitted dose−response curve matches the experimental data points; Complete IC50 statistics are provided in Table S1.
CC50 = Cytotoxicity concentration, corresponding to 50% death of HepG2 cells. “Selectivity index” represents the ratio of CC50 to IC50,
corresponding to the fold-increase of efficacy in worms relative to mammalian cells. Panels B−I show ultrastructural alterations induced by 3 days
of 30 μM in vitro treatment in adult female B. pahangi. (B) A vehicle-treated worm with a normal gonad with a healthy embryo shown in the inset,
and (C) a normal hypodermis and cuticle. (D) A PMZ-treated worm with a gonad full of necrotic embryos; a single necrotic embryo, loaded with
electron dense material, is shown in high magnification in the inset. (E) An abnormal hypodermis of a PMZ-treated worm displaying numerous
vacuoles, as well as a large lysosome (L) and a ruffled nucleus (N). (F&G) Normal ultrastructure of vehicle-treated worms from PMZ-6 treatment.
(H) A deformed gonad loaded with various necrotic, unrecognizable developmental stages from a PMZ-6 treated worm; a cluster of necrotic
material is shown in the inset where electron dense debris is apparent. (I) The hypodermis of a PMZ-6 treated worm displaying numerous, small
and immature lysosomes scattered throughout muscle fibers (black arrowheads). Cu: cuticle; Mu: muscle; Hy: hypodermis. Scale bars represent 2
μm. Brightness and contrast adjustments were applied to the entire image.
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in filarial nematodes,60 and is used clinically to treat a range of
gastrointestinal nematodes in dogs and cats; at present it is in
clinical trials as a macrofilaricidal drug against O. volvulus
infection61 and against soil transmitted helminths62 in humans.
Female fecundity and reproductive output were consistent with
motility inhibition results, with significant mf activity reduction
was only observed for the 2 active analogs (100% dead/
inactive active mf; P = 1.8 × 10−11 for PMZ-5 and P = 1.4 ×
10−3 for PMZ-6).

Structural analyses by TEM of B. pahangi adult female
worms treated with PMZ and PMZ-6 in vitro (compared to
vehicle, Figure 2B, C and F, G) indicated that while the PMZ-
treated worms appeared to maintain the integrity of the gonads

and the uterine walls, the various developmental stages within
the gonad were clearly destroyed (Figure 2D and inset). The
hypodermis of PMZ-treated worms was also markedly
vacuolated, and nuclei detected within the hypodermis
appeared ruffled (Figure 2E). The PMZ-6 treated worms
displayed ultrastructural abnormalities like those observed after
treatment with PMZ; largely necrotic gonad contents, although
the walls of the gonad still appeared intact (Figure 2H), and
electron dense lysosomes were scattered throughout the
muscle fibers (Figure 2I).

2.2.3. Proroxan Analogs. PRO had excellent potency
against adult B. pahangi, low cytotoxicity, and killed 97% of
secreted mf (P = 2.3 × 10−5; F-IC50 = 4.2 μM, M-IC50 = 2.5

Figure 3. Semithroughput phenotypic screening and in vitro transmission electron microscopy (TEM) results for proroxan (PRO) and analogs. (A)
SAR study of proroxan analogs and analogs, and their activity and selectivity against 3 filarial species. MI = motility inhibition; VI = viability
inhibition; Molt-I = molting inhibition; ND = Not Done; “Inactive” = not active in initial B. pahangi screens at 10 μM (so IC50 values were not
calculated), or <50% inhibition in O. volvulus. Panels B−I show ultrastructural alterations induced by 3 days of 30 μM in vitro treatment in adult
female B. pahangi. (B) A vehicle-treated worm with a normal gonad with a healthy embryo shown in the inset, and (C) a normal hypodermis and
cuticle. (D) An empty gonad from a PRO-treated worm shown in a longitudinal section; another empty gonad is shown in cross section in the
inset. (E) The hypodermis of a PRO-treated worm displaying numerous membrane-bound vesicle-like structures (white arrowheads). (F&G)
Normal ultrastructure of vehicle-treated worms from a second experiment for PRO-3 treatment. (H) A normal, healthy embryo and (I) a normal
hypodermis from a PRO-3 treated worm. Cu: cuticle; Mu: muscle; Hy: hypodermis. Scale bars represent 2 μm. Brightness and contrast
adjustments were applied to the entire image.
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μM; CC50 = 99.8 μM; F−SI = 23.6 and M-SI = 39.4; Figure
3A). Replacing the phenyl pyrrolidine moiety with a
phenylpiperidine moiety (PRO-1) decreased female but
increased male B. pahangi potency (F-IC50 = 10.9 μM, M-
IC50 = 0.65 μM; Scheme 3). Although PRO-1 cytotoxicity was
slightly increased, it improved mf reduction to 100% (P = 4.3
× 10−9; CC50= 85.4 μM, F−SI = 7.8 and M-SI = 132.2).
Activity was lost when with the addition of an amide linker
(PRO-2). Interestingly, shortening the carbon chain by one
atom (PRO-3) lead to increased potency against female B.
pahangi (F-IC50 = 1.2 μM) but lost activity against males.
PRO-3 cytotoxicity was comparable to PRO, but showed
much higher selectivity (CC50 = 93.6 μM; SI = 75.1), and less
activity against mf (81.0%, P = 0.031). Elongation to a 3-
carbon chain (PRO-4) and amide-linking (PRO-5 and PRO-
6) were inactive. Modifying the benzo(1,4)-dioxane fused ring
to a 1,2-dimethoxy substituted benzene (PRO-8) showed the
best potency against males, with a slight reduction in potency
against females (M-IC50 = 0.30 μM, F-IC50 = 6.6 μM). PRO
contains one stereocenter at the third carbon of the pyrrolidine
ring that was tested initially as a racemic mixture.
Commercially available (R) or (S)-3-phenylpyrrolidine was
used to synthesize PRO-R and PRO-S, which were
comparable to PRO, so controlling the stereochemistry is
not necessary to improve biological activity (F-IC50 = 4.4 μM
and 5.5 μM, respectively). However, stereochemistry remains a
critical consideration for optimizing downstream ADME
properties and minimizing potential off-target toxicities.63

PRO, PRO-1 and PRO-3 resulted in 100% mobility
inhibition in male O. ochengi, but were not active in females.
Against O. volvulus, all three showed low L3 molting and L4
viability inhibition, with PRO-1 producing the most L4

viability inhibition (48%). As none of these compounds gave
high levels (>50%) of MI in female O. ochengi or the larval O.
volvulus, PRO was down-selected for further development.

Structural analyses of B. pahangi adult female worms (Figure
3B and 3C) showed that PRO-treated worms were profoundly
affected, exhibiting a total loss of gonad integrity and contents
(Figure 3D and inset), and the hypodermis appeared loaded
with numerous membrane-bound vesicular structures (Figure
3E, white arrowheads). Surprisingly, treatment with PRO-3
did not appear to cause any apparent ultrastructural
deformities (Figure 3H and 3I).

2.2.4. Suloctidil Analogs. SUL displayed excellent
potency against B. pahangi, but has known liver toxicity in
humans64 (F-IC50 = 7.9 μM, M-IC50 = 1.8 μM; Figure 4A).
Accordingly, we observed high cytotoxicity, and evaluated
diverse SAR while monitoring changes in cytotoxicity (CC50 =
5.3 μM; F−SI = 0.67, M-SI = 2.9). We first replaced the S-
isopropyl ether with O-isopropyl ether for O-ether analogs (S-
2, S-4 and S-7) followed by replacing the N-octyl alkyl chain
with different groups (N-capped analogs S-1, S-2, S-10, S-11,
S-13 and S14; Scheme 4). The potency of the O-ether analogs
S-2, S-4 and S-7 was slightly better against both females and
males (F-IC50 = 3.6 μM, 7.3 μM and 6.0 μM, respectively; M-
IC50 = 0.67 μM, 0.28 μM and 5.3 μM). Due to decreased
cytotoxicity, parasite selectivity was increased by 4.8-fold and
6.0-fold for female and male with S-2, 3.3-fold and 20.2-fold
for S-4, and 5.9-fold and 1.6-fold for S-7. O-ether analogs with
a benzyl group (instead of methyl for S-2 and S-4) have similar
activity to S-ether analogs (e.g., S-9, F-IC50 = 24.7 μM, M-IC50
= 0.80 μM).

Due to its two chiral centers, we synthesized the three SUL
diastereomers (S-9, S-12, S-15) to understand how the

Scheme 3. Synthesis of Proroxan (PRO) Analogsa

a(A) Benzo(1,4)-dioxane undergoes Friedel-crafts acylation with various bromoacyl chlorides elongating the carbon chain from 1 to 3 carbons
synthesizing crude products 1−3. Product 2 underwent nucleophilic substitution under basic conditions with phenyl substituted piperidine and
pyrrolidine reagents to give PRO-2, PRO-R and PRO-S. Similar reaction conditions were applied to 1 and 3 with 3-phenylpyrrolidine and afforded
PRO-3 and PRO-4. (B) Amide-linked analogs were synthesized using 3,4-ethylenedioxyaniline starting material with the same group of bromoacyl
chlorides. Nucleophilic substitution with the free primary amine under basic conditions gives crude amide substituted products which all were
coupled to 3-phenylpyrrolidine to give the amide-linked analogs PRO-5, PRO-1 and PRO-6.
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Figure 4. Semithroughput phenotypic screening and in vitro transmission electron microscopy (TEM) results for suloctidil (SUL) and analogs. (A)
Activity and selectivity of SUL analogs in three different filarial nematode species. S-9, S-12, and S-15 are diastereomers of each other. ND = Not
Done. “Inactive” = not active in initial B. pahangi screens at 10 μM (so IC50 values were not calculated), or <50% inhibition in O. volvulus. IC50 =
inhibitory concentration corresponding to 50% inhibition of worm motility; R2 values indicate how well the fitted dose−response curve matches
the experimental data points; Complete IC50 statistics are provided in Table S1. CC50 = Cytotoxicity concentration, corresponding to 50% death of
HepG2 cells. “Selectivity index” represents the ratio of CC50 to IC50, corresponding to the fold-increase of efficacy in worms relative to mammalian
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orientation of methyl and hydroxyl groups affects potency. S-
15 was improved (F-IC50 = 1.1 μM, M-IC50 = 1.3 μM), S-12
was within SUL range (F-IC50 = 7.8 μM, M-IC50 = 0.82 μM)

and S-9 was much worse against females but better against
males (F-IC50 = 25 μM, M-IC50 = 0.80 μM). S-9 did not
increase selectivity for females, but improved M-SI by 5.9-fold,

Figure 4. continued

cells. Panels B−I show ultrastructural alterations induced by 3 days of 30 μM in vitro treatment in adult female B. pahangi. (B) A vehicle-treated
worm with a normal gonad with a healthy embryo shown in the inset, and (C) a normal hypodermis and cuticle. (D) A gonad of a SUL-treated
worm containing several inclusions that resemble sperm, but no recognizable developmental stages; a deformed gut containing no microvilli is
shown in the inset. (E) An abnormal hypodermis of a SUL-treated worm, where the cuticle is markedly undulant (black arrowheads) and the
underlying muscle fibers appear deformed. (F&G) Normal ultrastructure of vehicle-treated worms from a second experiment for C-8 treatment.
(H) A deformed gut from an S-17 treated worm, where microvilli appear destroyed (white arrowheads). Another deformed gut is shown in high
magnification in the inset. (I) A gonad of an S-17 treated worm displaying mostly normal, healthy microfilariae with few deformed microfilariae.
Cu: cuticle; Mu: muscle; Hy: hypodermis; Scale bars represent 2 μm. Brightness and contrast adjustments were applied to the entire image.

Scheme 4. Synthesis of SUL Derivatives and Analogsa

a(A) Suloctidil analogs have two stereo centers which are created through nucleophilic reaction between aldehydes and organometallic species. The
synthesis of “phenylalaninol type” suloctidil analogs is shown. Swern oxidation of N,N-dibenzyl-L-phenylalaninol gave N,N-dibenzyl-L-
phenylalaninal. Subsequent nucleophilic addition by organozinc species generated in situ from diethyl zinc with 4-isopropoxyphenylboronic acid
afforded syn-adduct A and antiadduct B, which upon debenzylation via Pd/C catalyzed hydrogenation yielded C and S-3. They then underwent
reductive amination with appropriate aldehydes to afford S-2, S-4, S-5. Coupling of S-3 with 4-methoxycarbonylphenyl isocyanate gave S-1. (B)
The preparation of “alaninol type” suloctidil analogs is depicted in Scheme 4B and was followed in a similar strategy as “phenylalaninol type”
described before. Swern oxidation of N,N-dibenzyl-D-alaninol afforded N,N-dibenzyl-D-alaninal, which then reacted with 4-isopropoxyphe-
nylmagnesium bromide to give antiadduct D preferentially. Subsequent debenzylation through Pearlman’s catalyst catalyzed hydrogenation
furnished S-6, which underwent reductive amination to yield S-7. (C) The suloctidil diastereomers and other thioether type analogs were
synthesized starting with (R) or (S)-Boc-alaninal. Nucleophilic addition of 4-(isopropylthio)phenylmagnesium bromide to Boc-alaninal afforded
syn-adduct S-8, antiadduct E from (R)-Boc-alaninal and syn-adduct F, antiadduct G from (S)-Boc-alaninal. Subsequent Boc deprotection, followed
by reductive amination with appropriate aldehyde yielded S-9, S-10, S-11, S-12, S-13, S-14, S-15 respectively. (D) The preparation of dehydroxy
suloctidil analog S-16 and ethyl-capped suloctidil analog S-17. Deoxygenation of S-4, mediated with Et3SiH and TFA, afforded S-16. Starting with
antiadduct B, deprotonation with sodium hydride followed by ethyl alkylation gave intermediate H, which was subsequently debenzylated via
Pearlman’s catalyst catalyzed hydrogenation to furnish intermediate I. Finally, reductive amination from I yielded S-17.
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while S-15 displayed 5.3-fold and 5.1-fold increased selectivity
for female and male parasites, respectively.

Next, the SUL OH (hydroxyl) was either capped with an
ethyl group (S-17) or completely removed (S-16); surpris-
ingly, this OH group contributed little to the potency of SUL
analogs, since both had similar activity, despite lower
bioaccumulation (S-16 F-IC50 = 8.3 μM, M-IC50 = 1.0 μM;
S-17 F-IC50 = 6.5 μM, M-IC50 = 2.6 μM). By altering or
removing this hydroxyl group, we disrupt the alkanolamine
core that causes suloctidil’s known liver toxicity. This shows we
can successfully reduce damage to mammalian cells without
losing active potency against the worms.

We also investigated different N-substitutions (R5). No
substantial activity difference was observed from substituting
the amino with a longer n-decyl group (S-11: F-IC50 = 6.3 μM,
M-IC50 = 0.5 μM) or a shorter n-hexyl or cyclohexylmethyl
group (S-10: F-IC50 = 12.1 μM, M-IC50 = 2.7 μM). S-13
retained activity only in male (M-IC50 = 1.4 μM; M-SI = 14.6).
When uncapped (S-3, S-6), or capped with Boc (S-8), 4-
pyridylmethyl (S-14) or a phenyl urea (S-1), the activity of the
compounds to the female worms was eliminated.

B. pahangi fecundity is substantially reduced by SUL, and all
active first-generation analogs killed 100% of mf (P ≤ 2.4 ×
10−4), except for S-9 (81.3%; P = 0.016). Reduction of
secretions by the inactive S-6 and S-8, and female-specific S-3
was nonsignificant. Other male-specific analogs reduced mf,
including by 100% for S-1 (P = 1.1 × 10−5) and S-13 (P = 1.8
× 10−11) and by 67.5% for S-14 (P = 6.6 × 10−4). Deformed
embryos significantly increased in relative abundance with S-9
(53.5%, P = 0.0028) and S-10 (26.3%, P = 0.0090), and S-9
concurrently significantly decreased eggs (−9.6%, P = 0.032),
embryos (−39.5%, P = 0.0020) and premf (−14.3%, P =
0.049). SUL and its 4 adulticidal analogs S-12, S-15, S-16 and
S17 were also larvicidal against L4 B. pahangi.
SUL induced a wide range of ultrastructural abnormalities

by TEM compared to vehicle (Figure 4B and 4C), including
gonads of devoid of recognizable developmental stages and
filled with small inclusions that resemble nematode sperm
(Figure 4D). The gut appeared deformed and lacked microvilli
(inset, Figure 4E), and the cuticles and underlying muscle
fibers were severely distorted with marked undulation
throughout the length of the cuticle (Figure 4E, black
arrowheads). S-17 induced a similar phenotype compared to

Figure 5. Pharmacokinetic profiling of CLE, PMZ, SUL, and selected analogs. (A) Summary of in vivo pharmacokinetic parameters, with darker
colored shading indicating better exposure properties for pharmacokinetic performance. Compounds were administered via oral gavage (PO, 50
mg/kg) in gerbils or intraperitoneal injection (IP, 10 mg/kg) in mice (rows shaded in gray). Metrics include total exposure (AUCinf), peak
concentration (Cmax), terminal half-life (t1/2), and apparent clearance (CLapp). Standard error of the mean values are calculated, n = 2 or 3 per
compound, except PMZ (n = 1). Four time points were used for gerbil testing, and eight time points were used for mouse testing. (B) The
relationship between total systemic exposure (AUCinf) and peak plasma concentration (Cmax). (C) Statistics for hepatic metabolic stability in liver
microsomes, including in vitro half-life (t1/2) and intrinsic clearance (CLint). Predicted in vivo clearance (CLapp) was calculated based on CLint, and
estimates of microsomal content in the liver and relative liver mass. (D) Microsome-predicted clearance (in vitro-in vivo extrapolation; IVIVE)
values compared to observed in vivo apparent clearance values, for all compounds tested in both assays. The dashed line indicates equal values, and
the shaded region highlights the mouse IP cohort (triangle symbols), which displays significant under-prediction of clearance compared to the
gerbil PO cohort. (E) The pharmacokinetic-pharmacodynamic (PK−PD) relationship, between adult female B. pahangi motility F-IC50 values and
observed in vivo systemic exposure (AUCinf). The dashed line represents a 1:1 potency-to-exposure ratio.
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Figure 6. In vivo testing (PO, BID 6 h apart, 10 days) for clemizole (CLE, 25 mg/kg), C-8 (50 mg/kg), and PMZ-6 (25 mg/kg) in gerbils infected
with B. pahangi. (A) In vivo PK data for CLE and analogs, with adult female day 3 motility IC50 values shown. (B) Worm burden reduction with
CLE treatment. (C) mf secretion and embryonic contents from adult female worms with CLE treatment (25 mg/kg). (D) Worm burden reduction
with C-8 treatment (50 mg/kg). (E) mf secretion, embryonic contents and embryogram results from adult female worms with C-8 treatment. (F)
Worm burden reduction with PMZ-6 treatment. (G) mf secretion, embryonic contents and embryogram results from adult. Significant reduction of
worm burden, mf secretion and embryonic content were tested using one-tailed pooled student’s t tests compared to vehicle controls. For
embryogram plots ***P ≤ 1 × 10−3, ****P ≤ 1 × 10−4, *****P ≤ 10−5 vs vehicle controls, using two-tailed pooled student’s t tests compared to
vehicle controls, with FDR correction for multiple testing. A significant increase in deformed embryos, and a decrease of normal embryos and eggs
was observed for both C-8 and PMZ-6. Detailed statistical results for all comparisons are provided in Table S1. (H-M) Ultrastructural alterations
induced by in vivo treatment with CLE and C-8 compared to vehicle treatment. (N-Q) Ultrastructural alterations induced by in vivo treatment with
PMZ-6 compared to vehicle treatment. Brightness and contrast adjustments were applied to the entire image. Detailed embryogram results are
provided in Figure S4. For bar graphs, error bars represent standard deviations of the mean values, and P values represent pooled student’s t test
comparisons to vehicle-only controls, with sample numbers as shown.
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the vehicle (Figure 4F and 4G), with complete destruction of
microvilli and their projections, and apparent loss of rootlets
attached to the gut wall (Figure 4H). However, S-17 did not
profoundly affect embryogenesis, as mostly normal gonad
contents were observed (Figure 4I).

Overall, the best potency was observed for S-15 (stereo-
isomer of SUL): B. pahangi F-IC50 = 1.0 μM, 100% O. ochengi
MI in male and female, and decreased cytotoxicity vs SUL (9-
fold F−SI improvement). S-3, which has a Me group replaced
with Bn has CC50 > 50 μM but was only active in males (M-
IC50 = 11 μM). S-17 (OEt of S-3), S-7 (S to O) and S-16
(OEt of S-17 to H) are also attractive leads with less
cytotoxicity and good B. pahangi potency. All nine B. pahangi
hits that were tested in O. ochengi showed 100% motility (male
worms) and viability (adult female) inhibition at 100 μM, with
S-16 and S-17 having the best potency (S-16 F-IC50 = 0.14
μM, M-IC50 = 0.87 μM; S-17 F-IC50 = 0.29 μM, M-IC50 = 3.6
μM). Three analogs were also larvicidal in O. volvulus (S-9, S-
10 and S-17 > 50% L3 molting inhibition, vs 18.6% at 3 μM
for SUL).

For all compounds, SMILES strings, IUPAC IDs, chemical
formulas, and other physical properties for all compounds are
provided in Table S1. All B. pahangi IC50 and HepG2 CC50
curves and statistics are provided in Supplementary Data.
2.3. Predictive Modeling of Anthelmintic Activity Using
Machine Learning

A random forest (RF) machine learning model was used to
distinguish compound properties associated with B. pahangi
MI. For model training, compounds were categorized as
“active” (≥50% MI in both sexes at day 3, 10 μM; n = 23) or
“inactive” (<50%; n = 16). Based on compound properties
alone (Table S3A), leave-one-out RF achieved 92.3% accuracy
of classification (binomial distribution test P = 4.4 × 10−7;
AUC = 98.64%, P = 1.1 × 10−7 for the ROC-derived AUC
differing from 50%). The three misclassifications, PRO and its
analogs PRO-1 and PRO-4, suggest unique mechanisms of
activity for this series. Excluding PRO and analogs improved
classification accuracy to 94.1% (P = 1.7 × 10−6), binomial
distribution test; AUC = 99.27%, P = 2.5 × 10−7; prediction
scores and motility data in Table S3B, model performance data
in Table S3C). The top predictive features (MDA > 10; Table
S3D) included molecular volume, octanol/water partition
coefficient, volume-normalized squared dipole, solvent-acces-
sible surface area, count of amine groups, and hydrophobic
surface area, all of which are properties presumably linked to
worm cuticle penetration.65 Prior cuticle permeability assays
confirmed that hydrophobicity enhances B. pahangi cuticle
permeability,56 reinforcing the role of these features in guiding
SAR-based drug design.

Among the CLE analogs, C-8 had the highest scoring
properties associated with activity (RF prediction score =
0.916, compared to 0.775 for CLE), and among the PMZ
analogs, PMZ-6 scored the highest (0.950, compared to 0.675
for PMZ). SUL had the second-highest RF prediction score
among all compounds (0.995), with six active SUL analogs
having scores >0.95, including S-15 (the highest-scoring
compound, 0.996) and S-17 (0.951). These RF scores
highlight that these particular compounds have combinations
of physical properties predicted to be associated with activity in
our B. pahangi in vitro model.

2.4. In Vivo Activity of CLE, C-8, PMZ-6, SUL, and S-17 in B.
Pahangi-Infected Gerbils

Compounds with the best in vitro activity were further
prioritized based on their physicochemical properties. Filarial
worms reside in the lymphatic system (Brugia spp.) or
subcutaneous tissue (Onchocerca spp.). To assess compound
bioavailability, we tested solubility at 200 μM in fasted/fed
simulated intestinal (FaSSIF, FeSSIF) and gastric fluids
(FaSSGF). CLE analogs C-3, C-4, C-6, C-7, and C-8 were
soluble in all media; C-11 was insoluble in FaSSIF. Among
SUL analogs, S-9 was insoluble in FaSSIF (with 4× lower F−
SI than SUL), S-2 and S-4 were partially soluble, and S-5, S-
10, S-16, and S-17 were fully soluble. In FaSSGF, both S-4 and
S-17 showed partial solubility (Figure S3A).

Statistical analysis of rodent in vivo pharmacokinetics (PK)
was performed for CLE, PMZ, SUL and seven analogs of
interest (Figure 5A; all raw and processed data provided in
Table S4; PK curves presented in Figure S3B). In the PO
gerbil model (50 mg/kg, by oral gavage), C-8 had similar PK
values to its parent CLE, while C-7 had significantly lower
exposure (3.7-fold lower AUCinf; P = 0.0059 two-tailed
student’s t-test), peak concentration (8.8-fold lower Cmax; P
= 0.013) and apparent clearance (3.7-fold faster; P = 0.021).
PMZ-5 had similar PK values with PMZ. S-17 showed
substantially improved PK properties compared to SUL
including higher exposure (53.9-fold higher AUCinf; P =
0.027), peak concentration (143.1-fold higher Cmax; N/S due
to high variability from 303 to 1110 ng/mL for S-17) and
apparent clearance (64.3-fold slower; P = 0.0018). In terms of
the combination of overall total exposure and peak
concentration, S-17 performed better than all analogs tested
while SUL had the poorest PK (Figure 5B).

Metabolic stability was assessed using mice liver microsomes
(MLM) to calculate half-life and intrinsic clearance rates
(Figure 5C). Substantial improvements compared to parent
compounds were observed for C-8 relative to CLE (2.9-fold
slower clearance rate) and for S-17 compared to SUL (18.7-
fold slower clearance rate), consistent with its improved in vivo
PK. In vitro-in vivo extrapolation (IVIVE) was performed to
compare liver microsome clearance to in vivo results (Figure
5D). Very good correlation was observed for the observed and
predicted CLapp values for gerbil PO compounds, suggesting
that hepatic metabolism is the dominant clearance mechanism
for these compounds (Pearson r = 0.976, P = 4.2 × 10−4). For
the in vivo mouse IP group (shaded gray), the liver microsome
model consistently overpredicts clearance, likely the result of
plasma protein binding or route-specific factors that the
microsome system does not replicate.66

A PK/PD comparison (AUCinf/IC50; Figure 5E) was
performed to compare the average in vivo systemic exposure
(μM·h) to the B. pahangi adult female IC50 values (μM) for
each compound. Compounds positioned above the diagonal
dashed line achieved systemic exposures exceeding their in
vitro inhibitory concentrations, including PMZ-6 and S-17.

Based on solubility, metabolic stability and PK, CLE, C-8
and PMZ-6 were selected for in vivo studies. CLE significantly
reduced B. pahangi worm burden but had no significant effect
on mf production or embryogenesis (Figure 6B, Figure 6C; 25
mg/kg PO, BID 6 h apart, 10 days; worm reduction total:
60.5%, P = 1.0 × 10−3; female: 70.3%, P = 4.0 × 10−4; male:
48.0%, P = 0.022). Based on filarial modeling analysis,67 a
macrofilaricidal efficacy of 60% may be at least as beneficial to
patients as the transient mf clearance elicited by many
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commonly used microfilaricides (e.g., ivermectin and DEC),
and is sufficient efficacy for an effective trial design. At 25 mg/
kg, C-8 did not reduce worm burden but significantly affected
female fecundity (increased deformed embryos by 13.7%; P =
5.5 × 10−5, Figure S4A). Thus, although C-8 showed slightly
better PK than CLE, it required a higher 50 mg/kg dose to be
adulticidal, reducing total (50.8%, P = 0.020), female (54.0%, P
= 0.049) and nonsignificantly male (47.5%) worm burden
(Figure 6D). At this dose, C-8 also significantly reduced mf
secretion (57.1%, P = 6.8 × 10−8), gonad content (36.1%, P =
0.020), and increased percentage of deformed embryos
(49.0%, P = 1.8 × 10−4; Figure 6E). This 10-day treatment
exposure time is less than the maximum 14-day treatment time
regimen recommended in the Drugs for Neglected Diseases
initiative (DNDi) target product profile (TPP) for river
blindness treatments.68

At 25 mg/kg PO (BID 6 h apart, 10 days), PMZ-6 modestly
reduced adult worm burden (∼25%; Figure 6F), but strongly
affected fecundity, increasing deformed embryos (P = 6.1 ×
10−10) while decreasing healthy embryos (P = 3.6 × 10−4) and
eggs (P = 2.7 × 10−9; Figure 6G). These differences may be
due to variations in Cmax or bioavailability. Ultrastructural
analyses with CLE (Figure 6H−I), C-8 (Figure 6J−M) and
PMZ-6 (Figure 6N−Q), revealed consistent effects on
embryogenesis wellness across in vitro and in vivo studies.
Detailed embryograms for all results are described in Figure
S5. Complete statistics including sample sizes, P values, test
statistics effect sizes and confidence intervals are provided for
all in vivo experiments in Table S1.

Preliminary studies of SUL analog S-17 (50 mg/kg PO, BID
6 h apart, 10 days) show a significant effect on fecundity,
including a 49.5% reduction in mf secretion (P = 2.5 × 10−5)
and a 2.2-fold increase proportion of deformed embryos (from
11.2% to 24.1%; P = 0.018; Figures S4B and S5D). Higher
doses or extended treatment may clarify S-17 potential.
2.5. C-8 In Vivo -Treated Worms Had Lasting
Downregulation of GPCR Expression

We analyzed RNA-seq transcriptional responses in surviving
(24−27 days postlast treatment) adult B. pahangi female and
male worms from gerbils treated with C-8 or vehicle (25 mg/
kg BID 6 h apart, 10 days; Table S5A). C-8 significantly altered
expression of 3,590 genes in females and 1,184 genes in males
(P ≤ 0.05, |Log2 Fold Change| ≥ 0.5). Twelve genes were
upregulated and 371 genes were downregulated by C-8
treatment in both sexes (Figure 7A); the overlap of
downregulated genes was highly significant (P < 10−15,
binomial test), indicating strong shared responses. Expression
data and statistics are in Table S5B, and P value distributions
are shown in Figure 7B. Of the 165 B. pahangi GPCRs,69,70 9
were downregulated in both sexes (P = 9.8 × 10−3 for
enrichment among genes downregulated in both sexes,
binomial distribution test), and 44 in females (P = 1.4 ×
10−4 for enrichment among female-downregulated genes). The
most significantly enriched InterPro domain among female
downregulated genes was “GPCR, rhodopsin-like, 7TM” (P =
4.4 × 10−5; FDR-corrected over-representation analysis71) and
the top Gene Ontology (GO) term was “G protein-coupled
receptor activity” (P = 1.3 × 10−4). These results suggest
widespread GPCR suppression. While upregulation may be
expected in the case of antagonism, in mammalian systems,
chronic antagonism of GPCR receptors has been shown to
result in atypical/paradoxical downregulation, possibly due to

antagonist-induced receptor internalization, or degradation in
lysosomes.72 This mechanism has been described for human 5-
HT2A and 5-HT2C receptors,72 both of which showed
binding affinity with C-8 (Figure 8; described below).
Additionally, “heterologous desensitization” is well-described
for human GPCRs, a process in which targeting a single GPCR
affects the sensitivity and transcriptional downregulation of
many other GPCRs, due to feedback regulation by the second-
messenger-regulated kinases they activate.73 While these offer
some possible explanations for the widespread downregulate of
GPCRs following C-8 treatment, it is unclear exactly what
mechanism underlies these findings.
BPAG_0000956401, an ortholog of C. elegans neuropeptide

receptor GPCR dmsr08 (DroMyoSuppressin Receptor;
associated with hypoxia-evoked locomotory response74) with
no ortholog in humans, was upregulated by C-8 in female B.
pahangi (Figure 7B). The 12 genes significantly upregulated in
both sexes (Figure 7C) included muscle-related genes such as
shl-1 (important for nematode body wall muscle excitability75)
and act-4 (expressed primarily in nematode body wall muscle
sarcomeres76), suggesting possible muscle or hypodermis
damage, as seen in Figure 4K and 4L. Translation-associated

Figure 7. RNA-seq differential expression analysis of adult female and
adult male B. pahangi worms treated with C-8, compared to vehicle-
only controls. (A) The number of significantly differentially expressed
B. pahangi genes in the RNA-seq analysis in C-8-treated worms
relative to vehicle-only controls (DESeq FDR-adjusted P ≤ 0.05, |
Log2 Fold Change| ≥ 0.5). An average of 23 million cleaned read pairs
per sample were generated and analyzed. Significant enrichment of
GPCRs was determined using negative binomial distribution tests.
(B) Log-scaled DESeq P values, with positive values indicating
upregulation by C-8 and negative values indicating downregulation by
C-8 in female worms (x-axis) and male worms (y-axis). Blue-shaded
values indicate regions of no significance, where P > 0.05. Yellow dots
indicate GPCRs, with the 9 GPCRs downregulated in both sexes
labeled according to functional annotations. (C) Gene names and
relative gene expression values for the 12 genes upregulated by C-8 in
both female and male worms (upper panel) and the 9 GPCRs among
the 371 genes downregulated by C-8 in both female and male worms.
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genes including rpf-1 (involved in ribosome assembly and
upregulated in starved worms77), tfsm-1 (catalyzes the
exchange of GDP for GTP during mitochondrial protein
elongation78), and sna-1 (responsible for spliced-leader splicing
of transcripts in nematodes79), were also elevated, indicating
increased protein synthesis demand. Additionally, stress related

gene hddc3/ZK909.3, known for its role in ferroptosis in
mammals80 and stress responses in C. elegans,81 was
upregulated. These results indicate that C-8 treatment over
10 days induced a lasting transcriptional response that also
downregulates GPCR signaling, potentially contributing to its
sustained negative impact on adult B. pahangi.

Figure 8. Human GPCR binding affinity (%) and LogKi (M) results against compounds of interest. Circles with gray borders indicate tests for
which binding affinity was <50%, so Ki was not tested. Complete results with binding affinity values and Ki values, including for additional GPCRs
tested, are provided in Table S2.
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2.6. Binding Affinity of Representative GPCR Analogs to
Human GPCRs

The 4 parent compounds and 14 top analogs were screened
against 43 class A aminergic human GPCRs using radioligand
binding assays (see Experimental Section). Compounds with
≥50% binding affinity underwent secondary assay to determine
Ki values (Figure 8; Table S2). As expected, CLE, PRO, PMZ
and SUL showed strong Ki for known targets, and potential
new GPCR targets were also identified. CLE binds best to H1,
followed by 5-HT2B (dissociation constants LogKi = −8.3 and
−7.5, respectively). PMZ binds best to D2−4 (LogKi −8.0 to
−8.6) and 5-HT7A (−8.1). PMZ was the least selective
inhibitor, with 30 other GPCR Ki values between −5 to −7.8.
PRO has best Ki for Alpha1A (LogKi = −8.1), followed by
Alpha2C, 5-HT2B and 5-HT7A (LogKi −7.5 to −7.2), with 15
other GPCRs within −6.1 to −5.3. SUL binds moderately
across 5-HT2B, Alpha1A, and H2 (LogKi = −6.8 to −6.3).

Four of the 5 CLE analogs had highest binding affinity to
CLE’s known human H1 target, though modifications reduced
affinity (−7.9 to −5.8 vs −8.3). C-8 and C-7 had 316.2- and
159.8-fold lower H1 affinity than CLE, with C-7 showing over
30-fold higher SI for both sexes (Figure 1D). H1 antagonism
in the host may enhance antifilarial activity indirectly, by
enhancing eosinophil-mediated clearance.82 C-6 binding to
Alpha2B and 5-HT2B was weaker compared to CLE. C-11
showed no binding, indicating that the basic pyrrolidine group
is crucial for potency. This finding guided us to retain the basic
pyrrolidine or piperidine groups in subsequent modifications of
clemizole analogs. PMZ and its analogs were broadly
promiscuous, binding histamine, dopamine (D2−D4), alpha
adrenergic and serotonin receptors, except PMZ-3 which was
inactive across GPCRs. PMZ-5 had lower dopamine affinity
compared to PMZ (e.g., −6.4 vs −8 for D4), indicating
increased worm selectivity supported by better IC50 (F-IC50
0.8 μM vs 2.3 μM). PMZ-6 showed similar dopamine and
Alpha1A affinity to PMZ. PRO and PRO-1 were alpha
adrenergic-selective, with PRO-1 having 6.9-fold less binding
to Alpha1A (LogKi = −7.2) compared to PRO (−8.1), and
weaker affinity against all targets, while having a 3.4-fold
increase in M-SI. Four of five SUL analogs (except S-17)
maintained stronger H2 affinity but had reduced selectivity. S-
17 had the weakest H2 LogKi among SUL analogs (3.09-fold
less than SUL), and among the best SI improvement in
females, with significant in vivo fecundity efficacy. These
findings inform SAR across the four-compound series and
reinforce increased potential selectivity for worm GPCRs
among the new analogs.
2.7. Potential Nematode Targets of CLE and Analogs
Using a C. Elegans Reverse Genetics Screen

Based on previously published reports, CLE and its analogs are
expected to be relatively specific for α-adrenergic, histamine
and serotonin receptors,45,83 and binding affinity to human
GPCRs in this study indicated specific selectivity for human
H1 and 5-HT2B (Figures 8 and 9A). We therefore tested the
hypothesis that CLE and analogs target the nematode
orthologs of the human H1 and 5-HT2B adrenergic GPCR
targets, or a diversified nematode-specific form of it. The
human H1 and 5-HT2B receptors belong to two orthologous
protein families (OPFs: 14760 and 9276169), containing filarial
and C. elegans orthologs (Figure 9B). A C. elegans reverse
genetic screen was performed in ten established C. elegans
amine GPCR null allele backgrounds, compared to wild type

(WT; N2) using a whole-organism phenotypic pipeline with
development as the primary end point.84,85 Based on amino
acid sequences, nematode genes tested with this strategy
clustered with (i) human H1, including gar-2 and gar-3, ser-7
(yellow), (ii) human 5-HT2B, including ser-1 and dop-5
(purple), (iii) and more distant homologues ser-2, ser-4, dop-
1, dop-2 and tyra-3 (gray) (Figure 9A). Using these ten C.
elegans GPCR null allele backgrounds, we identified that C.
elegans lacking a functional ser-7 consistently show reduced
developmental inhibition compared to WT worms when
exposed to CLE, C-4, C-6 or C-8 treatment (student’s t-test
FDR-corrected P ≤ 4 × 10−21, Cohen’s d effect size ≥ 1.39),
and gar-3 mutants show statistically significant reduced
developmental inhibition compared to wild type worms
when exposed to C-4 or C-6 (FDR ≤ 3 × 10−12, Cohen’s d
effect size ≥ 1.05; Figure 9C), supporting our hypothesis and
identifying putative receptor targets in the nematodes.
Compounds were treated at 100 μM for this assay, since the
free-living C. elegans typically requires substantially higher
concentrations than parasitic nematode species, due to lower
cuticle permeability and its robust small molecule detoxifica-
tion system.86−88 All compounds tested were soluble at this
concentration in the assay media during testing.

3. CONCLUSIONS
Mathematical modeling has shown that an adulticidal drug
with only 60% efficacy when used in combination with IVM
can significantly advance elimination of transmission.89 Our
study supports the adulticidal potential of the repurposed
GPCR antagonists, and moreover in vivo CLE and C8 testing
show 60% and 51% reduction in overall adult worm burden,
respectively. Through iterative synthesis and screening, we
identified 27 active analogs from the 4 parent compounds
(CLE, PMZ, PRO, and SUL), with several showing improved
potency, selectivity, and activity, leading to the prioritization of
three lead compounds: C-8, PMZ-6 and S-17.

First, C-8 (i) was effective in vivo against B. pahangi, showing
adulticidal activity in addition to reducing fecundity and
disrupting embryogenesis, (ii) showed increase in vitro potency
(motility IC50) compared to CLE, including a 4.1-fold
improvement in adult male B. pahangi and a > 85.7-fold and

Figure 9. Biological assay results for CLE and analogs, and analysis of
targets. (A) Assay results for: (i) Day 3 B. pahangi motility IC50 (μM;
orange); (ii) B. pahangi selectivity index, vs HepG2 cytotoxicity; (iii)
Human GPCR inhibition constant (Ki) values (nM), based on results
from radioligand binding assays. Compound:target combinations with
<50% binding affinity at 10 μM were not tested. (B) Clustering of the
most closely related B. malayi (Bm), B. pahangi (Bp), O. volvulus (Ov)
and C. elegans (Ce) GPCRs with human (Hs) H1 and 5-HT2B
proteins, based on GPCR domain sequences. (C) A C. elegans reverse
genetic screen (48 h of 100 μM exposure). Worm lengths were
compared to DMSO controls to calculate inhibition percentages,
which were compared statistically to treated WT inhibition (*Cohen’s
d effect size ≥ 1 and FDR-corrected t test P ≤ 10−10).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.6c01435
J. Med. Chem. XXXX, XXX, XXX−XXX

Q

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6c01435/suppl_file/jm6c01435_si_003.xlsx
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c01435?fig=fig9&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


>5.9-fold improvement in adult female and male O. ochengi,
respectively; (iii) in B. pahangi in vitro ultrastructural analysis,
caused embryo deformation and vacuolization of embryos (a
more severe phenotype than the CLE-induced necrosis), and
destroyed adult female hypodermal chords, which were
unaffected by CLE, (iv) had similar rodent pharmacokinetics
to CLE, but a 2.9-fold decrease in intrinsic clearance from
mouse liver microsomes, indicating slower liver metabolism;
(v) showed a 316-fold reduction in affinity to human H1, the
known GPCR target for CLE,45 (vi) among CLE analogs, had
the highest scoring physical compound properties associated
with activity from the RF analysis (score = 0.916, vs 0.775 for
CLE); (vii) transcriptionally upregulated stress responses and
downregulated potential target GPCRs in C-8 treated worms,
and (viii) potentially targets the C. elegans ser-7 receptor based
on a reverse genetic screen.

Next, PMZ-6 (i) did not significantly reduce adult worm
burden, but affected B. pahangi fecundity in vivo and
significantly increased deformed embryos; (ii) was more
effective than PMZ in vitro against B. pahangi, increasing
potency while decreasing cytotoxicity, resulting in a 1.5-fold
and 2.9-fold increase in selectivity index for adult female and
male B. pahangi (respectively); (iii) induced a 91% reduction
in O. volvulus L4 viability, while PMZ showed no measurable
activity; (iv) maintained a similar human GPCR inhibition
profile to PMZ and (v) had the highest scoring physical
compound properties associated with activity from the RF
analysis among PMZ analogs (score = 0.950, vs 0.675 for
PMZ).

Finally, S-17 (i) had a significant effect on B. pahangi
fecundity and embryogenesis in vivo; (ii) maintained a similar
potency to SUL against B. pahangi in vitro, but reduced
cytotoxicity by 3.9-fold, resulting in a 4.8-fold and 2.8-fold
increase in selectivity index for adult female and adult male
worms, respectively; (iii) showed a 6.2-fold increase in potency
against adult female O. ochengi in vitro compared to SUL; (iv)
had an 18.7-fold slower intrinsic clearance compared to SUL in
mouse liver microsomes, indicating reduced liver metabolism;
(v) showed substantially better PK characteristics compared to
SUL, including a 53.9-fold higher exposure (AUCinf), a 143.1-
fold higher peak concentration and a 64.3-fold slower apparent
clearance; (vi) had a 3.1-fold reduced affinity to human H2,
the known target for SUL49 and (vii) was among the top
scoring compounds based on physical properties associated
with activity from the RF analysis (score = 0.951).

Collectively, these improved properties for these three lead
compounds highlights their value as highly promising, parasite-
selective candidates for continued development. While specific
target identification in filarial worms is yet to be performed,
our findings validate this multidimensional approach for
antifilarial drug discovery. We have used the standard
concentrations for filarial nematodes in vitro testing,33,90−92

however potential pleiotropic or off-target effects remain an
important consideration that warrants further investigation.
Also, while the cytotoxicity assay used serves as an essential
preliminary screen, downstream evaluations of neurofunctional
safety, blood-brain barrier compatibility, and off-target CNS
interactions will be important to evaluate therapeutic viability.
For example, limiting blood-brain barrier penetration for the
clemizole class could help prevent CNS side effects,83 and
managing the risk of QT prolongation could be needed for the
pimozide analogs.46 Future work could prioritize validating
molecular targets in the filarial species, initiating dedicated

medicinal chemistry campaigns around these advanced lead
compounds to maximize parasite selectivity, and enhance their
bioavailability.

4. EXPERIMENTAL SECTION
In addition to the detailed methods below, the 1H NMR and HPLC/
MS spectra of all compounds (C-1 to C-9, PMZ-1 to PMZ-9, PRO-1
to PRO-6 and SUL-1 to SUL-17) are provided in Supporting
Information. All compounds are >95% pure by HPLC.

4.1. Chemistry
4.1.1. General. Starting materials, reagents, and solvents were

purchased from commercial vendors unless otherwise noted. 1H
NMR spectra were measured on a Varian 400 MHz NMR instrument.
The chemical shifts were reported as δ ppm relative to TMS using
residual solvent peak as the reference unless otherwise noted. The
following abbreviations were used to express the multiplicities: s =
singlet; d = doublet; t = triplet; q = quartet; m = multiplet; br = broad.
All reactions were monitored by thin layer chromatography (TLC)
carried out on Merck silica gel plates (0.25 mm thick, 60F254), or by
Hewlett-Packard Series 1100 HPLC or Waters 2695 HPLC, using a
Sunfire C18 3.5 μm, 4.6 × 50 mm column eluted with a gradient
system of 5:95 to 95:5 acetonitrile:water, with a buffer consisting of
0.05% TFA. Peak detection was monitored by 210 and 254 nm UV-
absorption (HP Series 1100) or 210 ∼ 400 nm absorption (Waters
2695) and mass spectra (MS). MS were performed on HP LC/MSD
(connected with HP Series 1100) or Waters Micromass (connected
with Waters 2695) using electrospray ionization (ESI) for detection.
TLC was visualized by using UV (254 nm) or staining with KMnO4,
p-anisaldehyde, and cerium ammonium molybdate (CAMA or
Hanessian’s Stain). High performance liquid chromatography
(HPLC) was carried out on GILSON GX-281 using Sunfire C18 5
μm, 19 mm × 150 mm reverse phase columns, eluted with a gradient
system of 5:95 to 95:5 acetonitrile:water over 20 min, with a buffer
consisting of 0.05% TFA. If products containing basic amines are
purified by reverse-phase HPLC, they will form TFA salts. Unless
otherwise noted, the yields are calculated based on the salt form. Silica
gel chromatography was carried out on a Teledyne ISCO CombiFlash
purification system using prepacked silica gel columns (4−330 g
sizes). All compounds used for biological assays are greater than 95%
purity based on NMR and LCMS.

4.1.2. Synthesis. 4.1.2.1. Clemizole (CLE) and Analogs. 2-
(Pyrrolidin-1-ylmethyl)-1H-benzo[d]imidazole (C-1)

The mixture of 2-chloromethylbenzimidazole (0.50 g, 3 mmol) in
pyrrolidine (5 mL) was heated at 95 °C for 2 h. The solvent was
removed and the residue was purified by silica gel chromatography
with MeOH (1 N NH3)/CH2Cl2 combination (0 ∼ 10% gradient) as
eluent to give C-1 (0.475 g) as beige solid in 79% yield. 1H NMR
(400 MHz, METHANOL-d4) δ ppm 1.70−1.95 (m, 4H) 2.66−2.92
(m, 4H) 4.03 (s, 2H) 7.20 (dd, J = 6.23, 3.11 Hz, 2H) 7.54 (dd, J =
5.84, 3.11 Hz, 2H). MS(ESI): found: [M + H]+, 202.2.
2-(Piperidin-1-ylmethyl)-1H-benzo[d]imidazole (C-2)
C-2 was synthesized in the same procedure as for C-1. Yield: 82%

(beige solid). 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.37−
1.53 (m, 4H) 1.64 (quin, J = 5.64 Hz, 7H) 2.42−2.75 (m, 4H) 3.84
(s, 2H) 7.15−7.32 (m, 2H) 7.48−7.62 (m, 2H). MS(ESI): found: [M
+ H]+, 216.4.
1-(4-Bromobenzyl)-2-(pyrrolidin-1-ylmethyl)-1H-benzo[d]imidazole

(C-3)
Under N2 atmosphere NaH (60%) (0.012 g, 0.3 mmol) was added

to C-1 (0.040 g, 0.2 mmol) in DMF (2 mL) at 0 °C. The mixture was
stirred for 15 min, followed by the addition of 4-bromobenzyl
bromide (0.050 g, 0.2 mmol). The mixture was stirred overnight at
room temperature. The solvent was removed and the residue was
purified by HPLC (C18, 15 × 150 mm column; eluent: acetonitrile/
water (0.05% TFA)) to give C-3 (0.063 g) as viscous solid in 53%
yield along with C-5 (0.025 g) as off-white solid in 26% yield. C-3: 1H
NMR (400 MHz, METHANOL-d4) δ ppm 2.05−2.23 (m, 4H)
3.43−3.72 (m, 4H) 4.78 (s, 2H) 5.54 (s, 2H) 7.05 (d, J = 8.56 Hz,
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2H) 7.26−7.37 (m, 2H) 7.40−7.57 (m, 3H) 7.67−7.81 (m, 1 H).
MS(ESI): found: [M + H]+, 370.3.
1-Octyl-2-(pyrrolidin-1-ylmethyl)-1H-benzo[d]imidazole (C-4)
C-4 was synthesized in the same procedure as for C-3. Yield: 60%

(viscous oil). 1H NMR (400 MHz, METHANOL-d4) δ ppm 0.88 (t, J
= 7.20 Hz, 3H) 1.18−1.46 (m, 10H) 1.84 (quin, J = 7.40 Hz, 2H)
2.08−2.25 (m, 4H) 3.60 (br. s., 4H) 4.32 (t, J = 7.59 Hz, 2H) 4.95 (s,
2H) 7.22−7.44 (m, 2H) 7.60 (d, J = 7.79 Hz, 1H) 7.72 (d, J = 7.79
Hz, 1H). MS(ESI): found: [M + H]+, 314.4.
1-((1H-Benzo[d]imidazol-2-yl)methyl)-1-(4-bromobenzyl)pyrrolidin-

1-ium bromide (C-5)
C-5: See synthesis details for C-3, above. 1H NMR (400 MHz,

METHANOL-d4) δ ppm 2.11−2.38 (m, 4H) 3.71 (t, J = 5.06 Hz,
4H) 4.70 (s, 2H) 4.86 (s, 2H) 7.29−7.42 (m, 2H) 7.64−7.80 (m,
6H). MS(ESI): found: [M + H]+, 370.3.
1-(4-Chlorobenzyl)-2-(piperidin-1-ylmethyl)-1H-benzo[d]imidazole

(C-6)
C-6 was synthesized in the same procedure as for C-3 except that

C-2 was used instead. Yield: 70% (viscous solid). 1H NMR (400
MHz, METHANOL-d4) δ ppm 1.58−1.77 (m, 2H) 1.90 (quin, J =
5.64 Hz, 4H) 3.43 (br. s., 4H) 4.66 (s, 2H) 5.61 (s, 2H) 7.12 (d, J =
8.56 Hz, 2H) 7.27−7.41 (m, 4H) 7.43−7.55 (m, 1H) 7.69−7.83 (m,
1H). MS(ESI): found: [M + H]+, 340.3.
1-Octyl-2-(piperidin-1-ylmethyl)-1H-benzo[d]imidazole (C-7)
C-7 was synthesized in the same procedure as for C-3 except that

C-2 was used instead. Yield: 70% (viscous solid). 1H NMR (400
MHz, METHANOL-d4) δ ppm 0.88 (t, J = 7.20 Hz, 3H) 1.16−1.46
(m, 10H) 1.59−1.76 (m, 2H) 1.77−2.00 (m, 6H) 3.40 (br. s., 4H)
4.36 (t, J = 7.40 Hz, 2H) 4.67 (s, 2H) 7.30−7.48 (m, 2H) 7.64 (d, J =
8.17 Hz, 1H) 7.74 (d, J = 7.79 Hz, 1H). MS(ESI): found: [M + H]+,
328.4.
1-((3″,5′-Dif luoro-[1,1″-biphenyl]-4-yl)methyl)-2-(pyrrolidin-1-yl-

methyl)-1H-benzo[d]imidazole (C-8)
C-8 was synthesized in the same procedure as described below for

PMZ-3 except that C-3 and 3,5-difluorophenylboronic acid were used
instead. Yield: 95% (white solid). 1H NMR (400 MHz, METH-
ANOL-d4) δ ppm 2.07−2.21 (m, 4H) 3.60 (br. s., 4H) 4.81 (s, 2H)
5.63 (s, 2H) 6.91 (tt, J = 9.15, 2.34 Hz, 1H) 7.15−7.27 (m, 4H)
7.28−7.38 (m, 2H) 7.47−7.55 (m, 1H) 7.63 (d, J = 8.56 Hz, 2H)
7.71−7.81 (m, 1H). MS(ESI): found: [M + H]+, 404.4.
2-(Phenoxymethyl)-1H-benzo[d]imidazole (C-9)
Under N2 atmosphere, 2-chloromethylbenzimidazole (0.200 g, 1.2

mmol) was added to the solution of phenol (0.565 g, 6 mmol) and
NaH (60%) (0.217 g, 5.4 mmol) in DMF (4 mL). The mixture was
stirred for 3 h at RT. The residue was suspended between CH2Cl2
and water. The organic phase was separated, dried with Na2SO4, then
concentrated. The residue was purified by silica gel chromatography
with AcOEt/hexane combination as eluent (0 ∼ 60% gradient) to give
C-9 (0.075 g) as viscous oil in 28% yield. 1H NMR (400 MHz,
METHANOL-d4) δ ppm 5.26 (s, 2H) 6.93 (t, J = 7.40 Hz, 1H) 7.01
(d, J = 8.17 Hz, 2H) 7.15−7.32 (m, 4H) 7.54 (dd, J = 5.06, 3.11 Hz,
2H). MS(ESI): found: [M + H]+, 226.3.
1-(4-Bromobenzyl)-2-(phenoxymethyl)-1H-benzo[d]imidazole (C-

10)
Under N2 atmosphere, NaH (60%) (0.020 g, 0.5 mmol) was added

to the solution of C-9 (0.075 g, 0.3 mmol) in DMF (2 mL) at 0 °C.
The mixture was stirred at 0 °C for 15 min, followed by addition of 4-
bromobenzyl bromide (0.100 g, 0.4 mmol). The mixture was stirred
for 2 h while being stirred at room temperature and ambient
atmosphere. The residue was suspended between CH2Cl2 and water.
The organic phase was separated, dried with Na2SO4, then
concentrated. The residue was purified by silica gel chromatography
with AcOEt/hexane combination (0 ∼ 50% gradient) as eluent to give
C-10 (0.100 g) as transparent solid in 77% yield. 1H NMR (400
MHz, CHLOROFORM-d) δ ppm 5.33 (s, 2H) 5.45 (s, 2H) 6.82−
7.06 (m, 5H) 7.10−7.50 (m, 7H) 7.83 (d, J = 7.40 Hz, 2H).
MS(ESI): found: [M + H]+, 394.2.
1-((3″,5′-Dif luoro-[1,1″-biphenyl]-4-yl)methyl)-2-(phenoxymethyl)-

1H-benzo[d]imidazole (C-11)

Under N2 atmosphere palladium-tetrakis(triphenylphosphine)
(0.015 g, 0.01 mmol) was added to the mixture of C-10 (0.050 g,
0.1 mmol), 3,5-difluorophenylboronic acid (0.041 g, 0.3 mmol) and
Cs2CO3 (0.124 g, 0.4 mmol) in dioxane/water (5 mL/1 mL). The
vial was evacuated and purged with N2 gas 3 times. The mixture was
stirred at 80 °C for 2 h. The residue was suspended between CH2Cl2
and water. The organic phase was separated, dried with Na2SO4, then
concentrated. The residue was purified by silica gel chromatography
with AcOEt/hexane combination as eluent to give C-11 (0.042 g) as
off-white solid in 76% yield. 1H NMR (400 MHz, CHLOROFORM-
d) δ ppm 5.37 (s, 2H) 5.57 (s, 2H) 6.78 (t, J = 8.76 Hz, 1H) 6.91−
7.09 (m, 5H) 7.15 (d, J = 7.79 Hz, 2H) 7.21−7.36 (m, 5H) 7.43 (d, J
= 7.40 Hz, 2H) 7.85 (d, J = 7.40 Hz, 1H). MS(ESI): found: [M +
H]+, 428.2.
1-(4-Bromobenzyl)-1H-benzo[d]imidazole (C-12)
Under N2 atmosphere, NaH (60%) (0.104 g, 2.6 mmol) was added

to the solution of benzimidazole (0.200 g, 1.7 mmol) in DMF (3 mL).
The mixture was stirred at RT for 40 min, followed by addition of 4-
bromobenzyl bromide (0.525 g, 2.1 mmol). The mixture was stirred
for 2 h. The residue was suspended between CH2Cl2 and water. The
organic phase was separated, dried with Na2SO4, then concentrated.
The residue was purified by silica gel chromatography with AcOEt/
hexane combination as eluent to give C-12 (0.400 g) as transparent
solid in 82% yield. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm
5.30 (s, 2H) 7.03 (d, J = 7.79 Hz, 2H) 7.18−7.36 (m, 3H) 7.45 (d, J
= 7.79 Hz, 2H) 7.83 (d, J = 7.40 Hz, 1H) 7.94 (s, 1H). MS(ESI):
found: [M + H]+, 288.2.
1-((3″,5′-Dif luoro-[1,1″-biphenyl]-4-yl)methyl)-1H-benzo[d]-

imidazole (C-13)
Under N2 atmosphere palladium-tetrakis(triphenylphosphine)

(0.020 g, 0.02 mmol) was added to the mixture of C-12 (0.050 g,
0.2 mmol), 3,5-difluorophenylboronic acid (0.055 g, 0.4 mmol) and
Cs2CO3 (0.163 g, 0.5 mmol) in dioxane/water (5 mL/1 mL). The
vial was evacuated and purged with N2 gas 3 times. The mixture was
stirred at 80 °C for 2 h. The residue was suspended between CH2Cl2
and water. The organic phase was separated, dried with Na2SO4, then
concentrated. The residue was purified by silica gel chromatography
with AcOEt/Hex combination as eluent. The fractions containing the
product were pooled and concentrated. The residue was purified by
HPLC (C18, 15 × 150 mm column; eluent: acetonitrile/water
(0.05% TFA)) to give C-13 (0.034 g) as white solid in 46% yield. 1H
NMR (400 MHz, METHANOL-d4) δ ppm 5.80 (s, 2H) 6.88−6.96
(m, 1H) 7.18−7.26 (m, 2H) 7.53 (d, J = 8.17 Hz, 2H) 7.56−7.65 (m,
2H) 7.68 (d, J = 8.17 Hz, 2H) 7.81 (d, J = 7.79 Hz, 1H) 7.86 (d, J =
7.79 Hz, 1H) 9.50 (s, 1H). MS(ESI): found: [M + H]+, 321.2.

4.1.2.2. Pimozide (PMZ) and Analogs. 1-(4-Bromobenzyl)-1,3-
dihydro-2H-benzo[d]imidazol-2-one (PMZ-1) and 1,3-Bis(4-bromoben-
zyl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (PMZ-2).

Under N2 atmosphere, NaH (60%) (0.220 g, 5.5 mmol) was added
to the solution of benzimidazolone (0.671 g, 5 mmol) in DMF (28
mL) at 0 °C. The mixture was stirred at 0 °C for 5 min then at RT for
40 min, followed by addition of 4-bromo-benzyl bromide (1.375 g, 5.5
mmol). The mixture was stirred overnight. The precipitate was
filtered, washed with DMF. The filtrate was concentrated and the
residue was purified by silica gel chromatography with AcOEt/
CH2Cl2 combination (0 ∼ 30% gradient) as eluent to afford PMZ-2
(0.856 g, together with the precipitate isolated before) as white solid
in 36% yield along with PMZ-1 (0.15 g) as white solid in 10% yield.
PMZ-1: 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 5.05 (s,

2H) 6.84 (d, J = 7.79 Hz, 1H) 6.97−7.10 (m, 2H) 7.10−7.16 (m,
1H) 7.21 (d, J = 8.17 Hz, 2H) 7.44 (d, J = 8.17 Hz, 2H) 10.44 (br s,
1H). MS(ESI): found: [M + H]+, 303.4.
PMZ-2: 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 5.05 (s,

4H) 6.81−6.89 (m, 2H) 6.96−7.04 (m, 2H) 7.21 (d, J = 8.56 Hz,
4H) 7.45 (d, J = 8.17 Hz, 4H). MS(ESI): found: [M + Na]+, 495.1.
1-(4-(Pyridin-4-yl)benzyl)-1,3-dihydro-2H-benzo[d]imidazol-2-one

(PMZ-3).
Under N2 atmosphere palladium-tetrakis(triphenylphosphine)

(0.012 g, 0.01 mmol) was added to the mixture of PMZ-1 (0.030
g, 0.1 mmol), 4-pyridineboronic acid (0.027 g, 0.2 mmol) and
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Cs2CO3 (0.130 g, 0.4 mmol) in dioxane/water (5 mL/1 mL). The
mixture was stirred at 80 °C for 2 h. The solvent was removed and the
residue was purified by HPLC (C18, 15 × 150 mm column; eluent:
acetonitrile/water (0.05% TFA)) to give PMZ-3 (0.030 g) as viscous
solid in 72% yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm
5.20 (s, 2H) 6.89−7.20 (m, 4H) 7.55 (d, J = 8.17 Hz, 2H) 7.92 (d, J
= 8.17 Hz, 2H) 8.26 (d, J = 6.62 Hz, 2H) 8.79 (d, J = 6.62 Hz, 2H).
MS(ESI): found: [M + H]+, 302.3.
1-(4,4-Bis(4-f luorophenyl)butyl)-1-methyl-4-(3-methyl-2-oxo-2,3-di-

hydro-1H-benzo[d]imidazol-1-yl)piperidin-1-ium iodide (PMZ-4).
Under N2 atmosphere NaH (60%) (0.008 g, 0.2 mmol) was added

to pimozide (0.046 g, 0.1 mmol) in DMF (2 mL) at 0 °C. The
mixture was stirred for 15 min, followed by the addition of MeI (0.2
mL). The mixture was stirred overnight at room temperature. The
solvent was removed and the residue was purified by HPLC (C18, 15
× 150 mm column; eluent: acetonitrile/water (0.05% TFA)) to give
PMZ-4 (0.059 g, mixture of isomer (ratio: 68/32)) as white powder
in 95% yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.66−
1.89 (m, 2H) 1.91−2.06 (m, 2H) 2.14 (q, J = 8.05 Hz, 1.36H) 2.24
(q, J = 7.79 Hz, 0.64H) 2.87−3.05 (m, 2H) 3.07 (s, 1H) 3.18 (s, 2H)
3.40 (s, 2H) 3.42−3.71 (m, 7H) 4.07 (t, J = 7.98 Hz, 0.68H) 4.14 (t, J
= 7.98 Hz, 0.32H) 4.46−4.61 (m, 1H) 6.99−7.09 (m, 4H) 7.12−7.20
(m, 3H) 7.21−7.28 (m, 1H) 7.28−7.41 (m, 4H). MS(ESI): found:
[M − I]+, 490.4.
Benzyl-3-(1-(4,4-bis(4-f luorophenyl)butyl)piperidin-4-yl)-1,3-dihydro-

2H-benzo[d]imidazol-2-one (PMZ-5).
Under N2 atmosphere NaH (60%) (0.008 g, 0.2 mmol) was added

to pimozide (0.046 g, 0.1 mmol) in DMF (2 mL) at 0 °C. The
mixture was stirred for 15 min, followed by the addition of benzyl
bromide (0.018 mL, 0.15 mmol). The mixture was stirred for 1 h at
room temperature. The solvent was removed and the residue was
purified by HPLC (C18, 15 × 150 mm column; eluent: acetonitrile/
water (0.05% TFA)) to give PMZ-5 (0.054 g) as white powder in
81% yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.59−1.85
(m, 2H) 1.91−2.29 (m, 4H) 2.67−2.94 (m, 2H) 3.05−3.27 (m, 4H)
3.67 (d, J = 12.07 Hz, 2H) 4.02 (t, J = 7.79 Hz, 1H) 4.61 (ddd, J =
12.26, 8.17, 4.09 Hz, 1H) 5.06 (s, 2H) 6.89−7.16 (m, 7H) 7.18−7.41
(m, 10H). MS(ESI): found: [M + H]+, 552.5.
1-(1-(4,4-Bis(4-f luorophenyl)butyl)piperidin-4-yl)-3-methyl-1,3-dihy-

dro-2H-benzo[d]imidazol-2-one (PMZ-6).
Under N2 atmosphere NaH (60%) (0.012 g, 0.3 mmol) was added

to pimozide (0.092 g, 0.2 mmol) in DMF (2 mL) at 0 °C. The
mixture was stirred for 15 min, followed by the addition of MeI
(0.012 mL, 0.2 mmol). The mixture was stirred at 0 °C for 30 min.
The solvent was removed and the residue was purified by HPLC
(C18, 15 × 150 mm column; eluent: acetonitrile/water (0.05%
TFA)) to give PMZ-6 (0.097 g) as white powder in 82% yield. 1H
NMR (400 MHz, METHANOL-d4) δ ppm 1.66−1.80 (m, 2H)
1.99−2.09 (m, 2H) 2.09−2.20 (m, 2H) 2.66−2.91 (m, 2H) 3.04−
3.28 (m, 4H) 3.39 (s, 3H) 3.67 (d, J = 12.85 Hz, 2H) 4.03 (t, J = 7.98
Hz, 1H) 4.57 (tt, J = 12.36, 3.99 Hz, 1H) 6.98−7.07 (m, 4H) 7.08−
7.19 (m, 3H) 7.23−7.37 (m, 5H). MS(ESI): found: [M + H]+, 476.4.
PMZ-7 was purchased from commercial supply.
1-(1-Octylpiperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one

(PMZ-8).
The mixture of 4-(2-Keto-1-benzimidazolinyl)piperidine (0.065 g,

0.3 mmol), 1-octyl iodide (0.054 mL, 0.3 mmol) and triethylamine
(0.184 mL, 1.32 mmol) in THF (2 mL) was stirred at 55 °C for 2
days. The solvent was removed and the residue was purified by HPLC
(C18, 15 × 150 mm column; eluent: acetonitrile/water (0.05%
TFA)) to give PMZ-8 (0.085 g) as viscous solid in 64% yield. 1H
NMR (400 MHz, METHANOL-d4) δ ppm 0.91 (t, J = 6.80 Hz, 3H)
1.19−1.56 (m, 10H) 1.64−1.91 (m, 2H) 2.07 (d, J = 14.01 Hz, 2H)
2.83 (qd, J = 13.37, 3.89 Hz, 2H) 3.06−3.28 (m, 4H) 3.75 (d, J =
12.46 Hz, 2H) 4.59 (tt, J = 12.36, 3.99 Hz, 1H) 6.96−7.15 (m, 3H)
7.17−7.39 (m, 1H). MS(ESI): found: [M + H]+, 330.4.
1-(1-(3,5-Dimethoxybenzyl)piperidin-4-yl)-1,3-dihydro-2H-benzo[d]-

imidazol-2-one (PMZ-9).
The mixture of 4-(2-keto-1-benzimidazolinyl)piperidine (0.065 g,

0.3 mmol), 3,5-dimethoxybenzyl bromide (0.069, 0.3 mmol) and

triethylamine (0.084 mL, 0.6 mmol) in THF (2 mL) was stirred at
RT overnight. The solvent was removed and the residue was purified
by HPLC (C18, 15 × 150 mm column; eluent: acetonitrile/water
(0.05% TFA)) to give PMZ-9 (0.136 g) as off-white solid in 94%
yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm 2.04 (d, J =
13.24 Hz, 2H) 2.70−2.91 (m, 2H) 3.23 (t, J = 12.26 Hz, 2H) 3.65 (d,
J = 12.07 Hz, 2H) 3.81 (s, 6H) 4.29 (s, 2H) 4.59 (ddt, J = 12.21, 8.13,
4.23, 4.23 Hz, 1H) 6.58 (t, J = 2.14 Hz, 1H) 6.71 (d, J = 1.95 Hz, 2H)
6.96−7.17 (m, 3H) 7.22−7.40 (m, 1H). MS(ESI): found: [M + H]+,
368.4.

4.1.2.3. Proroxan (PRO) and Analogs. 1-(2,3-Dihydrobenzo[b]-
[1,4]dioxin-6-yl)-3-(4-phenylpiperidin-1-yl)propan-1-one (PRO-1)

In a round-bottom flask, 3-bromopropanoyl chloride (200 μL, 2.41
mmol) was dissolved in DCM (3 mL) at 0 °C. While stirring,
benzo(1,4)-dioxane (141 μL, 1.40 mmol) was added slowly, followed
by aluminum chloride (0.597 g, 4.48 mmol). The reaction was
allowed to warm to room temperature, then was stirred overnight.
The crude reaction mixture was poured over crushed ice, and was
extracted with DCM (2 × 100 mL). The organic phase was washed
with water (300 mL), NaHCO3 (300 mL), and brine (300 mL), and
then was dried over Na2SO4. The mixture was filtered and
concentrated to give 220 mg as a purple-crystalline oil in crude
yield (58%). 4-Phenyl-1-piperidine (62 μL, 0.406 mmol) was
dissolved in DCM, then DMAP (0.009 g, 0.074 mmol) and DIPEA
(193 μL, 1.11 mmol) were added and reaction was stirred for 5 min.
The product from the previous reaction (0.100 g, 0.369 mmol) was
added, and reaction was stirred for 2 h at room temperature. Once
reaction was complete, and then solvent was removed. Crude reaction
mixture was purified by rev. phase HPLC (10% acetonitrile/water
(0.05% TFA)-70% acetonitrile/water (0.05% TFA) over 18 min) to
give PRO-1 (0.029 g) as a white powder in 22% yield. 1H NMR (400
MHz, CD3OD) δ 7.62−7.56 (m, 2H), 7.37−7.31 (m, 2H), 7.28−7.21
(m, 3H), 6.97 (d, J = 8.3 Hz, 1H), 4.35−4.32 (m, 2H), 4.31−4.27 (m,
2H), 3.76 (d, J = 12.6 Hz, 2H), 3.58−3.54 (m, 3H), 3.21 (t, J = 12.5
Hz, 2H), 2.92 (t, J = 12.4 Hz, 1H), 2.14 (d, J = 14.4 Hz, 2H), 2.01 (t,
J = 12.7 Hz, 2H). MS(ESI): found: [M + H]+, 352.4.
N-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-3-(3-phenylpyrrolidin-1-yl)-

propanamide (PRO-2)
In a round-bottom flask, 3.4-ethylenedioxyaniline (200 μL, 1.63

mmol) was dissolved in dioaxane (3.4 mL). While stirring, 3-
bromopropanoyl chloride (137 μL, 1.36 mmol) and NaOH (49 μL,
0.15 mmol) were added simultaneously. The reaction was stirred at
room temperature for 30 min. After full conversion to the product, the
reaction was poured into water (34 mL) and the resulting purple
precipitate was collected. The solid was recrystallized in EtOH, and
was collected to give 143.6 mg of a light purple solid (37% crude
yield). In a round-bottom flask, 3-phenyl-1-pyrrolidine (42 μL, 0.293
mmol) was dissolved in DCM, then DMAP (0.006 g, 0.049 mmol)
and DIPEA (51 μL, 0.293 mmol) were added and reaction was stirred
for 10 min. The product from the previous reaction (0.070 g, 0.245
mmol) was added, and reaction was stirred for 4 h at room
temperature. MeOH was added until all solids were dissolved, then
reaction was stirred for 2 days. Once reaction was complete, and then
solvent was removed. Crude reaction mixture was purified by rev.
phase HPLC (10% acetonitrile/water (0.05% TFA)-70% acetonitrile/
water (0.05% TFA) over 18 min) to give PRO-2 (0.0854 g) as a
white powder in 37% yield over 2 steps. 1H NMR (400 MHz,
CD3OD) δ 7.36 (d, J = 6.4 Hz, 4H), 7.28 (td, J = 5.8, 2.9 Hz, 1H),
7.21 (d, J = 2.5 Hz, 1H), 6.93 (ddd, J = 8.7, 2.5, 1.4 Hz, 1H), 6.80−
6.73 (m, 1H), 4.26−4.15 (m, 4H), 4.09−3.70 (m, 3H), 3.64 (t, J =
6.6 Hz, 3H), 3.49 (s, 1H), 3.22 (t, J = 11.5 Hz, 1H), 2.91−2.84 (m,
2H), 2.52 (d, J = 10.0 Hz, 1H), 2.24 (d, J = 36.4 Hz, 1H). MS(ESI):
found: [M + H]+, 353.4.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-(3-phenylpyrrolidin-1-yl)-

ethan-1-one (PRO-3)
PRO-3: Synthesized by same method as PRO-1 with 2-

bromoacetyl chloride (200 μL, 2.41 mmol) and 3-phenyl-1-
pyrrolidine (92 μL, 0.64 mmol). 1.7 mg of a clear oil in 40% yield;
1H NMR (400 MHz, CD3OD) δ 7.56−7.48 (m, 2H), 7.33−7.24 (m,
4H), 7.16 (tt, J = 5.7, 3.0 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 4.31−
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4.27 (m, 2H), 4.27−4.21 (m, 2H), 4.10−3.93 (m, 1H), 3.44−3.33
(m, 1H), 3.18 (td, J = 8.2, 3.8 Hz, 1H), 3.10−3.01 (m, 1H), 2.79 (td,
J = 9.1, 5.8 Hz, 1H), 2.67 (td, J = 9.0, 4.2 Hz, 1H), 2.36−2.23 (m,
1H), 1.96−1.83 (m, 1H). MS(ESI): found: [M + H]+, 324.2.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-4-(3-phenylpyrrolidin-1-yl)-

butan-1-one (PRO-4)
PRO-4: Synthesized by same method as PRO-1 with 4-

bromobutanoyl chloride (200 μL, 1.73 mmol) and 3-phenyl-1-
pyrrolidine (83 μL, 0.58 mmol). 134.9 mg of a white powder in 73%
yield; 1H NMR (400 MHz, CD3OD) δ 7.46 (dddt, J = 15.5, 7.2, 5.1,
2.4 Hz, 2H), 7.37−7.29 (m, 4H), 7.26 (h, J = 3.5 Hz, 1H), 6.91−6.83
(m, 1H), 4.99 (d, J = 13.2 Hz, 2H), 4.31−4.10 (m, 5H), 4.05−3.79
(m, 2H), 3.64 (dddd, J = 29.2, 22.8, 16.8, 9.3 Hz, 2H), 3.44 (tt, J =
8.8, 4.0 Hz, 1H), 3.16−3.05 (m, 2H), 2.48 (dq, J = 17.2, 5.3 Hz, 1H),
2.30−2.07 (m, 3H). MS(ESI): found: [M + H]+, 352.3.
N-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-(3-phenylpyrrolidin-1-yl)-

acetamide (PRO-5)
PRO-5: Synthesized by same method as PRO-2 with 2-

bromoacetyl chloride (140 μL, 1.70 mmol). 125.8 mg of a clear oil
in 40% yield; 1H NMR (400 MHz, CD3OD) δ 7.37 (d, J = 7.0 Hz,
5H), 7.33−7.27 (m, 1H), 7.21 (dt, J = 2.7, 1.2 Hz, 1H), 6.95 (ddt, J =
8.8, 2.6, 1.3 Hz, 1H), 6.79 (d, J = 8.7 Hz, 1H), 4.29−4.20 (m, 8H),
3.69 (s, 2H), 2.53 (d, J = 11.6 Hz, 1H), 2.26 (s, 1H). MS(ESI):
found: [M + H]+, 339.3.
N-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-4-(3-phenylpyrrolidin-1-yl)-

butanamide (PRO-6)
PRO-6: Synthesized by same method as PRO-2 with 4-

bromobutanoyl chloride (196 μL, 1.70 mmol). 60.7 mg of a clear
oil in 50% yield; 1H NMR (400 MHz, CD3OD)δ 7.35 (d, J = 6.4 Hz,
4H), 7.27 (td, J = 6.1, 2.9 Hz, 1H), 7.22−7.18 (m, 1H), 6.91 (dd, J =
8.8, 2.5 Hz, 1H), 6.75 (dd, J = 8.7, 1.4 Hz, 1H), 4.25−4.14 (m, 4H),
4.03−3.39 (m, 4H), 3.38−3.32 (m, 2H), 3.28−3.10 (m, 1H), 2.52 (q,
J = 10.2 Hz, 3H), 2.09 (h, J = 7.2 Hz, 2H). MS(ESI): found: [M +
H]+, 367.4.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-3-[(R)-3-phenylpyrrolidin-

1-yl]propan-1-one (PRO-R)
PRO-R: Synthesized by same method as PRO-1 with (R)-3-

phenyl-1-pyrrolidine. 139.0 mg of a yellow oil in 83% yield; 1H NMR
(400 MHz, METHANOL- d4) δ 7.56 (ddd, J = 8.4, 2.1 Hz, 2H),
7.40−7.33 (m, 4H), 7.32−7.24 (m, 1H), 6.95 (d, J = 8.4 Hz, 1H),
4.34−4.30 (m, 2H), 4.30−4.25 (m, 2H), 4.07−3.44 (m, 8H), 3.28−
3.17 (m, 1H), 2.58−2.45 (m, 1H), 2.36 − 2.10 (m, 1H). MS(ESI):
found: [M + H]+, 338.20.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-3-[(S)-3-phenylpyrrolidin-1-

yl]propan-1-one (PRO-S)
PRO-S: Synthesized by same method as PRO-1 with (S)-3-phenyl-

1-pyrrolidine. 50.0 mg of a clear oil in 30% yield; 1H NMR (400
MHz, METHANOL- d4) δ 7.56 (ddd, J = 8.4, 5.8, 2.1 Hz, 2H), 7.40−
7.32 (m, 4H), 7.32−7.24 (m, 1H), 6.94 (d, J = 8.4 Hz, 1H), 4.34−
4.30 (m, 2H), 4.29−4.25 (m, 2H), 4.07−3.44 (m, 8H), 3.27−3.17
(m, 1H), 2.58−2.44 (m, 1H), 2.36−2.09 (m, 1H). MS(ESI): found:
[M + H]+, 338.20.

4.1.2.4. Suloctidil (SUL) and Analogs. Methyl 4-(3-((1R,2S)-1-
hydroxy-1-(4-isopropoxyphenyl)-3-phenylpropan-2-yl)ureido)benzoate
(S-1)

Under nitrogen atmosphere THF (4 mL) was added to the
reaction vial containing S-3 (0.040g, 0.14 mmol) and 4-
methoxycarbonylphenyl isocyanate (0.030 g, 0.17 mmol) at room
temperature, followed by the addition of iPr2NEt (0.024 mL, 0.14
mmol). The mixture was stirred overnight. A few drops of water were
added and the mixture was stirred for 30 min. The solvent was
removed and the residue was purified by silica gel chromatography
with AcOEt/CH2Cl2 combination (0 ∼ 30% gradient) as eluent to
afford S-1 (0.038 g) as white solid in 59% yield. 1H NMR (400 MHz,
METHANOL-d4) δ ppm 1.27 (d, J = 6.23 Hz, 6H) 2.70 (dd, J =
14.01, 10.12 Hz, 1H) 2.89 (dd, J = 14.21, 3.31 Hz, 1H) 4.18−4.30
(m, 1H) 4.55 (dt, J = 12.07, 6.03 Hz, 1H) 4.77 (d, J = 4.67 Hz, 1H)
6.89 (d, J = 8.17 Hz, 2H) 7.06−7.25 (m, 5H) 7.33 (dd, J = 17.91,
8.56 Hz, 4H) 7.83 (d, J = 8.56 Hz, 2H). MS(ESI): found: [M + Na]+,
485.4.

(1S,2S)-1-(4-Isopropoxyphenyl)-2-(octylamino)-3-phenylpropan-1-ol
(S-2)

It was synthesized in the same procedure as for S-4 except that syn-
adduct A was used as the starting material instead. Yield: 33%
(viscous solid). 1H NMR (400 MHz, METHANOL-d4) δ ppm 0.91
(t, J = 8.00 Hz, 3H) 1.15−1.38 (m, 16H) 1.43−1.64 (m, 2H) 2.70−
3.09 (m, 4H) 3.54−3.74 (m, 2H) 4.55−4.63 (m, 1H) 4.65 (d, J =
7.01 Hz, 1H) 6.90 (d, J = 8.00 Hz, 2H) 7.16 (d, J = 7.40 Hz, 2H)
7.20−7.33 (m, 5H). MS(ESI): found: [M + H]+- H2O, 380.5.
(1R,2S)-2-Amino-1-(4-isopropoxyphenyl)-3-phenylpropan-1-ol (S-3)
Under N2 atmosphere and at −78 °C, oxalyl chloride (0.20 mL, 2.4

mmol) was added dropwise to the solution of DMSO (0.28 mL, 4
mmol) in CH2Cl2 (20 mL). After 5 min of stirring, N,N-dibenzyl-L-
phenylalaninol (0.663 g, 2 mmol) in CH2Cl2 (2 mL) was added. The
mixture was stirred for 30 min, followed by the addition of Et3N (1.1
mL, 8 mmol). The mixture was allowed to warm to room temperature
over 30 min. Water (20 mL) was added and the product was extracted
with Hex/AcOEt (3/1). The organic layer was washed with 5%
NaHCO3 aqueous solution and brine sequentially, then filtered
through a plug of silica gel. The filtrate was concentrated, dried in
vacuo to afford N,N-dibenzyl-L-phenylalaninal (0.64 g) in 97% yield.
Under N2 atmosphere and at 0 °C, Et2Zn/Hex (1 M, 24 mL) was
added slowly to the suspension of 4-isopropoxyphenylboronic acid
(1.44 g, 8 mmol) in toluene (20 mL). The mixture was heated at 60
°C for 1 h then cooled at °C when N,N-dibenzyl-L-phenylalaninal
(0.64 g, 1.94 mmol) in toluene (5 mL) was added. The mixture was
stirred at 0 °C for 24 h, then water (6 mL) was slowly added. Hex/
AcOEt (3/1) was used for extraction. The organic phase was washed
with brine, dried with Na2SO4, then concentrated. The residue was
purified by silica gel chromatography with AcOEt/Hex (1/10)
combination as eluent to give syn-adduct A as viscous oil (0.154 g,
yield: 16%, with a higher Rf value of 0.3) and antiadduct B as viscous
oil (0.186 g, yield: 37%, with a lower Rf value of 0.25). Antiadduct B
(0.065 g, 0.14 mmol) and Pd(OH)2/C (20 wt % loading, 0.030 g) in
MeOH/THF (v/v: 2/1, 5 mL) was stirred under H2 atmosphere
overnight. The mixture was filtered, and the filtrate was concentrated,
dried in vacuo to afford S-3 (0.040 g) as viscous oil in quantitative
yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.30 (d, J = 5.84
Hz, 6H) 2.47 (dd, J = 13.62, 9.73 Hz, 1H) 3.07 (dd, J = 13.62, 2.72
Hz, 1H) 3.13−3.23 (m, 1H) 4.46 (d, J = 6.23 Hz, 1H) 4.59 (dt, J =
11.97, 5.89 Hz, 1H) 6.91 (d, J = 8.56 Hz, 2H) 7.09−7.44 (m, 7H).
MS(ESI): found: [M + H]+ - H2O, 268.2.
(1R,2S)-1-(4-Isopropoxyphenyl)-2-(octylamino)-3-phenylpropan-1-ol

(S-4)
At room temprature, the mixture of S-3 (0.045 g, 0.16 mmol) and

octanal (0.021 g, 0.16 mmol) in MeOH (3 mL, dried with MS 4A)
was stirred for 5 min. NaBH3CN (0.028 g, 0.45 mmol) was added and
the mixture was stirred overnight. Water was added and the mixture
was concentrated. The residue was purified by HPLC (C18, 15 × 150
mm column; eluent: acetonitrile/water (0.05% TFA)) to give S-4
(0.049 g) as viscous solid in 60% yield. 1H NMR (400 MHz,
METHANOL-d4) δ ppm 0.81−0.98 (m, 3H) 1.14−1.40 (m, 16H)
1.60 (br. s., 2H) 2.72−3.01 (m, 4H) 3.72 (d, J = 2.72 Hz, 1H) 4.60
(dt, J = 11.87, 6.13 Hz, 1H) 5.15 (br. s., 1H) 6.93 (d, J = 7.01 Hz,
2H) 7.07 (d, J = 7.40 Hz, 2H) 7.14−7.31 (m, 3H) 7.37 (d, J = 7.01
Hz, 2H). MS(ESI): found: [M + H]+-H2O, 380.4.
(1R,2S)-1-(4-Isopropoxyphenyl)-2-((4-methoxybenzyl)amino)-3-phe-

nylpropan-1-ol (S-5)
It was synthesized in the same procedure as for S-4. Yield: 65%

(white powder). 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.30
(d, J = 8.00 Hz, 6H) 2.90 (d, J = 6.23 Hz, 2H) 3.64 (br. s., 1H) 3.82
(s, 3H) 3.97−4.15 (m, 2H) 4.53−4.66 (m, 1H) 5.12 (br. s., 1H)
6.85−7.06 (m, 6H) 7.16−7.37 (m, 7H). MS(ESI): found: [M + H]+,
406.8.
(1S,2R)-2-Amino-1-(4-isopropoxyphenyl)propan-1-ol (S-6)
Under N2 atmosphere and at −78 °C, oxalyl chloride (0.41 mL, 4.8

mmol) was added dropwise to the solution of DMSO (0.57 mL, 8.0
mmol) in CH2Cl2 (30 mL). After 5 min of stirring, N,N-dibenzyl-D-
alaninol (1.022 g, 4 mmol) in CH2Cl2 (5 mL) was added. The
mixture was stirred for 30 min, followed by the addition of Et3N (2.23
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mL, 16 mmol). The mixture was allowed to warm to room
temperature over 30 min. Water (30 mL) was added and the product
was extracted with Hex/AcOEt (2/1). The organic layer was washed
with 1% HCl aqueous solution, water, 5% NaHCO3 aqueous solution
and brine sequetially, then filtered through a plug of silica gel. The
filtrate was concentrated, dried in vacuo to afford N,N-dibenzyl-D-
alaninal (0.965 g) in 95% yield. At 0 °C N,N-dibenzyl-D-alaninal
(0.945 g, 3.73 mmol) in THF (6 mL) was added slowly to the RB
flask containing 4-isopropoxyphenylmagnesium bromide (0.5 M in
THF, 12 mL). The mixture was stirred at room temperature over 1 h,
then quenched with water. The product was extracted with Hex/
AcOEt (2/1) and the organic layer was dried with Na2SO4, then
concentrated. The residue was purified by silica gel chromatography
with AcOEt/Hex (1/5) combination as eluent to afford antiadduct D
as viscous oil (0.090 g, yield: 6.2%). Pd(OH)2/C (20 wt % loading,
0.052 g) was added to the solution of antiadduct D (0.090 g, 0.23
mmol) in EtOH (5 mL). The mixture was stirred at room
temperature under H2 atmosphere overnight then filtered. The filtrate
was concentrate and dried in vacuo to give S-6 (0.046 g) as viscous oil
in 95% yield. 1H NMR (400 MHz, METHANOL-d4) δ ppm 1.07 (d,
J = 6.60 Hz, 3H) 1.30 (d, J = 5.84 Hz, 6H) 2.99−3.18 (m, 1H) 4.46
(d, J = 5.06 Hz, 1H) 4.59 (dt, J = 11.97, 5.89 Hz, 1H) 6.90 (d, J =
7.40 Hz, 2H) 7.26 (d, J = 7.40 Hz, 2H). MS(ESI): found: [M + H]+-
H2O, 192.2.
(1S,2R)-1-(4-Isopropoxyphenyl)-2-(octylamino)propan-1-ol (S-7)
It was synthesized via reductive amination from S-6 following the

same procedure as for S-4. Yield: 60% (viscous solid). 1H NMR (400
MHz, METHANOL-d4) δ ppm 0.91 (t, J = 6.62 Hz, 3H) 1.08 (d, J =
6.62 Hz, 3H) 1.20−1.51 (m, 16H) 1.64−1.81 (m, 2H) 3.08 (t, J =
8.17 Hz, 2H) 3.35−3.47 (m, 1H) 4.59 (dt, J = 11.97, 5.89 Hz, 1H)
5.06 (d, J = 2.72 Hz, 1H) 6.92 (d, J = 8.56 Hz, 2H) 7.30 (d, J = 8.56
Hz, 2H). MS(ESI): found: [M + H]+, 322.7.
tert-Butyl ((1R,2R)-1-hydroxy-1-(4-(isopropylthio)phenyl)propan-2-

yl)carbamate (S-8)
Under N2 atmosphere and at 0 °C, (R)-Boc-alaninal (0.260 g, 1.5

mmol) in THF (5 mL) was added slowly to the RB flask containing 4-
(isopropylthio)phenylmagnesium bromide (0.5 M in THF, 7 mL).
The mixture was stirred at 0 °C for 1 h, then quenched with water.
The solvent was removed and the residue was suspended between
Hex/AcOEt (2/1) and NH4Cl aqueous solution. The organic layer
was separated, dried with Na2SO4, then concentrated. The residue
was purified by silica gel chromatography with AcOEt/Hex
combination (0 ∼ 30% gradient) as eluent to afford syn-adduct S-8
as the major isomer (0.120 g, yield: 25%, lower part of spot on TLC
with AcOEt/Hex (1/3) as eluent: Rf = 0.28). 1H NMR (400 MHz,
METHANOL-d4) δ ppm 1.06 (d, J = 6.23 Hz, 3H) 1.25 (d, J = 6.62
Hz, 6H) 1.38 (s, 9H) 3.37 (dt, J = 13.53, 6.67 Hz, 1H) 3.70−3.87 (m,
1H) 4.58 (d, J = 4.67 Hz, 1H) 7.26−7.32 (m, 2H) 7.33−7.38 (m,
2H). MS(ESI): found: [M + Na]+, 348.6.
(1R,2R)-1-(4-(Isopropylthio)phenyl)-2-(octylamino)propan-1-ol (S-

9)
S-8 (0.120 g, 0.37 mmol) was added to HCl/dioxane (2 M, 6 mL)

at rt. The mixture was stirred for 3 h, then concentrated and dried in
vacuo to afford the de-Boc intermediate (0.093 g) quantitatively. At
rt, the de-Boc intermediate (0.025 g, 0.1 mmol) was added to the
solution of octanal (0.017 mL, 0.11 mmol) and Et3N (0.015 mL, 1.1
mmol) in MeOH (2 mL, dried with MS 4A). The mixture was stirred
for 5 min. NaBH3CN (0.030 g, 0.48 mmol) was added and the
mixture was stirred overnight. Water was added and the mixture was
concentrated. The residue was purified by HPLC (C18, 15 × 150 mm
column; eluent: acetonitrile/water (0.05% TFA)) to give S-9 (0.027
g) as viscous solid in 62% yield. 1H NMR (400 MHz, METHANOL-
d4) δ ppm 0.91 (t, J = 7.20 Hz, 3H) 1.10 (d, J = 7.01 Hz, 3H) 1.28 (d,
J = 6.62 Hz, 6H) 1.30−1.48 (m, 10H) 1.59−1.85 (m, 2H) 2.95−3.15
(m, 2H) 3.33−3.51 (m, 2H) 4.54 (d, J = 8.95 Hz, 1H) 7.30−7.48 (m,
4H). MS(ESI): found: [M + H]+- H2O, 320.6.
(1R,2R)-2-(Hexylamino)-1-(4-(isopropylthio)phenyl)propan-1-ol (S-

10)
S-10 was synthesized following the same procedure as for S-9.

Yield: 49% (viscous solid). 1H NMR (400 MHz, METHANOL-d4) δ

ppm 0.93 (t, J = 6.80 Hz, 3H) 1.10 (d, J = 6.80 Hz, 3H) 1.27 (d, J =
6.60 Hz, 6H) 1.32−1.49 (m, 6H) 1.72 (dt, J = 16.54, 8.47 Hz, 2H)
2.97−3.14 (m, 2H) 3.33−3.50 (m, 2H) 4.54 (dd, J = 8.00, 2.00 Hz,
1H) 7.27−7.48 (m, 4H). MS(ESI): found: [M + H]+, 310.7.
(1R,2R)-2-(Decylamino)-1-(4-(isopropylthio)phenyl)propan-1-ol (S-

11)
S-11 was synthesized following the same procedure as for S-9.

Yield: 56% (viscous solid). 1H NMR (400 MHz, METHANOL-d4) δ
ppm 0.90 (t, J = 8.00 Hz, 3H) 1.10 (d, J = 7.01 Hz, 3H) 1.21−1.47
(m, 20H) 1.59−1.83 (m, 2H) 3.05 (ddt, J = 16.30, 12.60, 6.18, 6.18
Hz, 2H) 3.33−3.50 (m, 2H) 4.54 (d, J = 8.95 Hz, 1H) 7.39 (t, J =
8.00 Hz, 4H). MS(ESI): found: [M + H]+, 366.7.
(1S,2S)-1-(4-(Isopropylthio)phenyl)-2-(octylamino)propan-1-ol (S-

12)
S-12 was synthesized following the same procedure as for S-9

except that syn-adduct F was used, which was prepared from (S)-Boc-
alaninal in the same procedure as for S-8. Yield: 32% (viscous solid).
Since S-12 is the enantiomer of S-9, it has the same NMR and LCMS
as S-9.
(1S,2S)-2-((Cyclohexylmethyl)amino)-1-(4-(isopropylthio)phenyl)-

propan-1-ol (S-13)
S-13 was synthesized following the same procedure as for S-12

except that cyclohexanecarboxaldehyde was used in the final step of
reductive amination. Yield: 60% (viscous solid). 1H NMR (400 MHz,
METHANOL-d4) δ ppm 1.02−1.13 (m, 2H) 1.10 (d, J = 6.62 Hz,
3H) 1.24−1.44 (m, 3H) 1.27 (d, J = 6.62 Hz, 6H) 1.65−1.94 (m,
6H) 2.94 (d, J = 7.01 Hz, 2H) 3.33−3.51 (m, 2H) 4.57 (d, J = 9.34
Hz, 1H) 7.32−7.49 (m, 4H). MS(ESI): found: [M + H]+, 322.6.
(1S,2S)-1-(4-(Isopropylthio)phenyl)-2-((pyridin-4-ylmethyl)amino)-

propan-1-ol (S-14)
S-14 was synthesized following the same procedure as for S-12

except that 4-pyridinecarboxaldehyde was used in the final step of
reductive amination. Yield: 23% (viscous solid). 1H NMR (400 MHz,
METHANOL-d4) δ ppm 1.21 (d, J = 7.01 Hz, 3H) 1.28 (d, J = 6.62
Hz, 6H) 3.40−3.52 (m, 2H) 4.54 (q, J = 14.40 Hz, 2H) 4.66 (d, J =
9.34 Hz, 1H) 7.26−7.51 (m, 4H) 7.74−7.93 (m, 2H) 8.66−8.89 (m,
2H). MS(ESI): found: [M + H]+, 317.5.
(1R,2S)-1-(4-(Isopropylthio)phenyl)-2-(octylamino)propan-1-ol (S-

15)
S-15 was synthesized following the same procedure as for S-12

except that antiadduct G, which was prepared from (S)-Boc-alaninal
in the same procedure as for S-8, was used. Yield: 47% (viscous solid).
1H NMR (400 MHz, METHANOL-d4) δ ppm 0.92 (t, J = 8.00 Hz,
3H) 1.07 (d, J = 6.62 Hz, 3H) 1.27 (d, J = 6.62 Hz, 6H) 1.30−1.51
(m, 10H) 1.67−1.81 (m, 2H) 3.10 (t, J = 8.00 Hz, 2H) 3.36−3.52
(m, 2H) 5.12 (d, J = 3.11 Hz, 1H) 7.29−7.47 (m, 4H). MS(ESI):
found: [M + H]+, 338.6.
(S)-N-(1-(4-Isopropoxyphenyl)-3-phenylpropan-2-yl)octan-1-amine

(S-16)
Trifluoroacetic acid (2 mL) was added to the solution of S-4

(0.028 g, 0.056 mmol) in CH2Cl2 (1.5 mL) at rt, followed by the
addition of Et3SiH (0.3 mL, 1.88 mmol). The mixture was heated at
60 °C for 3 h, then concentrated. The residue was purified by HPLC
(C18, 15 × 150 mm column; eluent: acetonitrile/water (0.05%
TFA)) to give S-16 (0.021 g) as viscous oil in 77% yield. 1H NMR
(400 MHz, METHANOL-d4) δ ppm 0.90 (t, J = 7.01 Hz, 3H) 1.17−
1.40 (m, 16H) 1.49−1.65 (m, 2H) 2.82−3.00 (m, 5H) 3.02−3.09 (m,
1H) 3.76 (t, J = 6.81 Hz, 1H) 4.50−4.63 (m, 1H) 6.86 (d, J = 8.56
Hz, 2H) 7.13 (d, J = 8.56 Hz, 2H) 7.20−7.40 (m, 5H). MS(ESI):
found: [M + H]+, 382.5.
N-((1R,2S)-1-Ethoxy-1-(4-isopropoxyphenyl)-3-phenylpropan-2-yl)-

octan-1-amine (S-17)
At 0 °C, NaH (0.017 g, 0.4 mmol) was added to the solution of

antiadduct B (0.096g, 0.2 mmol) in DMF (2.5 mL). The mixture was
stirred for 15 min then EtBr (0.016 mL, 0.2 mmol) was added. The
reaction vial was sealed and heated at 50 °C for 10 h. NaH (0.010 g,
0.24 mmol) was added at 0 °C, followed by the addition of EtBr
(0.010 mL, 0.13 mmol). The mixture was heated at 50 °C for
additional 6 h. The mixture was concentrated and the residue was
suspended between Hex/AcOEt (10/1) and water. The organic layer
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was washed with water, dried with Na2SO4, then concentrated. The
residue was purified by silica gel chromatography with AcOEt/Hex (0
∼ 5% gradient) combination as eluent to afford intermediate H
(0.070 g) as viscous oil in 70% yield. Pd(OH)2/C (20 wt % loading,
0.014 g) was added to the solution of H (0.070 g, 0.14 mmol) in
EtOH (8 mL) at rt. The mixture was stirred under H2 atmosphere
overnight then filtered. The filtrate was concentrated and dried in
vacuo to give intermediate I. I was subjected to the reductive
amination following the same procedure as for S-4 to afford S-17
(0.022 g) as viscous solid in 29% yield. 1H NMR (400 MHz,
METHANOL-d4) δ ppm 0.90 (t, J = 6.62 Hz, 3H) 1.14−1.39 (m,
19H) 1.50−1.65 (m, 2H) 2.70−2.90 (m, 3H) 3.02 (dd, J = 15.38,
4.09 Hz, 1H) 3.41−3.52 (m, 1H) 3.60 (quin, J = 7.69 Hz, 1H) 3.67−
3.76 (m, 1H) 4.62 (dt, J = 11.97, 5.89 Hz, 1H) 4.80 (d, J = 2.72 Hz,
1H) 6.96 (d, J = 8.17 Hz, 2H) 7.06 (d, J = 7.40 Hz, 2H) 7.16−7.37
(m, 5H). MS(ESI): found: [M + H]+, 427.4.

4.2. ADMET Screening Assays
4.2.1. Optical Density Solubility Assay. FaSSIF (Fasted State

Simulated Intestinal Fluid (Biorelevant cat#: FF01)), FeSSIF (Fed
State Simulated Intestinal Fluid (Biorelevant cat#: FASBUF)),
FaSSGF (Fasted State Simulated Gastric Fluid (Biorelevant cat#:
FASGUF)), PBS (Phosphate Buffered Saline, pH 7.4 (Sigma cat#:
P3813)) solutions were made according to the manufacturer’s
specifications. Compounds to be tested were dissolved in DMSO to
make 10 mM stock solutions. For each compound, 4 tubes were
prepared; for the simulated fluids, 490 μL of fluid was combined with
10 μL of compound stock solution in DMSO and for the PBS
solution, 497.5 μL of PBS solution was combined with 2.5 μL of
compound stock solution in DMSO. DMSO controls for all fluids
were prepared by adding either 2.5 or 10 μL of DMSO to the
respective fluids. All vials were vortexed for 5 to 10 s, then were placed
on an orbital shaker at 250 rpm overnight at room temperature. A
total of 200 μL of each sample was added to two technical replicate
wells on a 96-well flat bottom plate (Corning #3370), with DMSO
control cells as blanks for each media/buffer. The plate was shaken for
5 s on the plate reader, and samples were read at OD600 nm
wavelength. Higher OD’s mean lower solubility (OD < 0.010 is
considered fully or near fully soluble; between 0.010 and 0.100 is
considered partly/moderately soluble; and over 0.100 is considered
insoluble). We have run Q203 as control in our kinetic solubility assay
starting at 200 μM five times previously and the running O.D averages
are 0.043 (FaSSIF), 0.035 (FeSSIF), and 0.007 (FaSSGF), and the
OD average in this experiment is within historical range for the
biorelevant buffers. The data was exported to Excel and average
OD600 values were calculated in the spreadsheet.

4.2.2. Metabolic Stability of Compounds. To evaluate
compounds’ metabolic stability, we calculated their half-life (t1/2; in
minutes) by measuring how quickly the compounds were metabolized
by liver enzymes using mouse liver microsomes, which mediate Phase
I metabolism (i.e., oxidation), the first step in liver clearance of
xenobiotics. The half-life (t1/2) in minutes provides insight into a
drug’s metabolic stability, along with the calculation of intrinsic
clearance (CLint), i.e., theoretical clearance of a drug by liver enzymes
mediating Phase I metabolism in the absence of blood flow
limitations. Verapamil was used as positive control and tolbutamide
was used as an internal standard, the latter to account for variations in
extraction and ionization efficiency. Compounds had a wide range of
short t1/2 in mouse liver microsomes, indicating they undergo rapid
hepatic metabolism, potentially leading to low bioavailability in vivo.

4.2.3. Cytotoxicity Assay. HepG2 (human hepatoma) cells were
routinely subcultured in DMEM low glucose medium with 10% fetal
bovine serum (FBS), 100U/mL: penicillin and 100U/mL streptomy-
cin incubated at 37 °C with 5% CO2. The cytotoxicity activities of
compounds were determined using MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) reduction assay. 1 × 104

HepG2 cells/well were seeded in 100 μL DMEM low glucose
(Dulbecco’s Modified Eagle’s Medium) supplemented with 10% FBS
in each well of 96-well microculture plates and incubated for 24 h at
37 °C in CO2 incubator. Compound stock solutions were prepared in

DMSO and were diluted to the desired concentrations in culture
medium. Cells cultured in 96-well plate were treated with various
concentrations of test compounds in four replicates for 24 h. After the
period of incubation, 10 μL of MTT (5 mg/mL) was added in each
well and the plates were further incubated for 2 h. Supernatant from
each well was carefully removed, formazan crystals were dissolved in
100 μL of DMSO and absorbance at 630 nM wavelength was
recorded. Cells treated with 0.1% and 1% Triton X-100 were positive
control. Percentage cell inhibition was calculated by linearly
normalizing compound absorbance between DMSO-treated control
group absorbance (0% cytotoxicity) and 1% Triton X-100 absorbance
(100% cytotoxicity). For all experiments, N = 12 for DMSO-only
controls, and N = 4 for all test groups. Dose−response relationships
for HepG2 cell CC50 values and all associated statistics were analyzed
using a four-parameter log−logistic (LL.4) model implemented in the
drc package in R, using 5−6 concentrations.

4.2.4. Human GPCR Binding Affinity. Primary receptor binding
profiles and Ki determinations for parent drugs and selected analogs
with human GPCRs was done by the National Institute of Mental
Health’s Psychoactive Drug Screening Program, contract
#75N95023C00021 (NIMH PDSP). As previously described,93 the
affinity of compounds for human GPCRs was tested by a radioligand
competition binding assay. Briefly, the approach tests the ability of
compounds to displace a known, high-affinity radioactive tracer
(radioligand) from the receptor’s active site. The assay is performed
using membrane fractions derived from transfected cell lines (typically
HEK293 or CHO) stably expressing the target human recombinant
receptor. Total binding is defined using the radioligand alone, while
nonspecific binding (NSB) is determined in the presence of a high
concentration of a reference saturating antagonist. First, compounds
were tested at a single concentration (10 μM) in quadruplicate, and
results were expressed as a percentage of inhibition of specific
radioligand binding. Compounds exhibiting ≥50% inhibition in the
primary screen were progressed to secondary assays to determine
equilibrium dissociation constants (Ki). These assays used 11
concentrations of the test compound (ranging from 0.1 nM to 10
μM) to generate a full competition curve. Radiometric data
(measured in counts per minute, CPM) were processed to calculate
specific binding by subtracting nonspecific binding from total binding.
Dose−response data were analyzed using nonlinear least-squares
regression in GraphPad Prism to determine the IC50 (the
concentration of test compound required to displace 50% of the
specific radioligand binding). The IC50 value was converted to the
absolute inhibition constant (Ki) using the Cheng-Prusoff equation:
Ki = IC50/(1 + [L/Kd]), where L is the concentration of free
radioligand used in the assay and Kd is the equilibrium dissociation
constant for each receptor, predetermined through saturation binding
experiments.

4.3. In Vitro Worm Experiments
4.3.1. B. Pahangi. 4.3.1.1. In Vitro Motility Assays with Adult

and L4 B. Pahangi. Individual adult male and female Brugia pahangi
worms (100−120 dpi) were placed in media (RPMI-1640 with 1 M
HEPES, 7.5% NaHCO3, 5% heat inactivated fetal bovine serum
(FBS), and 1X Antibiotic and Antimycotic solution) in 24-well plates.
Each well contained one female or one male worm in 500 μL media.
Two female and three male L4 worms (42 dpi) were used for assays
under the same conditions. Compounds dissolved in DMSO were
added to each well at a concentration of 10 μM, with 4 replicates per
compound and eight replicates of 1% DMSO, used as a vehicle
control. Cultures were maintained at 5% CO2 in a 37 °C humidified
incubator. Movement of worms was recorded using “QuickTime
Player” on Mac by recording apparatus and 1080p digital camcorder
on at interval of 4 h, 1 day, 2 days, 3 days, and 6 days. Three videos
were recorded as technical replicates of a plate. Thirty second of each
video was trimmed using iMovie’ tool to calculated Mean Movement
Unit (MMU). MMU was calculated using setup “Bottom-Read Rotated
180̊” on Plate Orientation setting and “Lucas-Kanade Optical Flow
(Velocity, 1 organism per well)” on Assay Analyzer setting of the
“WormAssay” tool.94 Statistical procedures were used to minimize
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noise resulting from worms that occasionally would be at the edge of
the well, resulting in low MMU detection values by WormAssay. First,
of the eight DMSO replicates, any values less than 70% of the average
MMU value were excluded as outliers. Second, for the four replicates
of the test compounds, MMU values were excluded that were both (a)
above or below 1 standard deviation of the average MMU value and
(b) were more than 20% above or below the average MMU value of
the four replicates, with no bias toward increasing or decreasing the
resulting motility inhibition values.

Compounds that caused 75% or greater inhibition of motility by
day 3 were considered hits and were then tested in IC50 assays, using a
serial dilution ranging from 30 μM to 0.1 μM (with the same filtering
and sample numbers as described above), at 6 concentrations (with
only 5, omitting the 0.1 μM concentration, for several adult male tests
due to fewer male worms being available for testing). Dose−response
relationships for IC50 values and all associated statistics were analyzed
using a four-parameter log−logistic (LL.4) model implemented in the
drc package in R. For the drc calculation, the lower asymptote was
fixed at 0% and the upper asymptote was fixed at 100%. The model
estimation was performed using maximum likelihood, with the delta
method for confidence interval calculation. This parametrization
allows for sigmoidal curve fitting with asymmetric responses around
the inflection point, which is particularly suitable for cytotoxicity and
inhibition assays where complete response ranges from 0% to 100%. P
values for each IC50 curve were calculated from the F-statistic of the
overall four-parameter log−logistic model fit (df_model = 4,
df_residual = n−4), using the upper-tail probability of the F
distribution, with no correction for multiple testing across
compounds. Detailed statistics for motility and IC50 values are
provided for all compounds in Table S1.

4.3.1.2. Adult Female B. Pahangi Bioaccumulation Assay.
Individual adult female Brugia pahangi were placed in 24 well plate
containing media. Compounds dissolved in DMSO were added to
each well at a concentration of 30 μM, with 4 replicates per
compound and 1% DMSO was used as a vehicle control. Movement
of treated worms was observed until the worms became morbid but
not completely dead. Worms were collected in saline and washed two
times using 0.1% SDS to remove drug from the surface. One more
washing was done using media and 4 worms collected in Eppendorf
tube and store at −80 °C overnight. For lysis, worms were thawed on
ice, crushed in liquid nitrogen using pestles and incubated with 100
μL of 1X lysis buffer with proteinase K (50 mM KCl, 10 mM Tris, pH
8.3, 0.2% SDS, 250 μg/mL proteinase K) for 5 h at 60 °C. Proteins
were precipitated using 100 μL of acetonitrile and stored (∼180−200
μL) at −80 °C. Lysates were analyzed for level of each individual
compound by HPLC/MS. DMSO was used as the negative control
while the parent compound, which is known to be membrane
permeable, was used as the positive control. Lysates were analyzed on
a Hewlett-Packard Series 1100 HPLC, using a Sunfire C18 3.5 μm
pore size, 4.6 × 50 mm column as previously described56 with slight
modifications; in short, samples were injected with 20 μL of volume
with a flow rate of 1 mL/mins and solvent system of H2O (0.05%
TFA) and acetonitrile (0.05% TFA). Gradient was 0→5 min: 5−95%
linear increase acetonitrile; 5→6 min 95% acetonitrile hold; 6→7 min
95−5% linear decrease acetonitrile. Elution was monitored by 210
and 254 nm UV absorption and by MS. MS conditions were drying
gas 12 L/mins, drying gas temperature 350 °C, nebulizer psig 55−60,
and capillary voltage 4000 V. Compound presence was evaluated by
extracting [M + H]+ or [M + Na]+ of parent compound mass.

4.3.1.3. Embryogram to Assess In Vitro B. Pahangi Fitness. The
evaluation of the effect of treatment on female worm fitness was
measured based on the microfilariae (mf) released from individual
females (n = 4) after 6 days treatment, characterized and counted
using a dissecting microscope. 500 μL media from treated and
untreated wells containing female Brugia pahangi in a 24 well plate
was pipetted up and down to disperse the mf equally. 5 μL of then
placed on slide, and videos and images were captured twice using a
Keyence microscope (Lens ×4 PlanApo NA 0.20, Zoom ×1.0, CH4
BF/Phase BF/Phase). Total, dead and live mf were counted and
significant differences relative to DMSO for total active mf

proportions were tested using two-tailed pooled student’s t tests
(equal variance), performed in MS Excel, with no correction for
multiple testing. A Kolmogorov−Smirnov test95 did not show a
significant departure from normality for mf count data (using 64
DMSO total mf counts; D(64) = .089, P = 0.233, K = 0.7143,
skewness = 0.3755), justifying the use of parametric statistics.

An additional embryogram procedure was used to determine total
gonad contents, MF to embryo stage development and deformity
from treated female Brugia pahangi worms. At the sixth day of
treatment, 1 female worm was collected in an Eppendorf tube
containing 1 mL of PBS and stored at 4 °C. 500 μL of PBS were
removed and the worms were chopped vigorously for 2−3 min with
small scissors, with vortexing every minute. Tubes were then placed
on a rotator overnight at RT, to allow all contents of the worm to be
released out into the PBS. Tubes were centrifuged at 500 × g for 5
min to pellet contents, and 400 μL of the PBS were removed. 10 μL
from the bottom placed into a well of a 10-well 30−7H-Black slide.
Multiple images from different fields were captured using a Keyence
microscope (Lens ×20 PlanApo NA 0.75, Zoom ×1.0, CH4 BF/
Phase BF/Phase). 200 events were counted that include all stages:
eggs, embryos, premf, mf, stretch mf’s and deformed stages. Counts
were performed for four biological replicates per treatment condition,
including DMSO. Significant differences in the proportions of each
stage relative to DMSO were tested using two-tailed pooled student’s
t tests with equal variance with no correction for multiple testing,
performed in MS Excel. Within each stage, Kolmogorov−Smirnov
tests95 did not show a significant departure from normality for
proportion values in any of the stages count data (using 40 DMSO
sample proportions; D(40) ≤ 0.1334, P ≥ 0.0706, K ≤ 0.8433,
skewness ≤ 0.8433), justifying the use of parametric statistics.

Detailed student’s t test results as described above for mf and
embryogram results, including average values, standard error values, t
test P values, t statistics, 95% confidence intervals of the t statistic,
degrees of freedom and Cohen’s d values for all compounds are
provided in Table S1.

4.3.1.4. Ex Vivo Adult Female B. Pahangi Fecundity. To test the
effects of the compounds on female worm fecundity, all surviving
female worms were examined ex vivo to quantify the number of
microfilariae (mf) released overnight in culture and to profile the
various stages of embryonic development within the uteri of the
individual female worms, as previously described.91 One-tailed pooled
Student’s t tests (equal variance) were used to test for significant
reduction in microfilariae secretion, with no correction applied for
multiple testing. A Kolmogorov−Smirnov test95 did not show a
significant departure from normality for microfilariae secretion counts
(using 84 vehicle-only control counts; D(84) = 0.1296, P = 0.1087, K
= 1.1879, skewness = 0.434), justifying the use of parametric statistics.
After necropsy, recovered female worms were incubated in individual
wells of a 24-well plate with 2 mL complete media at 37 °C and 5%
CO2. After 24 h, the number of mf released by each adult female was
determined by counting the number of mf in a 0.5 mL aliquot and
multiplying by 4 to calculate the total number secreted by each worm.
Additionally, embryogram analyses on the individual female worms
were performed as described.91 Briefly, each female worm was
homogenized first in 0.5 mL PBS to release the uterine content. The
suspension was then spun down, 0.4 mL of the PBS was removed, and
the remaining 0.1 mL was used for analysis. The total gonad contents
were determined in two 10 μL aliquots using a hemocytometer, while
the distribution of the various embryonic developmental stages (eggs,
embryos, premicrofilariae, and stretched mf) was determined in two
separate aliquots containing at least 200 events each on a 30−7H-
Black slide using a compound microscope. A minimum of 200 events
were assessed from each female worm and at least six females per
treated gerbil. The intrauterine embryogram was expressed as the
relative proportions of the different stages of development: eggs,
embryos, premicrofilariae (premf), stretched mf, and deformed
embryos in the total number of events recorded. One-tailed pooled
Student’s t tests (equal variance) were used to test for significant
reduction in total gonad contents, with no correction applied for
multiple testing. A Kolmogorov−Smirnov test95 did not show a
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significant departure from normality for total gonad contents data
(using 48 vehicle-only control counts; D(48) = 0.0904, P = 0.8533, K
= 0.5856, skewness = 0.261), justifying the use of parametric statistics.
Significant differences in the proportions of each embryogram stage
relative to vehicle-only controls were tested using two-tailed pooled
Student’s t tests (equal variance), with no correction for multiple
testing, performed in MS Excel. Within each stage, Kolmogorov−
Smirnov tests95 did not show a significant departure from normality
for proportion values in any of the stages count data (using 40 DMSO
sample proportions; D(40) ≤ 0.1334, P ≥ 0.0706, K ≤ 0.8433,
skewness ≤ 0.8433), justifying the use of parametric statistics.

4.3.1.5. Transmission Electron Microscopy of Female Brugia
Pahangi. Following treatment with compounds for 3 days at 30 μM
concentrations as described above for in vitro assays, and 1 day after
collection from in vivo experiments, adult female B. pahangi worms
were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde
buffered with 0.1 M sodium cacodylate pH 7.3−7.4 as previously
described.50 After being submerged in fixative, the worms were cut
into small pieces and kept for 2 h at room temperature before being
stored at 4 °C. Following fixation, samples were washed with 0.1 M
sodium cacodylate and postfixed with 1% osmium tetroxide for 1 h.
Following another wash with 0.1 M sodium cacodylate, samples were
dehydrated in increasing ethanol concentrations (30−100%), washed
two times with propylene oxide, and then infiltrated with a 1:1
Spurr:propylene oxide solution. Samples were then embedded in size
00 BEEM capsules using Spurr’s low viscosity embedding kit
(Electron Microscopy Sciences, Hatfield, PA, USA). Blocks were
polymerized at 60 °C overnight. Ultrathin sections were collected on
nickel Formvar/carbon-coated 100 mesh grids or copper slot grids
and contrasted with Uranyless (Electron Microscopy Sciences) and
lead citrate. Sections were imaged on a Tecnai G2 Spirit TEM
equipped with an AMT camera.

4.3.2. O. Ochengi In Vitro Motility and Viability Assays. Cows
that had grazed in northern Cameroon where O. ochengi is highly
endemic were brought to abattoirs located in Douala, Cameroon.
Subcutaneous nodules containing adult O. ochengi worms were
identified on the umbilical skin of infected cows. Adult worm masses
containing one viable, adult female and zero to several adult males
were carefully recovered by dissection of the nodule with a sterile
razor blade. The masses were then incubated in 4 mL of complete
culture medium (CCM), which was comprised of RPMI-1640
(Sigma-Aldrich), 5% newborn calf serum, 200 units/mL penicillin,
200 μg/mL streptomycin and 2.5 μg/mL amphotericin B (Sigma-
Aldrich), in standard 12-well culture plates. Masses were maintained
in the medium in a 37 °C, 5% CO2 incubator overnight during which
period most of the smaller and more agile adult males migrated out of
the masses while the females remained in the nodules. Worm viability
was checked microscopically by observing the movement of adult
male worms or emergence of viable microfilariae from the nodular
masses. The next day, 2 mL of the CCM was removed and replaced
with 200 μM of the test drug in 2 mL CCM in each well to generate a
final drug concentration of 100 μM. The compound and controls
were tested in quadruplicate at each concentration and the
experiments were repeated twice on different days. The negative
control wells received only 1% DMSO. Cultures were terminated on
day 7 post addition of drug. Adult male worm viability was visually
scored on day 5 as percent reduction of motility ranging from 100%
(complete inhibition of motility), 90% (only head or tail of worm
moving or vibrating), 75% (worm very sluggish), 50% (worm
sluggish), 25% (little change in motility), to 0% (no observable
reduction in motility). Day 5 was selected for testing males because
they were observed to not survive well in culture control conditions
for more than 5 days. Adult female worm viability was assessed on day
7 by the standard MTT/formazan assay in which each nodular mass
was placed in a well of a 48-well microtiter plate containing 500 μL of
0.5 mg/mL MTT (Sigma-Aldrich) in incomplete culture medium and
then incubated in the dark at 37 °C for 30 min. Adult female worm
viability was evaluated visually by the extent to which the female
worm mass was stained with MTT. Mean percent inhibition of
formazan formation was calculated relative to the negative control

worm masses after 7 days in culture. Adult worm death positively
correlated with inhibition of formazan formation. To calculate the
IC50 of the active drug, quadruplicate worm masses were incubated
with final concentrations of 100 μM, 30 μM, 10 μM, 3 μM, 1 μM, 0.3
μM, and 0.1 μM, and assays were conducted as described above. IC50
values were calculated using the “drc” R package, LL.4 function, as
described for B. pahangi, and complete IC50 statistical results are
provided in Table S1.

4.3.3. O. Volvulus In Vitro Assays. Drug screening of Onchocerca
volvulus L3 molting in vitro. L3 stage larvae previously collected and
cryopreserved in Kumba, Cameroon, were rapidly thawed in a 37 °C
water bath and washed in incomplete media comprised of a 1:1 ratio
of Medium NCTC-109 and IMDM + GlutaMax-I containing 1X
glutamine, penicillin, and streptomycin (all from Gibco by Life
Technologies, Grand Island, NY). The number of L3s was adjusted to
10 worms per 50 μL, in complete medium containing 20% heat
inactivated FCS. L3s were distributed into the wells of a 96-well plate
containing 50 μL of 1.5 × 105 normal human PBMCs. 100 μL of 2×
tested drug at a final concentration of 30 μM was added. For IC50
testing, drugs at final concentrations of 30 μM, 10 μM, 3 μM, 1 μM
and 0.3 μM were added to each well for a final volume of 200 μL.
Each concentration was tested in triplicate. Controls included 0.05%
DMSO in complete medium and complete medium only with neither
DMSO nor compound added. The 96-well plates were then incubated
at 37 °C in a 5% CO2 incubator for 6 days, then molting was assessed
using an inverted microscope. Molting was determined in each well by
counting the presence of fourth-stage larvae (L4) and empty casts of
the molted L3. The percentage of inhibition of molting was calculated
based on the number of treated larvae that were able to molt in
comparison to the number of control larvae that had successfully
molted. As described above for B. pahangi, IC50 values were calculated
using the “drc” R package, LL.4 function. Inhibition of O. volvulus L4
motility. L3 washed larvae were dispersed in a 96-well plate (10
larvae/well) containing 1.5 × 105 PBMC per well in complete
medium at 37 °C and in 5% CO2 incubator until day 5. The highly
motile L4s were then transferred into a Petri dish containing complete
medium and L4 larvae were retrieved from the Petri dish and placed
into a 96-well plate (8−10 larvae/well) in 100 μL of media. Tested
compounds were dissolved in DMSO at a concentration of 10 mM
and added to the L4s in 100 μL of complete media containing 2× the
desired final concentration of 10 or 30 μM. Motility was evaluated
manually every day under an inverted microscope until day 6 to 8.
Each condition was tested in duplicates and repeated at least once.
Motility was scored based on the following scale: 100% motility,
constant coiling movement; 75% motility, slower coiling; 50%
motility, slow and intermittent movement; 25% motility, very slow
movement, or twitching; and 0% motility, no movement. The
percentage inhibition of motility was calculated based on the %
motility of the treated larvae in comparison to % motility of control
larvae. IC50 were calculated as described above.

4.3.4. C. Elegans Reverse Genetic Screen. Caenorhabditis
elegans wild type (N2) and mutant strains were maintained on 6 cm
plates seeded with Escherichia coli OP50 bacteria following standard
protocols.74 The following mutant strains were purchased: gar-3
(gk305), dop-5 (ok568), dop-2 (vs105), dop-1 (vs100), ser-4 (ok512),
ser-2 (ok2103), ser-1 (ok345), ser-7 (vq2), tyra-3 (ok325), and gar-2
(ok520). These strains were provided by the Caenorhabditis Genetics
Center (CGC). Whole organism phenotypes were compared across
wild type and mutant strains using an established pipeline with
development as the primary end point.84,85 Worms were chunked
from starved plates onto fresh 10 cm NGM plates seeded with
Escherichia coli OP50 bacteria and gravid worms and grown at 20 °C
for 72 h. Gravid adults were bleach-synchronized and hatched
overnight in K media (0.5 M NaCl, 30 mM KCl, 3 mM CaCl2, 3 mM
MgSO4, MQ H2O, 0.625 mg cholesterol). Populations of L1 larvae
were seeded into 96-well plates (Fisher Scientific, 655180) at 50
worms per well in K media supplemented with E. coli HB101,
kanamycin (25 μg/mL), and 1 μL of 100× test compound (CLE, C-
4, C-6, C-8) or control solvent (final concentration 100 μM). After 48
h incubation at 20 °C with shaking at 180 rpm, excess bacteria was
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removed using an AquaMax 2000 (Molecular Devices). Worms were
then paralyzed with sodium azide (50 mM in M9) and imaged using
an ImageXpress Nano (Molecular Devices). Images were analyzed
using WrmXpress v.2.96 Kolmogorov−Smirnov tests95 did not show a
significant departure from normality for development inhibition
values (measured as the % reduction in worm length compared to the
average length of untreated worms), for any of the four test
compounds (using 40 WT sample proportions for each compound;
D(40) ≤ 0.115, P ≥ 0.1963, K ≤ 0.7307, skewness ≤ 0.7168),
justifying the use of parametric statistics. Differences in development
inhibition values were tested compared to the WT values using (i)
two-tailed student’s t tests for each mutant, with FDR correction for
the number of strains tested, requiring FDR-adjusted P ≤ 10−10, and
(ii) Cohen’s d effect size ≥ 1. These stringent criteria were selected
due to the large number of replicates, with each individual worm
being computationally measured (average of 67.2 worms per strain
per compound, standard deviation of 48.0).

4.4. In Vivo Animal Experiments
4.4.1. Ethics Statement. Animal studies were approved under

New York Blood Center (NYBC) Institutional Animal Care and Use
Committee (IACUC) Protocol 369 and adhered to the guidelines set
forth in the NIH Guide for the Care and Use of Laboratory Animals
in Research (see 18-F22) and the USDA Animal Care Policies,
including regulations implementing the Animal Welfare Act (P.L. 89-
544) as amended (see 18-F23). O. volvulus L3s were purified from
black flies (Simulium damnosum) fed on consenting donors that were
infected with O. volvulus (Institutional Review Board (IRB) protocol
320 approved by the New York Blood Center, USA and the Kumba,
Cameroon IRB). After 7 days the fed flies were dissected to collect
developed L3s, cleaned and cryopreserved in dimethyl sulfoxide and
sucrose by using Biocool II computerized freezing equipment (FTS
Systems Inc., Stone Ridge, NY, USA) as previously described.97

Donors were not selected on the basis of sex or gender, race, ethnicity
or other socially relevant groupings. Dr. Fidelis Cho-Ngwa from
Cameroon was involved throughout the research and has been
included among the authors. Local and regional research relevant to
the study is cited frequently throughout the manuscript.

4.4.2. Animal Infections and Efficacy of Treatment of Brugia
Pahangi-Infected Gerbils. Mongolian gerbils (Meriones unguicula-
tus) were sourced from the NIH/NIAID Filariasis Research Reagent
Resource (FR3) Center, Athens, GA (BEI resources catalog #NR-
48912). The source of gerbils for the FR3 is Charles River Laboratory,
Wilmington, MA. Male gerbils 5−7 weeks old, weighing 50−60 g,
were injected intraperitoneally with 200 B. pahangi third-stage larvae
(FR3 strain, originally obtained from researchers in Malaysia by Dr.
John Schacher) and then shipped to the NYBC, as previously
described.91 Infected gerbils, 5−7 months postinfection, were treated
for 10 days as follows: (1) Gerbils were treated PO with 25 mg/kg
BID 6 h apart for 10 days with either Clemizole (n = 4) or C-8 (n =
5) dissolved in 10% DMSO + 90% Corn Oil (HY-Y1888, MCE,
Monmouth Junction, NJ). All the treated animals were necropsied 30
days postlast dose. (2) Gerbils were treated PO with 50 mg/kg BID 6
h apart for 10 days with C-8 (n = 3) dissolved in 10% DMSO + 90%
Corn Oil (HY-Y1888, MCE, Monmouth Junction, NJ). All the
treated animals were necropsied 30 days postlast dose. (3) Gerbils
were treated with PMZ-6 intraperitoneally (IP, BID x 2 days, QD x 7
days, 25 mg/kg, n = 5). The drug was dissolved in 5% DMSO, 40%
PEG300 (HY-Y0873, MCE, Monmouth Junction, NJ), and 5%
Tween- 80 (P1754, Sigma, St. Louis, MO) in 45% saline. All the
treated animals were necropsied 48 days postlast dose. (4) Gerbils
were treated PO with 50 mg/kg S-17 BID 6 h apart for 10 days (n =
3). The drug was dissolved in 5% DMSO, 40% PEG300 (HY-Y0873,
MCE, Monmouth Junction, NJ), and 5% Tween- 80 (P1754, Sigma,
St. Louis, MO) in 45% saline. All the treated animals were necropsied
35 days postlast dose. The control groups (n = 6−7 per experiment)
were treated with the vehicle solution only similarly to the
experimental group. All the control animals were necropsied at the
same time as the corresponding treated animals per each experiment.
For all in vivo studies, as previously reported,50 worms were collected

from the gerbil’s peritoneal cavity, counted, sexed, and examined
under a dissecting microscope before being processed for analyses.
Significant changes in adult worm burden were tested using one-tailed
pooled student’s t tests (equal variance), relative to vehicle-only
controls. Kolmogorov−Smirnov test95 did not show a significant
departure from normality for adult worm burden counts (using 27
vehicle-only control counts across experiments; D(27) = 0.094, P =
0.9535, K = 0.4877, skewness = 0.608), justifying the use of
parametric statistics. To determine the effect of the compound on
worm fecundity, female worms (n = 41−84, depending on the
experiment and treatment group) were cultured individually, and the
microfilariae secreted overnight from each worm were collected and
counted. Female worms after overnight cultures (n = 6 per gerbil)
were processed individually for embryogram analysis, and 2−8 female
worms per gerbil were fixed for transmission electron microscopy
(TEM). The number of gerbils infected per group were selected based
on the availability of infected gerbils from the Filarial Research
Reagent Resource Center (NIH funded core facility).

4.4.3. RNA-Seq Sequencing and Analysis. Surviving adult
female and adult male worms from the in vivo gerbil experiment
described above were collected and snap frozen in LN2. Total RNA
was isolated separately from adult female (3 worms from each gerbil)
and adult male (4 worms from each gerbil) B. pahangi using Trizol
reagent (Invitrogen, Waltham, MA, USA). Worms were homogenized
with 1.5 mm zirconium beads (Benchmark scientific, D1032−15)
using BeadBug6 (Benchmark scientific, D1036, Sayreville, NJ, USA).
200 μL of Chloroform was added, followed by vigorous vertexing and
incubation for 5 min. After phase separation, the aqueous layer
containing RNA was transferred to new tube, and RNA was
precipitated using 500 μL of isopropanol and incubated for 20 min.
Samples were centrifuged at 12,000 x g for 10 min at 4 °C and the
supernatant was discarded. The RNA pellet was washed with 1 mL of
75% ethanol, briefly vortexed, and centrifuged at 7,500 x g for 5 min at
4 °C. Pellets were air-dried for 5−10 min and resuspended in 30 μL of
RNase- free water and stored −80 °C until use for library
construction. cDNA libraries were prepared using PolyA selection,
and processed cDNA was sequenced on the Illumina NovaSeq S4
platform (paired-end 150 bp reads), generating an average of 17.4
million read pairs per sample. The raw RNA-seq read files (fastq) are
accessible on the NCBI Sequence Read Archive (SRA,98 BioProject
PRJNA1234536), and read count statistics and SRA accession
information per sample are provided in Table S5A. Trimmomatic
v0.3699 was used to trim adapters, and the STAR aligner100 (v2.7.5b;
2-pass mode, basic) was used to map RNA-seq reads to the B. pahangi
genome assembly (PRJEB497.WBPS16101), which were then counted
for every annotated protein-coding gene in the assembly using
featureCounts,102 with Transcripts Per Million (TPM) normalized
gene expression values calculated using MS Excel. DESeq2
(v1.44.0)103 was used to perform differential expression comparisons,
comparing C8-treated worms to their vehicle control samples, and
parsing at FDR-adjusted P ≤ 0.05 and |Log2 Fold Change| ≥ 0.5 for
significant upregulation or downregulation. For all B. pahangi genes,
putative functional annotations were assigned using InterProScan
v72−103104 to identify gene ontology105 classifications and InterPro
functional domains,70 BlastKOALA v3.1106 to assign KEGG107

annotations, and the top-hit C. elegans (PRJNA13758, WS290108)
and human (GRCh38.106109) ortholog for each B. pahangi protein (E
value ≤ 10−5), determined using BLAST110 (NCBI blastp, v2.7.1+). A
total of 165 B. pahangi GPCRs were identified based on Compara
family GPCR identifications from the previously published Interna-
tional Helminth Genomes Consortium study69 (114 genes), and
based on the identification “G protein-coupled receptor” or “GPCR”
among the annotated InterPro domains for each protein (additional
51 genes). Functional enrichment analysis was performed using sets of
differentially expressed genes of interest relative to all genes as a
background using GOSTATS v2.70.0.111 InterPro and KEGG
pathway enrichment analysis were performed on the WebGestalt71

website (version 2024) using annotation data collected as described
above. For all enrichment analyses, FDR-adjusted P values ≤ 0.05
were required for significance. Z scores of log FPKM values were
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calculated and visualized as heatmaps using MS Excel (version 16.94).
All functional annotation data, read counts per sample, normalized
expression values (TPM), and differential expression statistics are
provided for every B. pahangi gene in Table S5B.

4.4.4. Rodent Pharmacokinetic (PK) Studies. Gerbils: Naiv̈e
male gerbils (Charles River Laboratory, Wilmington, MA.; 70 g each)
were treated PO once with 50 mg/kg of CLE dissolved in 0.5%
carboxymethylcellulose sodium salt (C4888, Sigma, St. Louis, MO),
and other compounds dissolved in 5% DMSO, 40% PEG300 (HY-
Y0873, MCE, Monmouth Junction, NJ), and 5% Tween- 80 (P1754,
Sigma, St. Louis, MO) in 45% saline. The gerbils were bled 1, 4, 8,
and 24 h after the PO treatment and the plasma samples were frozen
until tested. Bioanalysis and quantification of compounds in plasma
samples were performed after compound tuning using a standard
curve of each compound diluted in gerbil plasma and routine LC-MS/
MS techniques. Plasma samples and standards were extracted in
acetonitrile containing 0.5 ng/mL of verapamil as an internal standard
and the supernatants analyzed using a Shimadzu LC-20AD HPLC and
a SCIEX Triple Quad 3500 tandem mass spectrometer. Using Analyst
software (SCIEX, Framingham, MA) scan data were analyzed and the
ratios of analyte peak area to internal standard peak area were used to
generate a standard curve and calculate the plasma concentrations of
unknowns. PK statistics were calculated using standard calculations,
performed in MS Excel. Mice: Compounds were tested for their
pharmacokinetic properties in mice following a single IP dose (10
mg/kg). Three animals per group (male, CD-1 strain, sourced from
Beijing Weitong Lihua Experimental Animal Technology Co., Ltd.,
Beijing, China) were dosed and then blood was drawn at eight
different sampling time points (0.08, 0.25, 0.5, 1, 2, 4, 8, 24 h) post
dosing. Bioanalysis and quantification of plasma and feces samples
were performed using standard and routine LC-MS/MS techniques.
PK statistics were calculated using standard calculations, performed in
MS Excel. CLint (μL/min/mg) values were converted to predicted in
vivo CLapp (L/h/kg) values by multiplying by the microsomal protein
per gram of liver for mice (MPPGL; 35 mg/g112) and then by the
liver weight to body weight for mice (LW BW, 54.9 g/kg113), and
multiplying by 60/106 as a unit conversion factor.

4.5. Bioinformatic Analyses

4.5.1. Random Forest Analysis. A total of 61 compound
properties were calculated for all GPCR inhibitors and analogs, using
Schrödinger (Release 2024-4: Maestro, Schrödinger, LLC, New York,
NY, 2024). Several “Energy” values were calculated for each
compound, and for downstream analysis, the properties associated
with the lowest energy value were used. A supervised Random Forest
machine-learning tool (RF; randomForest library in R114) was ran
using compound property inputs on subsets of compounds, using “out
of bag” (leave one out) validation, and default settings except ntree =
10000 to improve accuracy. Property importance was calculated by
RF as Mean decrease accuracy (MDA) values. Model performance
was evaluated using Receiver Operating Characteristic (ROC) curve
analysis. Statistical significance of the RF classifier’s performance was
assessed using a Wilcoxon rank sum test implemented through the
verification package’s roc.area function, and through classification
accuracy and a binomial distribution test of the accuracy. RF input
data is provided in Table S3A, and property MDA values are provided
in Table S3B.

4.5.2. Statistical Analysis. Statistical analyses are described for
each section, and detailed statistical results for motility, IC50, CC50, mf
counts, embryogram data, worm burden, gonad contents and
bioaccumulation data are provided for all comparisons and
compounds in Table S1. Detailed RNA-seq differential expression
statistics are provided for all genes and all comparisons in Table S5B.
All replicates in all tests represent distinct biological sample replicates
and not technical replicates.
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