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Background: Treatment and control of schistosomiasis, one of the most insidious and serious parasitic diseases,
depend almost entirely on a single drug, praziquantel. Since the funding for drug development for poverty-
associated diseases is very limited, drug repurposing is a promising strategy. In this study, 73 nonsteroidal
anti-inflammatory drugs (NSAIDs) commonly used in medical and veterinary fields were evaluated for their
anti-schistosomal properties.
Methods: The efficacy of NSAIDs was first tested against adult Schistosoma mansoni ex vivo using phenotypic
screening strategy, effective drugs were further tested in a murinemodel of schistosomiasis. The disease param-
eters measured were worm and egg burden, hepato- and splenomegaly.
Findings: From 73 NSAIDs, five (mefenamic acid, tolfenamic acid, meclofenamic acid, celecoxib, and diclofenac)
were identified to effectively kill schistosomes. These results were further supported by scanning electron mi-
croscopy analysis. In addition, the octanol-water partition coefficient, both for neutral and ionized species, re-
vealed to be a critical property for the ex vivo activity profile. Compounds were then tested in vivo using both
patent and a prepatent S. mansoni infection in a mouse model. The most effective NSAID was mefenamic acid,
which highly reduced worm burden, egg production, and hepato- and splenomegaly.
Interpretation: The treatment regimen used in this study is within the range for which mefenamic acid has been
used in clinical practice, thus, it is demonstrated the capacity of mefenamic acid to act as a potent anti-
schistosomal agent suitable for clinical repurposing in the treatment of schistosomiasis.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Schistosomiasis remains one of themost insidious and serious para-
sitic diseases of clinical and public health significance. Caused by trem-
atode flatworms of the genus Schistosoma, schistosomiasis is highly
linked to poverty, it affects hundreds of millions globally, with nearly
one billion people at risk [1]. The clinically relevant species in humans
are S. mansoni, S. japonicum and S. haematobium. Once Schistosoma in-
fection is established,matureworms can reside for decades in the defin-
itive host's organism until provided adequate treatment. Disease
morbidity, as a result of inflammation and fibrosis associated with the
. This is an open access article under
parasite's eggs, is typically chronic, can be painful and debilitating af-
fecting both personal productivity and community development [2].

In the absence of a vaccine, disease treatment and control depend al-
most entirely on a single drug, praziquantel, which has been in clinical
use for nearly 40 years [3]. Although effective against all species of
human schistosomes, praziquantel presents significant limitations,
since it is not active against juvenile forms of the parasite and frequent
re-treatment of patients is required in order to target all helminth
stages. In addition, reports of praziquantel resistance both in the field
and experimentally-induced are emerging, leading to concerns regard-
ing treatment-resistant parasites [4]. It should be noted that the World
Health Organization (WHO) recommends preventive chemotherapy
consisting of periodic administration of praziquantel as a short-term
measure for the control of morbidity associated with schistosomiasis.
In 2017, 98·7 million people (81·8 million school-aged children and
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

In recent years, a variety of drugs have been identified via a drug
repurposing screen initiative. However, very few drugs have
been approved for neglected diseases in the last decades. Cur-
rently, phenotypic screening strategies using approved drug col-
lections have been considered more relevant for drug
repurposing. Non-steroidal anti-inflammatory drugs (NSAIDs) are
widely-used therapeutic agents that have anti-inflammatory, anal-
gesic, and antipyretic activities. However, the therapeutic poten-
tial of NSAIDs against schistosomiasis has not been investigated.

Added value of this study

From a phenotypic screening of 73NSAIDs, we identified that the
most effective NSAID was mefenamic acid. In vitro assays dem-
onstrated that mefenamic acid affected parasite motility, viability,
and it induced severe tegumental damage in schistosomes. In ad-
dition, various parasitological criteria indicated the in vivo
antischistosomal effects of mefenamic acid: it caused significant
reductions in worm burden, egg production, and hepato- and
splenomegaly.

Implications of all the available evidence

In both in vitro and in animal preclinical studies, the anti-helminthic
activity of mefenamic acid surpasses criteria established by the
World Health Organization for potential compounds for schistoso-
miasis. First and foremost, the treatment regimen used in this
study is within the range for which mefenamic acid has been
used in clinical practice. Considering the importance of the reposi-
tioning of drugs in infectious diseases, especially those related to
poverty, in this study we provide strong evidence for the potential
of mefenamic acid as an oral drug for the treatment of
schistosomiasis.
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16·9 million adults) received preventive chemotherapy for schistoso-
miasis, it is estimated that at least 220 million people worldwide need
treatment, yearly [1]. Praziquantel has also been extensively used to
treat other parasitic flatworm infections in domestic and livestock ani-
mals [5]. Although often underestimated, these helminths infections af-
fect hundreds of millions of animals, and they are often a cause of
serious animal mortality and morbidity, with several species involved
[5,6]. In this regard, considering the limitations of current treatment
and control options for parasitic worms, it is important to identify
new drugs to treat helminthiasis. However, efforts to develop safer,
more effective anti-parasitic drugs have not been successful in produc-
ing alternative therapies [3,7].

Drug development is onerous and a time-consumingprocess [8]. It is
estimated to exceed billions of dollars to bring a single new drug to the
market, also, the average number of new drugs approved by regulatory
agencies has declined in the last decades,while the total number of new
molecular entities has remained about the same [9]. Within the
neglected disease field, drug development has been historically ham-
pered resulting from lack of market incentives due to the fact that
many consumers of anti-helminthic drugs are from poor regions. In
this regard, drug repositioning, the process of finding new indications
within already availablemedications in themarket has been considered
a highly promising approach [10]. Indeed, it is estimated that the total
cost for FDA approval through the repurposing route does not exceed
a few million, compared to the billion dollar figure it takes to develop
a drug starting from hit selection in vitro [9,10]. During recent years a
variety of drugs have been identified via a drug repurposing screen ini-
tiative with particular attention to infectious diseases [11–14]. How-
ever, very few drugs have been approved for neglected diseases [15].

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely-used
therapeutic agents that have anti-inflammatory, analgesic, and antipy-
retic activities. Although they differ from one another in their chemical
class, they all inhibit the cyclooxygenase enzymes [16]. Carvalho et al.
[17] recently reported the anti-schistosomal properties of diclofenac
in vitro. In the same study, it is also highlighted that diclofenac has a
high structural similarity with praziquantel (approximately 70%), even
though the drugs belong to different classes. In this study, 73 NSAIDs
commonly used in medical and veterinary fields were evaluated for
their anti-schistosomal properties through phenotypic drug screening.
The NSAIDs were first tested against adult S. mansoni ex vivo. Drugs
that showed to effectively kill adult stages of thewormwere then tested
in vivo using a patent and a prepatent S. mansoni infection in a mouse
model. The most effective NSAID wasmefenamic acid, which highly re-
duced worm burden, egg production, hepato-, and splenomegaly. More
importantly, the treatment regimen used in this study is within the
range for which mefenamic acid has been used in clinical practice, em-
phasizing its potential for repositioning.

2. Materials and methods

2.1. Drug and reagents

All NSAIDswere purchased from Sigma-Aldrich (St. Louis,MO, USA),
Cayman Chemical (Ann Arbor, MI, USA) and Toronto Research
Chemicals (Toronto, Ontario, Canada). Praziquantel was purchased
fromMerck (São Paulo, SP, Brazil). Stock solutions for use in adult bioas-
says in vitrowere prepared in Dimethyl sulfoxide (DMSO) at a concen-
tration of 10mM. All drug tested (n=73) are in Supplementary Table 1.

Roswell Park Memorial Institute (RPMI 1640) culture medium con-
taining phenol red and L-glutamine,M199medium, inactivated fetal bo-
vine serum (FBS), penicillin G/streptomycin sulfate, and HEPES buffer
were obtained fromVitrocell (Campinas, SP, Brazil). DMSO and glutaral-
dehyde solution were obtained from Sigma-Aldrich.

2.2. Animals

Animal studieswere reported in compliancewith the ARRIVE guide-
lines. All experimental protocols were approved and adhered to the
guidelines of the Animal Welfare Committee of the Guarulhos Univer-
sity (Approval number 17/2017), in accordance with the ethical and
safety rules and guidelines for the use of animals in biomedical research
provided by the Conselho Nacional de Controle de Experimentação An-
imal (CONCEA), under The Brazilian Federal Law on Animal Experimen-
tation (Law 11·794/2008).

Three-week-old female Swiss mice were obtained from Laboratory
Animals Anilab (São Paulo, Brazil). All animals were housed in a 12 h
light–dark cycle in a temperature-controlled room and had unrestricted
access to food and water. All animals were randomized into different
groups and experiments were carried out in a blinded manner.

2.3. Parasite maintenance

Schistosoma mansoni (BH strain) life cycle was maintained using
Biomphalaria glabrata snails and mice following the standard proce-
dures of our laboratory [18,19]. Female Swiss mice, three weeks old,
were sub-cutaneously injected a suspension containing approximately
120 cercariae collected from S. mansoni-infected intermediate host
snails Biomphalaria glabrata. All animals were maintained under con-
trolled conditions (temperature, 22 °C; humidity, 50%; 12/12-h light/
dark cycle), with unrestricted access to rodent diet and water.
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2.4. Adult schistosomes drug assay in vitro

In vitro anti-schistosomal assay using adult parasites was performed
as previously described [20,21]. Concisely, mice were dissected and
adult schistosomes (seven-week-old) were collected from the mesen-
teric veins (parasite ex vivo). Drugs were tested at a concentration of
50 μM in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin
and 100 μg/ml streptomycin, arranged in a 24-well culture plate (TPP,
St. Louis, MO) with one pair of worms per well and with 5 replicate
wells per treatment condition. Parasites were kept for 72 h (37 °C, 5%
CO2) and their viabilitywasmonitored twice daily viamicroscopic eval-
uation (Leica Microsystems, Wetzlar, Germany). Drugs highly active
(effect ≥ 90%) after 72 h at 50 μM,were subsequently tested at different
concentrations ranging from50 to 0·78 μMusing a two-fold dilution se-
ries for half maximum lethal concentration (LC50) determination
[22,23]. Each concentration was tested in triplicate, and experiments
were repeated once.

2.5. Scanning electron microscopy analysis

For scanning electron microscopy, control and treated adult para-
sites were fixed for at least three hours in 2·5% glutaraldehyde at
room temperature. Experimental protocols for scanning electron mi-
croscopy were published previously [24,25]. Samples were metalized
with gold using a Desk II sputter coater (Denton Vacuum LLC,
Moorestown, NJ, USA) and then observed using a JEOL SM -6460LV
high -resolution scanning electronmicroscopy (JEOL Ltd., Tokyo, Japan).

2.6. In vivo studies in a mouse model of schistosomiasis

In vivo anti-schistosomal assay was performed in a mouse model of
schistosomiasis according to the operating procedures for experimental
chemotherapy for anti-schistosomal drugs [26,27]. Three-week-old
Swiss femalemicewere used for in vivodrug efficacy studies. In all treat-
ments, mice were subcutaneously injected a suspension containing 80
S. mansoni cercariae.

Drugs were administered 21 days (prepatent infection) or 42 days
(patent infection) post-infection by oral gavage to groups of five mice.
For treatment, drugs were dissolved in 2% ethanol in water (v/v), and
tested at a 400 mg/kg single dose or a 100 mg/kg daily for five consecu-
tive days, depending on the pharmacological and toxicological informa-
tion of the drug such as maximal plasma concentration (Cmax), plasma
half-life (t1/2) and toxicity (lethal single oral dose LD50). Groups of
S.mansoni-infected controlwere given a corresponding amount of vehi-
cle on the same timetable. All mice were euthanized and dissected at
Fig. 1.NSAIDs action on adult S. mansoni parasites ex vivo. Adult parasiteswere collected from th
concentrations of the drugs, and worms were scored at 72h for survival analysis. Calculated LC
differences between all four drugs (p b 0·05). Worm survival data reflect mean ± SD of the m
56 days post-infection. The worms were then collected, separated by
sex, and counted [28]. Assessment of therapeutic efficacy was further
based on the technique of quantitative and qualitative oograms using
a fragment (10 mm) of the ascending colon [29] as well as the Kato-
Katz method for quantitative faecal examination [30]. All experiments
were repeated once.
2.7. Randomization and blinding

For the assessment of the in vivo testing, the animals were randomly
assigned to their experimental groups, and pharmacological treatments.
Animalswere euthanized in a randommanner inside a group. All results
were acquired and analyzed by investigators who were blind to the
group conditions. All parameters, i.e. (i) worm count, (ii) analysis of
the egg stages in the intestine (oogram), (iii) faecal egg count, and
(iv) measurement of organ mass were conducted by two different
investigators.
2.8. Chemoinformatics

Molecular properties and heat maps were calculated using the
quantitative-structure property relationship (QSPR) models embedded
in the ADME/QSAR module of StarDrop version 6·5. The similarity map
was built by applying a principal component analysis (PCA) on the en-
tire set of compounds. UNITY fingerprints were used as molecular de-
scriptors to determine the structural similarity between the tested
drugs. First, the principal components were extracted by the PCA algo-
rithm and used as initial coordinates to construct the map. Next,
Tanimoto distances between the UNITYmolecular descriptors were cal-
culated to plot all points. The map was built using an outlier radius of
30% and an accuracy horizon of 70% [31].
2.9. Statistical analysis

Statistical analyses were performed by Prism 7·0 (GraphPad Soft-
ware, La Jolla, CA). All data from the in vitro antischistosomal assay are
presented as means ± SD of at least three independent experiments.
IC50 values were calculated using sigmoid dose-response curves
[32,33]. For in vivo experimental analysis, a parametric Dunnett's
multiple-comparison test was applied to compare the vehicle group
versus the treated group. In vivo experimental graphics represent data
from individual mice and are expressed as scatterplots [34]. A value of
P b 0·05 was considered statistically significant.
e hepatic portal andmesenteric veins ofmice and placed on plates containing the indicated
50 values are shown. Pairwise comparisons of LC50 values for mortality showed significant
ean for at least three replicates.



Fig. 3. Effect ofmefenamic acid, tolfenamic acid, and celecoxib on theparasite burden inmicewith patent infection.Drugswere administeredorally using a single dose (400mg/kg, 42 days
after infection) to mice harbouring adult S. mansoni. On day 56 post-infection, all animals were humanely euthanized and parasite burdens were determined by sex (male and
female schistosomes). Points represent data from individual mice and are the combination of two independent experiments (n = 5 per group). Horizontal bars represent median
values. * P b 0·05, ** P b 0·01, *** P b 0·001 compared with untreated groups by parametric Dunnett's multiple-comparison test. WBR: Worm burden reduction.

Fig. 2.Heat maps for logP and logD and structure similarity map. The closer the points are to each other the higher the structural similarity between them. Active drugs are highlighted as
red dots. The red regions in the heat maps contribute positively to the property, the blue regions contribute negatively, and the green regions have no influence.
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Fig. 4. Effect of mefenamic acid, tolfenamic acid, and celecoxib on the egg burden of mice
with patent infection. Egg development stages, i.e. oogram (A). Stool egg load (B). Drugs
were administered orally using a single dose (400 mg/kg, 42 days after infection) to
mice harbouring adult S. mansoni. On day 56 post-infection, all animals were humanely
euthanized and egg burdens were determined by counting eggs in the intestine
(oogram analysis) and in the faeces (Kato-Katz technique). Points represent data from
individual mice and are the combination of two independent experiments (n = 5 per
group). Horizontal bars represent median values. * P b 0·05, ** P b 0·01, *** P b 0·001
compared with untreated groups by parametric Dunnett's multiple-comparison test.
EBR: Egg burden reduction.
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3. Results

3.1. Five drugs exhibited anti-helminthic effect against S. mansoni ex vivo

Male and female schistosomes are permanently paired while they
reside in the bloodstream of their mammalian hosts. These adult
worms can survive for decades and, hence, they are the target for an
antischistosomal drug. Since in vitro cultivation of schistosomes
throughout the entire life cycle is not possible, adult S.mansoniwere ob-
tained by portal perfusion of mice 42 days post-infection, i.e., parasites
are considered “ex vivo”.

In the first step, adopting a phenotypic drug screening strategy, 73
NSAIDs of different classes were screened against adult schistosomes
ex vivo (Supplementary Table 1). Of these, we identified five drugs
that exhibited schistosomicidal activity against adult worms at 50 μM,
mefenamic acid, tolfenamic acid, meclofenamic acid, celecoxib, and
diclofenac. Accordingly, we tested the drugs at a range of concentrations
and 50% lethal concentration (LC50) values were determined. The most
active drugs were the fenamates, mefenamic acid, tolfenamic acid, and
meclofenamic acid, with LC50 of 11·01, 20·6, and 24·5 μM, respectively,
whereas celecoxib, and diclofenac had a moderate schistosomicidal ac-
tivity (LC50 N 25 μM). In greater details, all five drugs had concentration-
dependent effects on survival of the worms. Comparison of LC50 values
showed that the order of potencywasmefenamic acid N tolfenamic acid
Nmeclofenamic acidNcelecoxibNdiclofenac (Fig. 1). For the remaining
compounds tested, no LC50 could be calculated due to lack of activity
at 50 μM. In addition to the physicochemical and anthelmintic proper-
ties, we evaluated the effect of the five drugs on the tegument of schis-
tosomes by scanning electron microscopy (Supplementary Fig. 1). All
drugs exhibited profound alterations on the morphology of the hel-
minths, and rupture of the tegumentwas observed along thewhole dor-
sal body surface on all worms examined. Compared to control group
(Supplementary Fig. 1A), male worms exposed to mefenamic
acid(Supplementary Fig. 1B), tolfenamic acid (Supplementary Fig. 1C),
meclofenamic acid (Supplementary Fig. 1D), celecoxib (Supplementary
Fig. 1E), and diclofenac (Supplementary Fig. 1F) presented changes on
the tubercles and loss of spines on the surface.

Calculation of physicochemical properties for all tested compounds
(Supplementary Table 1) revealed that the ex vivo activity is correlated
with the lipophilicity of the drugs. The logarithm of the octanol/water
partition coefficient for neutral (logP) and ionized compounds at
pH 7·4 (logD) were significantly higher for the active drugs than for
the inactive molecules. The set of active compounds showed a mean
logP of 5·12, whereas the inactive set exhibited the much lower value
of 2·74. As for logD, a mean value of 1·79 was obtained for the group
of active drugs, whereas a value of 0·37 was calculated for the set of in-
active compounds. Heat maps calculated for the active drugs, shown in
Fig. 2 along with a structure similarity map for the entire dataset, high-
light the key role played by the aromatic moieties (red contours) in the
lipophilic character of the compounds. Otherwise, the ionized carboxyl-
ate groups contribute negatively to the lipophilicity of the drugs, as il-
lustrated by the blue contours.

3.2. Efficacy in a murine model of schistosomiasis

On the basis of their in vitro activity against adult schistosomes
ex vivo, data on toxicity, other accessible information of interest were
consulted for the five drugs (mefenamic acid, tolfenamic acid,
meclofenamic acid,celecoxib, and diclofenac) characterized by an LC50
≤ 50 μMagainst adult schistosomes in order to select good in vivo candi-
dates. The dosing regimen used for the treatment with NSAIDs was
based on the protocol recommended for experimental schistosomiasis,
i.e., 400 mg/kg in a single oral administration [3]. Since meclofenamic
acid and diclofenac have a lethal dose of LD50 b 400 mg/kg in mice,
and its serious side effects on animals are well described in literature
(e.g. gastrointestinal complications) [35,36], they were not tested
in vivo. Therefore, the efficacy of NSAIDs mefenamic acid, tolfenamic
acid, and celecoxib at a single oral dose of 400 mg/kg were assessed in
a murine model of schistosomiasis.

3.2.1. Treatment using a single oral dose of mefenamic acid, tolfenamic acid
and celecoxib

Groups of mice harbouring adult S. mansoni (patent infection) were
orally treated with a single dose of 400 mg/kg body weight 42 days
post-infection. Moreover, 56 days post-infection, animals were eutha-
nized, and we evaluated worm burden, egg production, and hepato-
and splenomegaly in all experimental treatments compared to the
control S. mansoni-infected mice. All drugs were well tolerated at this
dose, with no mice displaying any overt signs of toxicity.

As shown in Fig. 3, mefenamic acid has the highest schistosomicidal
properties, with worm burden reduction of 75·5% (p b 0.001). The
NSAIDs tolfenamic acid and celecoxib demonstrated a moderate effect,
with worm burden reduction of 62·4% and 45·3%, respectively (p b

0.01 and p b 0.05).
Egg production is important for both, pathogenesis and disease

transmission. Therefore, it is important to evaluate the egg stages on
the intestinalwall (oogram), and to analyze the number of eggs in faecal
samples (Kato–Katz method). In all experimental treatments, a



Fig. 5. Effect of mefenamic acid, tolfenamic acid and celecoxib on the liver and spleen pathology of mice with patent infection. Drugs were administered orally using a single dose
(400 mg/kg, 42 days after infection) to mice harbouring adult S. mansoni (patent infection). On day 56 post-infection, all animals were humanely euthanized and organ pathology was
determined by liver and spleen weights. Points represent data from individual mice and are the combination of two independent experiments (n = 5 per group). Horizontal bars
represent median values. * P b 0·05, ** P b 0·01, *** P b 0·001 compared with untreated groups by parametric Dunnett's multiple-comparison test. OWR: Organ weight reduction.
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significant reduction in egg burden was observed, mainly with
mefenamic acid (Fig. 4). On thewall of the intestine, eggs at all develop-
mental stages were seen in the treated group, but the frequency of im-
mature eggs was significantly lower compared with infected untreated
controls. Indeed, the oogram showed that mefenamic led to a reduction
of 70·2% (p b 0·001) in the number of immature eggs (Fig. 4A),whereas
tolfenamic acid celecoxib induced a reduction of 57·4% and 50·1%, re-
spectively. In faecal samples collected from mice, NSAIDs mefenamic,
tolfenamic acid and celecoxib significantly (p b 0·05 to p b 0·001)
Fig. 6. Effect ofmefenamic acid on the parasite burden ofmicewith either patent or prepatent in
mg/kg/day) 21 days (prepatent infection) or 42 days (patent infection) postinfection with S.
burdens were determined by sex (male and female schistosomes). Points represent data from
group). Horizontal bars represent median values. * P b 0·05, ** P b 0·01, *** P b 0·001 com
Worm burden reduction.
reduced the number of eggs, with a reduction of 73·6%, 60·6%, 51·3%,
respectively (Fig. 4B).

The pathology of chronic schistosomiasis mansoni is due to granulo-
matous inflammation in response to eggs that are trapped in host tissue,
particularly the liver and spleen. As a consequence, gross hepato- and
splenomegaly is evident in S. mansoni- infected animals. Treatment
with NSAIDs significantly decreased liver and spleen weight (p b 0·05
to p b 0·001) relative to untreated controls. In mice treated with
mefenamic acid, liver and spleen weight were significantly decreased
fections.Mefenamic acidwas administered orally once daily forfive consecutive days (100
mansoni. On day 56 post-infection, all animals were humanely euthanized and parasite
individual mice and are the combination of two independent experiments (n = 5 per

pared with untreated groups by parametric Dunnett's multiple-comparison test. WBR:



Fig. 7. Effect of mefenamic acid on the egg burden of mice with either patent or prepatent
infections. Egg development stages, i.e. oogram (A). Stool egg load (B). Mefenamic acid
was administered orally once daily for five consecutive days (100 mg/kg/day) 21 days
(prepatent infection) or 42 days (patent infection) postinfection with S. mansoni. On day
56 post-infection, all animals were humanely euthanized and egg burdens were
determined by counting eggs in the intestine (oogram analysis) and in the faeces (Kato-
Katz technique). Points represent data from individual mice and are the combination of
two independent experiments (n = 5 per group). Horizontal bars represent median
values. * P b 0·05, ** P b 0·01, *** P b 0.001 compared with untreated groups by
parametric Dunnett's multiple-comparison test. EBR: Egg burden reduction.
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by 34·3% and 32·1% (p b 0.01), respectively. Treatment with
meclofenamic acid or celecoxib led to 22·7% to 34·3% decrease in the
organ weight (Fig. 5).

3.2.2. Treatment using multiple oral doses of mefenamic acid
As aforementioned, a single oral dose of 400 mg/kg is the recom-

mended treatment for experimental murine schistosomiasis. However,
mefenamic acid is rapidly absorbed after oral administration and it
has a short half-life (two hours), which we considered a disadvantage
feature for killing parasites that reside in the bloodstream. We then de-
cided to administermefenamic acid once a day for five consecutive days
(100 mg/kg/day), which is also used in drug discovery programs for
murine model of schistosomiasis [34,37].

Based on the remarkable in vivo effects ofmefenamic acid inmice in-
fected with adult parasites, we tested whether mefenamic acid
displayed efficacy as a treatment against immature infections, where
praziquantel is ineffective. Hence, we investigated the anti-
schistosomal properties of mefenamic acid (100 mg/kg/day) in mice
harbouring either adult (42 days post-infection, i.e., patent infection)
or juvenile (21 days post-infection, i.e., prepatent infection) stages of
S. mansoni.

Interestingly, results from two independent trials showed that
mefenamic acid dramatically decreased the number of parasites and
eggs as well as ameliorates pathology in the liver and spleen in treated
mice compared to untreated controls, more pronounced in patent infec-
tion than in prepatent infection. In more details, as shown in Fig. 6,
treatment with mefenamic acid achieved a high total worm burden re-
duction of 82·1% and 67·2% in mice harbouring adult and juvenile
schistosomes, respectively. With respect to egg burden, the use of
mefenamic acid resulted in a decrease of 92% (P b .0001) and 78% (P b

0·001) in immature eggs in patent and prepatent infection, respectively
(Fig. 7A). Similarly, the frequency of the eggs in faecal samples was dra-
matically reduced, with a reduction of 94·3% and 71·2% in adult e juve-
nile stages, respectively (Fig. 7B).

Regarding liver and spleen pathologies, mefenamic acid reduced the
infection-promoted increase in liver mass by 42·1% and spleen mass by
48·8% in adult S. mansoni-infected mice, in comparison to vehicle
treated controls. Hepato- and splenomegaly were reduced more mark-
edly in juvenile S. mansoni-infectedmice, with a reduction of 52·3% and
56·7% in liver and spleen mass, respectively (Fig. 8).

4. Discussion

Drug repurposing of already approved drugs provide an alternative
method for rapid identification of new therapeutic agents. This ap-
proach can offer a better risk-versus-reward trade-off as compared
with other drug development strategies. Currently, phenotypic screen-
ing strategies using approved drug collections has been considered
more relevant for drug repurposing, exceeding those discovered
through the molecular target-based approach [9,38,39]. In this study,
from a phenotypic screening of 73 NSAIDs, we identified five NSAIDs
(mefenamic acid, tolfenamic acid, meclofenamic acid, celecoxib, and
diclofenac) able to impair the viability of adult S. mansoni. We next in-
vestigated the effect of three NSAIDs (mefenamic acid, meclofenamic
acid, and celecoxib) in a mouse model of schistosomiasis.

Taken together, the most potent compound investigated in this
study was mefenamic acid (lowest LC50 and greatest worm burden re-
duction). In vitro assays demonstrated that mefenamic acid affected
parasite motility, viability, and it induced severe tegumental damage
in schistosomes. In addition, various parasitological criteria indicated
the in vivo antischistosomal effects of mefenamic acid: it caused signif-
icant reductions in worm burden, egg production, and hepato- and
splenomegaly. Interestingly, in both in vitro and in the murine model
of S. mansoni infection, the anti-helminthic activity of mefenamic acid
surpasses criteria established by the World Health Organization
(WHO) for schistosomiasis potential compounds. Active compounds
should alter the viability of the adult parasites at 5 μg/ml and highly ac-
tive compounds are defined as those with 80% reduction in worm bur-
dens [40]. At 10 μM (~3 μg/ml) mefenamic acid caused mortality of
adult parasites. All trials in mice resulted in at least an 82% reduction
in worm burdens when mefenamic acid was administered in five
doses at 100mg/kg. In schistosomiasis, reduction in worm burden is as-
sociated with reduced pathology, and there is no concern about relapse
because worms in this stage do not multiply in the mammalian host
[41].

In the animal model, an initial test at the recommended dose for
anti-helminthic agents (single dose of 400 mg/kg at day 42 post-
infection) established mefenamic acid as a potent anti-schistosomal
agent. Next, the significant amelioration of disease parameters in the
daily dose (100 mg/kg for five days) was more dramatic than that
seen with treatment using a single dose. Taken together, adult schisto-
somes appeared more sensitive to mefenamic acid (patent infection)
than juvenile stages (prepatent infection). A high totalwormburden re-
ductionwas achievedwithmefenamic acid in patent infections (effect N
80%), whereas a moderate total worm burden reduction was observed
in prepatent infections (effect ~65%). Unlike praziquantel, which is
characterized by low activity against juvenile schistosomes, producing
only a 25 to 30% reduction in worm burden [42], our results show that



Fig. 8. Effect ofmefenamic acid on the liver and spleen pathology ofmicewith either patent or prepatent infections.Mefenamic acidwas administered orally once daily forfive consecutive
days (100mg/kg/day) 21days (prepatent infection) or 42days (patent infection)postinfectionwith S.mansoni. Onday 56post-infection, all animalswere humanely euthanized and organ
pathologywasdetermined by liver and spleenweights. Points represent data from individualmice and are the combination of two independent experiments (n=5per group). Horizontal
bars represent median values. * P b 0·05, ** P b 0·01, *** P b 0·001 compared with untreated groups by parametric Dunnett's multiple-comparison test. OWR: Organ weight reduction.
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mefenamic acid has significant activity against the juvenile stage of the
parasite. Concerning adult worm infection, the anti-schistosomal effect
of mefenamic is similar to that of praziquantel, which is known to re-
duce ~90% of the worm burden [42].

Similar to other anti-schistosomal agents, the exact mechanism by
which mefenamic acid and others NSAIDs exert their effect on
S. mansoni is still not clear. Structurally, NSAIDs constitute of an acidic
moiety (carboxylic acid or enols) attached to a planar, aromatic group.
Three of theNSAIDswhichwe consideredmost effective against schisto-
somes, mefenamic acid tolfenamic acid, and meclofenamic acid are
anthranilic acid derivatives, members of the fenamate group. Diclofenac
is closely related aswell, havingmethylene (CH2) separating the diphe-
nylamine substructure from the acidmoiety. Interestingly, all five drugs
exertedmarkedeffects on the tegument of the schistosomes. Comparing
the lipophilicity among the tested NSAIDs, the active compounds have
higher values of logP, and more importantly, higher values of logD. The
latter property is critical in this context given that four out of the five ac-
tive drugs have readily ionizable carboxylate groups at physiological pH.
The tegumental damages in adultworms could bedue to the inherent li-
pophilicity of thefive NSAIDs, which allows these drugs to cross the teg-
ument of the parasite and reach their molecular target(s). Furthermore,
although structurally different, the mechanism of action of fenamates
and other NSAIDs is related to cyclooxygenase inhibition in humans.
As schistosome species do not appear to have cyclooxygenase, the
mechanism of action of these drugs on theworms remains to be discov-
ered. In addition to the lipophilic profile, the lack of activity of the re-
maining 68 compounds can be related to their intermolecular
interaction with their respective, so far unknown, molecular target(s).

In addition to analgesic, anti-inflammatory and antipyretic proper-
ties, mefenamic acid has often been used for the treatment of dysmen-
orrhea in adolescents and adults [43,44]. As an advantage, mefenamic
acid is rapidly absorbed after oral administration, has a short half-life,
and it is more tolerant than other NSAIDs [35]. Mefenamic acid showed
relatively high peak plasma level (Cmax: 20 μg/mL or 83 μM) [45,46]. In
the present work, although the exposure profile is very important for
anti-parasitic activity, we found that mefenamic acid exhibited
schistosomicidal activity with LC50 values from ~ 10 μM, which are far
below the clinically achievable plasma concentrations in vivo. It also ex-
hibited potent anti-schistosomal properties in mice with no apparent
toxicity. Using a dose translation formula [47], an effective daily dose
of 100mg/kg in our in vivomousemodel equates to a human equivalent
dose of 8mg/kg, in keepingwith the current treatment regimen for oral
mefenamic acid (25 mg/kg/day for seven days). It is important to em-
phasize that, ideally, clinical administration of anthelmintic drugs is lim-
ited to a single or very few doses, which is a treatment protocol
recommended for mefenamic acid. Therefore, these results suggest
thatmefenamic acid should have anthelmintic activity under its current
anti-inflammatory drug regimen.

Furthermore, when comparing the cost between both drugs,
praziquantel and mefenamic acid, a substantial variation is noticeable.
It should be noted that the available data demonstrate that drug prices
vary across countries, classes of consumers, and whether the drugs ac-
quired are generic or from a brand name. Regarding praziquantel, the
cost of a 600-mg tablet can range between US$ 0.08 and US$ 6.60. How-
ever, access to praziquantel has been facilitated over the years by bilat-
eral agencies, and it can also be found free of charge in high-disease
burden countries in sub-Saharan Africa through donation programs of-
fered by WHO. On the other hand, the cost of a single mefenamic acid
500-mg tablet can range betweenUS$ 0.39 andUS$ 13.00, and a specific
donation program for this drug is currently unavailable. As previously
mentioned, although generally efficient against schistosomiasis, there
is a reduced efficacy of praziquantel treatment, and drug resistance re-
mains a concern. In this sense, mefenamic acid may be a promising al-
ternative for schistosomiasis control.

In conclusion, in vitro and in vivo studies establishedmefenamic acid
as a potent anti-schistosomal agent by reducing both egg and worm
burden. In addition, the pathology normally associatedwith the deposi-
tion of schistosome eggs in the spleen and liver was clearly ameliorated.
Considering the importance of the repositioning of drugs in infectious
diseases, especially those related to poverty, in this study we provide
strong evidence for the potential of mefenamic acid as an oral drug for
the treatment of schistosomiasis.
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