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ABSTRACT 
Aim: To identify potential antischistosomal agents thr ough 3D pharmacophor e-based virtual 
screening of US FDA appr ov ed drugs. Materials & methods: A compr ehensiv e virtual scr eening 
was c onduct ed on a dataset of 10,000 FDA appr ov ed drugs, employing praziquant el as a t emplat e. 
Promising candidates were selected and assessed for their impact on Schistosoma mansoni viability 
in vitro and in vivo using S. mansoni infect ed mic e. Results & conclusion: Among the select ed 
drugs, betamethasone and doxazosin demonstrated in vitro efficacy, with effective concen tra tion 
50% (EC 50 ) values ranging from 35 to 60 μM. In vivo studies r ev ealed significant ( > 50%) reductions 
in w orm bur den for both drugs. These findings suggest that betamethasone and doxazosin hold 
promise for repurposing in treating schistosomiasis. Additionally, the study showcases a useful 
approach for identifying new antischistosomal drugs. 

TWEETABLE ABSTRACT 
Discov ering new tr ea tmen ts for #schistosomiasis is crucial . Our study used virtual screening to 
iden tify poten tial an tischistosomal drugs fr om US FDA appr ov ed compounds . Pr omising r esults 
in vitro and in vivo . #drugdiscovery #tropicaldiseases 
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. Background 

chistosomiasis, caused by the parasitic genus Schisto-
oma , is a debilitating global health issue with sub-
tantial morbidity and a profound impact on impov-
rished regions [ 1 ]. This chronic disease, prev alen t in
ropical and subtropical areas, imposes additional strains
n alr eady compr omised healthcar e sy st ems. Approxi-
ately 250 million people suffer from schistosomiasis,
ith about 10% of the global population at risk of infec-

ion [ 2 ]. Among the three major human Schistosoma
pecies, Schistosoma mansoni is particularly responsible
or public health challenges in Africa, the Middle East, the
aribbean and South America [ 2 ]. 

Due to the absence of an effective vaccine, the WHO
r imar ily relies on preventive chemotherapy with prazi-
uant el (PZQ) t o c ombat schist osomiasis. In 2021 alone,
n estimated 251.4 million individuals r equir ed pr ev en-
iv e tr ea tmen t [ 2 ]. While con tr ol efforts hav e been suc-
essful in many regions, persistent hot spots, and reports
f reduced PZQ efficacy indicate existing challenges [ 3 , 4 ].
he WHO’s revised roadmap for neglected tropical dis-
ases aims to eliminate schistosomiasis as a public health
roblem globally by 2030 [ 5 ]. How ev er, c onc erns about

he potential selection of parasites for PZQ resistance or
ow sensitivity underscore the need for the development
f saf e, affordable and effective drugs f or schistosomiasis.

An effective strategy in the pursuit of antiparasitic
rugs is drug repurposing [ 6 ]. This approach involves

den tifying alterna tive applica tions for appr ov ed or inv es-
igational drugs beyond their original medical indica-
ions [ 7 , 8 ]. Rec og nizing the pot ential of drug repurpos-
ng, sev eral r esear ch gr oups , including ours , are exploring
his strat egy t o address drug shortages and disc over new
n tischistosomal agen ts [ 9 , 10 ]. Recen t studies employing
henotypic scr eening hav e demonstra ted the an tischis-

osomal properties of US FDA approved drugs from vari-
us therapeutic classes. These include, but are not limited

o, an ti-inflamma tories [ 11 ], an tihypertensives [ 12 , 13 ],
iuretics [ 14 ], antihistamines [ 15 , 16 ], antibiotics [ 17 ] and
ntiproto z oal drugs [ 18 ]. 

In alignment with these successes and using PZQ
s a t emplat e molecule, this study applied a 3D
harmacophor e-based virtual scr eening strat egy t o

den tify poten tial drug repositioning candidates for
chist osomiasis. Select ed c ompounds underwent in
itr o t esting against S. mansoni ex vivo , and the most
romising ones were further ev alua ted for their ability to

educ e parasit e burden in vivo . Notably, betamethasone
nd doxazosin demonstrated r elevant r esults in mouse
odels of schistosomiasis, suggesting their suitability for

urther exploration in drug repositioning efforts against

chistosomiasis. 

 

2. Materials & methods 

2.1. Drugs & reagents 

All materials and reagents w er e sour ced fr om commer cial
supplies and used without further pur ification. R oswell
Par k Memor ial Institute 1640 culture medium, heat-
inactiv a ted calf serum, penicillin G (purity > 98%) and
str eptomy cin sulfate (purity > 98%) w er e obtained
fr om Vitr ocell (Campinas, SP, Brazil). HEPES buffer and
dimeth yl sulf oxide (DMSO) w er e acquir ed fr om Sigma
(Sigma-A ldrich, S t . Louis, MO, USA). The FDA appr ov ed
drugs betamethasone v alera te (purity > 98%), chlor-
madinone ac etat e (purity > 98%), doxazosin mesy-
lat e (purity > 97%), g riseofulvin (purity > 97%), losar-
tan potassium (purity > 98%) and prav asta tin sodium
(purity > 98%) w er e pur chased fr om Sigma-Aldrich. PZQ
(purity > 98%) was kindly provided by Ecovet Industria
Veter inar ia Ltda (Sao Paulo, Brazil). 

2.2. Animals & parasite 

The life cycle of S. mansoni (BH strain) w as main tained a t
the Research Center on Neglected Diseases (Guarulhos,
SP, Brazil), using Biomphalaria glabrata snails and Swiss
mic e as int ermediat e and definitive hosts, respectively. All
animals w er e housed under envir onmen tally con trolled
conditions (25 ◦C, 70% humidity) with ac c ess t o w a ter and
food ad libitum . 

2.3. Dataset & pharmacophore modeling 

T he FDA appro ved drugs subset (via DSST O X) was down-
loaded from the ZINC Database [ 19 ]. This collection, pro-
viding the lowest energy conformers for each molecule,
was selected because of the availability of toxicity data,
information on side effects and cross-interactions, as well
as pharmacodynamics and pharmacokinetics data. This
subset includes 1217 compounds with molecular weights
between 150 and 500 Da; XlogP below five; seven or fewer
r otatable bonds; fiv e or few er donor gr oups, and ten or
fewer ac c ept or g roups. Initial c onformers were generat ed
by the molecular modeling platform SYBYL-X 2.0 (Tripos,
S t . Louis, USA) [ 20 , 21 ]. Using PZQ as a t emplat e, the UNITY
module of SY BY L-X 2.0 was applied to define a series of
filt ers c onsisting of the preselection of specific features,
such as hy dr ogen-bond donors or ac c ept ors, positively or
negatively charged functionalities, and hy dr ophobic and
ar omatic gr oups. 

The three-dimensional structures of PZQ and
FDA appr ov ed drugs w er e built using the Tripos for ce field
and standard atomic and geometric parameters v alida ted
in SY BY L-X 2.0. T he Po well c onjugat e g radient method
was used to energetically minimize the 3D conformation
of each compound, applying a minimum energy step
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f 0.005 kcal/mol Å [ 20 , 21 ]. Gasteiger–Hückel charges
 er e generated via a distance-dependent function

nd a dielectric constant value corresponding to w a ter
i.e., 80). Ne xt , sets of features were specified to define
he pharmacophore models: hydrogen-bond donors and
c c ept ors, hy dr ophobic , ar omatic , positiv e and negative
ites. Each database compound was aligned to the phar-

acophore models, allowing full compound flexibility
s implemented in the flexible alignment mode of the
ALAHAD module of SY BY L-X 2.0. T he population siz e
as set to 100, and the maximum number of genera-

ions was defined as 60. Advanced parameters w er e set
s follows: mutation rate = 0.4, mutation decay = 1.0,
uery penalty = 0.1 and cr ossov er rate = 1.0. Elitism
as selected as the genetic algorithm flag to ensure the
ropagation of the best models, with tuplet types kept

n the default mode (quartets). The database conformers
hat best aligned to the pharmacophore models were
cored using the QFIT scoring function, ranging from 0 to
00. The compounds with the highest QFIT values w er e
cquired and tested in vitro . 

.4. In vitro a ntipa rasitic assays 

he antischistosomal assay was performed ac c ording
o the methodology previously described [ 22 , 23 ]. Adult
. mansoni w er e c ollect ed from mic e by dissection at
2 days postinfection and w er e maintained in Roswell
ar k Memor ial Institute 1640 culture medium supple-
ented with 5% fetal calf serum, 100 U/ml penicillin and

00 mg/ml str eptomy cin at 37 ◦C and 5% CO 2 . Com-
ounds w er e dissolv ed in DMSO at a final c onc entra-

ion of 0.5% v/v and t est ed at 50 μM in 24-well plates
Cor ning, New Yor k, NY, USA), with one worm of each
ex added per w ell . Each c onc en tra tion w as t est ed at
east in triplicate, and independent experiments w er e
 epeated thr ee-times. Parasites incubated with drug-free
MSO (0.5%) served as a negative control, whereas PZQ
 t 1 μM w as used as a positive control. The viability of
dult schistosomes was assessed via microscopic readout
t 1, 24, 48 and 72 h using a Motic AE2000 inverted micro-
c ope (Vanc ouver, Canada) equipped with a Motic ultra-
igh definition camera and with a 48 inch 4K ultrahigh
efinition monitor system (LG Electronics, Taubaté, SP,
razil) [ 24 ]. The death of adult schistosomes was defined
s the lack of mov ement observ ed for at least 1 minute
f examination, whereas parasites with any body move-
ent w er e consider ed viable [ 25 ]. For the determination

f the effective c onc en tra tion 50% (EC 50 ) values, com-
ounds w er e t est ed using 1:2 serial dilutions from 100 to
.25 μM or 1 to 0.25 μM for PZQ. 
2.5. In vivo assays 

Drugs r ev ealing in vitr o activity on adult schist osomes
after 72 h w er e tested in viv o . In viv o studies in S. mansoni
infect ed mic e w er e performed ac c ording t o standar d pr o-
t oc ols [ 14 , 26 ]. Rodents (3 weeks old) were infected sub-
cutaneously with 80 S. mansoni cercariae each, and ani-
mals w er e randomly divided in to experimen tal groups
(five mice per group). The drugs were suspended in
5% ethanol (v/v), and on day 42 post infection, ani-
mals w er e orally tr eated with single doses of 100, 200 or
400 mg/kg of body w eight. Fiv e untr eat ed mic e served
as controls. For comparison, a corresponding amount
of vehicle (5% ethanol) were administered t o g roups of
five schist osome-infect ed animals in the same period.
Fift een day s post-trea tmen t, animals w er e euthanized
with CO 2 , dissected, and then, w orms w er e sexed and
c ount ed . Worm bur dens of tr eat ed mic e w er e compar ed
with un trea ted animals, and r eductions of w orm bur den
w er e calculated . These in vivo experiments w er e r epeated ,
and the results were shown by adding the two experi-
ments. 

2.6. St atistical analy sis 

Statistical analyses w er e perfor med with GraphPad Pr ism
softwar e (v ersion 8.0; CA, USA). The EC 50 values w er e
calculat ed using sig moid dose-r esponse curv es with a
95% c onfidenc e int erval. The nonparametric Kruskal–
Wallis test was used to compare the medians of the
r esponses betw een the tr ea tmen t and con tr ol gr oups,
and differ ences w er e consider ed sta tistically significan t a t
p < 0.05 [ 16 ]. 

3. Results 

The main steps of this study are illustrated in Figure 1 . 

3.1. Models & molecules 

The da tabase w as pr epar ed using the TRIPOS ® for ce field
and Gasteiger–Huckel charges [ 27 ], with PZQ used as the
t emplat e structure for the UNITY module of SY BY L-X 2.0.
The t emplat e molecule (PZQ) underwent energy mini-
mization using the Tripos force field [ 28 ] and the Powell
c onjugat e g radient routine [ 29 ], with a 0.05 kcal/mol Å
ener gy conver gence cutoff. Three main sets of features
w er e identified: hy dr ogen–bond donor/ac c ept or g roups,
hy dr ophobic/ar omatic gr oups and st eric sit es. Several
phar macophor ic models w er e generat ed inc orporating
these characteristics and the number of conformers gen-
erated for each model, and their corresponding scoring
values (QFITs) are presented in Table 1 . The models are
depicted in Figure 2 . 
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Virtual screening

Experimental validation
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Figure 1. Overview of the key processes in this study. 

Table 1. Number of conformers obtained in each generated model and r espectiv e QFIT. 

Model Feature Conformers > QFIT 

1 Ac c ept or sit es 803 93.18 
2 Steric groups 532 81.34 
3 Hy dr ophobic gr oup 412 66.93 
4 Mix (ac c ept or, st eric and hy dr ophobic sites) 111 57.91 
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The database molecules w er e ranked based on their
FIT values ( Table 2 ). Compounds with high scoring val-
es w er e acquir ed and t est ed in vitr o t o identify active
ssets. 

.2. In vitro a ntipa rasitic assays 

o v alida t e the c omputational predictions, six drugs-
etamethasone , chlormadinone , doxazosin, griseofulvin,

osartan and prav asta tin w er e select ed for in vitr o studies
gainst S. mansoni adult worms, based on their favorable
FIT values ( Table 2 ). Notably, betamethasone and doxa-

osin demonstrated noteworthy activity in vitro , with vari-
tions observ ed betw een male and female parasites. The
C 50 values for betamethasone w er e 39.72 and 58.86 μM

or male and female schistosomes, r espectiv ely. In the
ase of doxazosin, the EC 50 values w er e 35.48 μM for male
orms and 48.19 μM f or f emale worms ( Table 3 ). The

 efer enc e drug, PZQ, exhibit ed remarkable pot ency with
C 50 values below 1 μM. Importantly, a marginal delay in
the onset of action (24–72) was observed when parasites
w er e exposed to betamethasone and doxazosin. In con-
trast, PZQ swiftly induced muscle contraction in all adult
parasit es, leading t o spastic paraly sis of the schist osomes.

3.3. In vivo studies in S. mansoni infe cte d mice 

Based on their in vitro activity against adult schistosomes,
betamethasone, doxazosin and PZQ w er e t est ed in mic e
har bor ing adult S. mansoni using an oral dose of 100,
200 or 400 mg/kg ( Figure 3 ). These doses were selected as
they are commonly used in studies on drug discovery for
schistosomiasis [ 16 , 30 ]. Results w er e compar ed with the
infected but un trea ted con tr ol animals. Tr ea tmen t with
betamethasone and PZQ using any dose was well toler-
ated, and no animals died during the experimen ts. How -
ev er, tw o animals died in the groups treated with doxa-
zosin 400 mg/kg. 

Betamethasone or doxazosin at a single dose of
400 mg/kg resulted in a worm burden reduction of 52.6%
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Figure 2. Pharmacophoric models using praziquantel as a templa te. (A) Ac c eptor sites . (B) Steric sites . (C) Hy dr ophobic sites. (D) Mix of 
fea tures (ac c ept or, st eric and hy dr ophobic sites). 

Table 2. Selected drugs and r espectiv e QFIT scoring values. 

Drug > QFIT Model Structure Drug > QFIT Model Structure 
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Table 3. An thelmin tic activity of drugs selected by virtual screening against Schistosoma mansoni adult worms ex vivo after 72 h. 

Drugs EC 50 ( μM) a 

Male Female 

Betamethasone 39.72 (34.59–43.29) 58.86 (52.37–64.16) 
Chlormadinone > 100 > 100 
Doxazosin 35.48 (30.22–40.95) 48.19 (43.12–54.81) 
Griseofulvin > 100 > 100 
Losartan > 100 > 100 
Pr av astatin > 100 > 100 
Praziquantel 0.61 (0.54–0.72) 0.83 (0.71–0.96) 
a 95% Confidence interval are in parentheses. 
EC 50 : Half maximal effective c onc entra tion. 
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Figure 3. Efficacy of praziquantel, betamethasone and doxazosin against Schistosoma mansoni infection in mice. The drugs, 
administered orally at the indicated doses, w er e giv en as single doses on day 42 post infection. Tw o w eeks after tr ea tment , all animals 
w er e euthanized , and parasite bur dens w er e determined . Worm bur den r eduction data ar e pr esented as the mean ± standar d 
deviation from ten animals (the results were combined from two e xperimen ts). S ta tistical significanc e is denot ed as follo ws: * p < 0.05; 
** p < 0.01; *** p < 0.001, compared with infected untreated contr ol . 

(  

b  

s  

a  

i  

f  

h  

w  

4

4

I  

i  

d  

p  

o  

s  

m  

z  

i

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 p < 0.01) and 49.4% ( p < 0.01), r espectiv ely. Slow w orm
ur den r eduction (appr oxima tely 38%), but sta tistically
ignificant ( p < 0.05), was achieved when betamethasone
nd doxazosin w er e administer ed at 200 mg/kg. No signif-

cant reduction in the number of parasites was observed
ollowing betamethasone and doxazosin at 100 mg/kg. A
igh total worm burden reduction of 90.1% ( p < 0.001)
as observed when the mice w er e tr ea ted with PZQ a t

00 mg/kg. 

. Discussion 

n this study, we applied a model based on PZQ sim-
larity t o c onduct virtual scr eening of FDA appr ov ed
rugs against S. mansoni . Employing a compr ehensiv e 3D
harmac ophore-based strat egy, we ev alua ted a dataset
f 10,000 FDA appr ov ed drugs, leading to the selection of
ix drugs for experimental validation. This approach ulti-

at ely result ed in two drugs, betamethasone and doxa-
osin, that w er e activ e against adult schistosomes in our

n vitro experiments. 
Our in vitro findings unveiled a notable sex-specific
susceptibility, with male parasites exhibiting greater sen-
sitivity to betamethasone and doxazosin compared with
their female c ount erparts. While the rationale behind this
sex -relat ed drug sensitivity remains elusive, it aligns with
existing knowledge that certain antischistosomal agents,
including PZQ, tend to act more effectively on male schis-
tosomes [ 18 , 31 , 32 ]. Additionally, our results regarding
the in vitro antischistosomal properties of doxazosin are
c onsist ent with a prior phenotypic screening study by
Porto et al. [ 12 ], where an EC 50 > 30 μM was observed.
Our study extends this understanding, providing a more
detailed EC 50 range of 35–48 μM and highlighting the
g reat er sensitivity of male worms to doxazosin. 

Despite the distinct pharmacodynamics of betametha-
sone and doxazosin, both drugs w er e selected for in vivo
ev alua tion due to their rapid absorption in the gastroin-
testinal tract and the favorable safety profile (with the
50% lethal dose [LD 50 ] of both drugs in mice exceeding
1000 mg/kg) [ 33 , 34 ]. The animal model of schistosomiasis
r ev ealed a dose-dependent efficacy for both betametha-
sone and doxazosin, with parasite burden reduction
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bserv ed acr oss differ ent doses (100–400 mg/kg). The
recise mechanism by which betamethasone and doxa-
osin exert their antischistosomal effects, akin to many
ther agents, including PZQ [ 35 ], remains unclear. 

Crucially, the identified drugs exhibited activity at
igher c onc en tra tions (35–50 μM) compared with PZQ

EC 50 ∼1 μM). This trend persisted in our in vivo stud-
es, where PZQ demonstrated an impressive 90% reduc-
ion in parasite load, while betamethasone and doxa-
osin achieved a more modest yet significant reduction
f around 50%. These results underscore the imperative
eed to refine the virtual screening model employed.
he exclusiv e r elianc e on PZQ as a t emplat e may limit
he iden tifica tion of poten tial an tischistosomal agen ts.
he observed potency disparit y bet ween PZQ and the

dentified drugs emphasizes the necessity for a nuanced
nd compr ehensiv e model that considers a broader spec-
rum of structural and chemical featur es [ 36 ]. Futur e vir-
ual screening efforts should be c onduct ed t o explore
ovel chemical spaces and structural diversity related to
DA appr ov ed drugs t o enhanc e the pr edictiv e pow er of
uch models. 

Mor eov er, the higher c onc en tra tions r equir ed for the
dentified drugs to exhibit activity underscore the chal-
enge in discovering poten t an tischistosomal agen ts

ithin the current drug repertoire. This challenge may be
ndicative of the intricate biology of S. mansoni , necessi-
ating a more targeted and nuanced approach in drug dis-
ov ery endeav ors [ 37 ]. 

. Conclusion 

chistosomiasis, a parasitic disease affecting nearly
50 million individuals w orldwide, r emains a significant
ublic health c onc er n. With PZQ being the pr imary treat-
ent option, there is an urgent need to explore novel

ntischistosomal drugs. This study employed PZQ as
 r efer enc e point and c onduct ed a c ompr ehensiv e 3D
harmacophore-based virtual screening of a dataset con-

aining 10,000 FDA appr ov ed drugs to identify potential
n tischistosomal agen ts. Among the candida tes iden ti-
ed , betamethasone, a ster oidal an ti-inflamma tory and
oxazosin, an antihypert ensive, exhibit ed efficacy against
. mansoni viability in vitro , with EC 50 ranging from 35
o 60 μM. Further ev alua tion in a mouse model of schis-
osomiasis, with a single oral dose ranging from 100 to
00 mg/kg, demonstrat ed sig nificant ( > 50%) reductions

n worm burden for both drugs at the highest dose.
hese findings highlight the potential of the identified
gents as promising candidates for drug repositioning

n the trea tmen t of schistosomiasis. Mor eov er, the study
n troduces a pertinen t methodology for the discovery
of novel antischistosomal agents within the realm of
FDA appr ov ed drugs. 

Article highlights 

Models & molecules 
• Employed a 3D pharmacophore-based virtual screening strategy 

using praziquantel (PZQ) as a template. 
• Identified several pharmacophoric models and ranked database 

molecules based on QFIT values. 
In vitro antiparasitic assays 
• Six drugs w er e selected for in vitro studies, with betamethasone 

and doxazosin showing notable activity against Schistosoma 
mansoni . 

• Sex -specific susc eptibility observ ed , with male parasites mor e 
sensitive to betamethasone and doxazosin. 

• Betamethasone and doxazosin demonstrated delayed onset of 
action compared with PZQ. 

• Identified drugs exhibited activity at higher concentrations 
compared with PZQ, highlighting the need for refinement in virtual 
screening models. 

In vivo studies in S. mansoni infected mice 
• Betamethasone and doxazosin t est ed in mice, resulting in 

dose-dependent reductions in worm burden. 
• Betamethasone and doxazosin at 400 mg/kg showed significant 

reduction in worm burden, comparable to untreated animals. 
• Potential of betamethasone and doxazosin as promising 

candidates for drug repositioning in schistosomiasis trea tment . 
• Challenges in discovering potent antischistosomal agents within 

the current drug repertoire underscore the need for a targeted 
approach. 

• Introduces a relevant methodology for discovering novel 
an tischistosomal agen ts among FDA appr ov ed drugs. 
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