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a b s t r a c t

The current treatment of schistosomiasis is based on the anti-helminthic drug praziquantel (PZQ). PZQ
affects only the adult stages of schistosomes. In addition, resistance to PZQ is emerging. We suggest a
drug, which could serve as a potential alternative or complement to PZQ, and as a means of treating
infections at earlier, pre-granuloma stage. Derivatives of the peroxidic antimalarial drug artemisinin have
been indicated as alternatives, because both plasmodia and schistosomes are blood-feeding parasites.
The mechanism of action of artemisinins is related to oxidative effects of the artemisinins on intracellular
reductants leading to formation of cytotoxic reactive oxygen species. We used artemisone, which has
improved pharmacokinetics and anti-plasmodial activity, and reduced toxicity compared to other arte-
misinins in clinical use against malaria. We infected adult mice by subcutaneous injection of S. mansoni
cercariae (about 200) and treated them at various times post infection by the following methods: i.
artemisone suspension administered by gavage (400e450 mg/kg); ii. subcutaneous injection of a gel
containing a known concentration of artemisone (115e120 mg/kg); iii. subcutaneous insertion of the
drug incorporated in a solid polymer (56e60 mg/kg); iv. intraperitoneal injection of the drug solubilized
in DMSO (115e120 mg/kg). Drug administration in polymers was performed to enable slow release of the
artemisone that was verified in vivo and in vitro bioassays using drug-sensitive malaria parasites. We
found superior strong anti-schistosome effects up to a total reduction of worm number, mainly following
repetitive treatments with the drug absorbed in the polymers (73.1% and 95.9% reduction in mice treated
with artemisone in gel 7 and 14, and 21, 28 and 35 days post infection, respectively). The results indicate
that artemisone has a potent anti-schistosome activity. Its main importance in this context is its effec-
tiveness in treating hosts harboring juvenile schistosomes, before egg-deposition and induction of
deleterious immune responses.
© 2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Schistosomes are parasitic helminths, most important in terms
of socio-economic and public health in tropical and subtropical
r).
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areas. Schistosomiasis is associated with skin allergies, intestinal,
liver and urinary pathologies. Chronic disease may also lead to
cancer (Oh and Weiderpass, 2014). In addition, there are often
systemic symptoms, such as retarded growth, slowing of cognitive
development and the effect of continuing low-level blood loss
(Bergquist et al., 2004). Schistosomiasis affects about 250 million
people worldwide (WHO, 2015e2016).
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Table 1
Recovered worms and their percent reduction in mice treated by artemisinin
derivatives.

Compound Structure Recovered worms
and percent reduction

Total Male Female

Control e 44.0 23.9 20.1
Artemiside 4.6

89.5%
2.6
94.1%

2.0
95.5%

Artemisone 3.0
93.2%

2.0
95.5%

1.0
97.7%

CKW03 9.2
79.1%

5.4
87.5%

3.8
91.4%

Artemether 5.4
87.7%

3.2
92.7%

2.2
95.0%

Infected mice were treated at day 21 post infection (PI) by gavage. The mice were
dissected at day 49 PI and schistosomes counted. n ¼ 5 in experimental groups and
10 in the control group. P < 0.01 in all experimental groups.
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Current treatment is based on the anti-helminthic drug prazi-
quantel (PZQ) (Trainor-Moss and Mutapi, 2015). Unfortunately,
following its massive use, there are reports of induction of resis-
tance and reduced susceptibility to praziquantel in field isolates
(Melman et al., 2009; Pinto-Almeida et al., 2015; Crellen et al.,
2016). Artemisinin derivatives (Araujo et al., 1991; del Villar et al.,
2012; Saeed et al., 2016; Wikipedia, 2016) and artemisinin
analogs-synthetic peroxides e.g. ozonides and trioxolanes (Keiser
et al., 2012; Xiao et al., 2012) have been proposed as alternative
or complementary drugs against schistosomes. Artemisinins are
widely used against malaria wherein their mechanism of action is
generally accepted to involve activation by heme or non-heme iron
to generate cytotoxic carbon radicals that alkylate vital intra-
parastic molecules (Klonis et al., 2013). However, based on a
consideration of the extensive literature on C-radicals and their
evident inability to act as alkylating agents, coupled with the low
propensity of artemisinins to react with iron in the first place, the
thesis is not without contradictions (Haynes et al., 2013). Alterna-
tively, artemisinins may accept electrons from reduced flavin co-
factors within flavin disulfide reductases such as glutathione
reductase (GR), thioredoxin reductase (TrxR) and others that
maintain redox homeostasis in the malaria parasite (Haynes et al.,
2012). In Schistosoma species, therefore, as in the case of plasmodia,
action of artemisinins may be due either to heme initiated forma-
tion of free radicals (Araújo et al., 2008; Muangphrom et al., 2016)
or to abrogation of redox homeostasis by the artemisinins inter-
acting with reduced flavin cofactors of flavin disulfide reductases.
Notably within S. mansoni, the multifunctional disulfide reductase
thioredoxin glutathione reductase (TGR) functionally replaces TrxR
and GR of plasmodia and therefore TGR is a potentially important
drug target (Alger and Williams, 2002; Kuntz et al., 2007) and is
likely to be so for artemisinins. Be that as it may, whilst prazi-
quantel affects adult schistosomes, artemisinins affect both larval
and mature stages of the parasites (Shuhua et al., 2000; Fenwick
et al., 2006). However, because of the complexity of the parasite,
most artemisinins would have to be administered by repetitive
injections, although artesunate and artemether that are water
soluble and lipid soluble, respectively, could possibly be used orally
(Barradell and Fitton, 1995; Bunnag et al., 1996).

In this work, we have conducted a preliminary assessment of
the in vivo activity of the clinically used artemisinin derivative
artemether compared with the newer aminoartemisinins artemi-
side and artemisone, both of which are shown to be potently active
against the apicomplexan parasite Plasmodium falciparum (pf)
in vitro and in vivo. Artemisone has improved pharmacokinetics
and anti-plasmodial activity, and reduced toxicity compared to the
artemisinin derivatives clinically used against malaria (Haynes
et al., 2006; Guiguemde et al., 2014). We also include the newer
N-sulfonyl aza-artemisinin derivative CKW03, that previously has
also been shown to be potently active against Pf and like other N-
sulfonyl azaartemisinin derivatives, has notable thermal stability
(Haynes et al., 2007). Finally, we have examined the effect of
controlled artemisone release from biodegradable gels on
S. mansoni in mice, with the aim of improving treatment by
exposing the parasites for a longer period of time to a drug con-
centration sufficient to eliminate the pathogen, but at dose levels
non-toxic to the host.

2. Materials and methods

2.1. Artemisinin derivatives

Artemiside and CKW03 were prepared as previously described
(Haynes et al., 2007; Guo et al., 2012). Artemisone was prepared as
previously described (Haynes et al., 2006) or kindly donated by
Cipla Mumbai, India. Artemether was a gift from the Kunming
Pharmaceutical Corp. Compound structures are shown in Table 1.
2.2. Artemisone preparations

Artemisone in polyricinoleic acid (RA)-sebacic acid (SA) gel was
produced as previously described: poly (ester anhydride) was
prepared by the insertion of RA into poly SA (Shikanov et al., 2004)
with modifications. Briefly, 70 g of RA and 30 g of poly SA (PSA)
were mixed by raising the temperature to 160 �C for 24 h under
nitrogen atmosphere to yield RA-SA carboxylic acid terminated
oligoesters. These oligoesters were activated by acetic anhydride
and polymerized for 4 h at 140 �C under vacuum (10e15 mbar) to
yield poly(RA-SA)70:30 pasty injectable polymer. Different
amounts of artemisone powder were mixed in the pasty polymer
and used for injection.

Block polymer PCL-MPEG was synthesized according to a pre-
viously published procedure (Bubel et al., 2013). Blockcopolymers
of PCL-MPEG were fabricated by different ratios of PCL: MPEG. To
create a homogeneous mixtures of PCL-b-MPEG and artemisone,
different ratios of both compounds were dissolved in small
amounts of tetrahydrofuran (THF; p.a., >99.9%). After all particles
were dissolved, the solvent was completely evaporated. Using a
heat press at 65 �C, the mixture was pressed into a polytetra-
fluoroethylene matrix (~8 � 4x2 mm) and then cooled down to
room temperature under a second press at about 20 �C. The poly-
mers were sterilized by brief (5 s) washing in 70% ethanol and
exposure to UV for 45 min.

Artemisone suspension for gavage was prepared by suspending
artemisone (32 mg) in 7% Tween 80 (1 mL) and 3% alcohol.



Fig. 1. The effect of artemisone administered by gavage on S. mansoni infections.
Infected mice were treated by gavage at days 18 and 25 (A), and at day 21, 29 and 35 (B)
post infection (PI). Each point represents one mouse. Mice were dissected at day 49 PI
and schistosomes counted. n ¼ 5 in the control groups and 6 in the experimental
groups. Difference was significant between the control group and the two artemisone
treated groups group (<0.01) but was more pronounced in mice that were treated
thrice compared to those that were treated twice (97.1 % vs. 70.4% reduction,
respectively).

Fig. 2. The effect of artemisone administered by late gavage treatment. Infected mice
treated by gavage once on day 42, or twice on day 42 and 49 post infection (PI) were
dissected on day 61 PI and schistosomes counted. n ¼ 4 or 5 (each point represents one
mouse). Difference was significant only between the control group and the group that
was treated twice (68.5% reduction, p < 0.05).
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2.3. Parasites

2.3.1. Schistosoma mansoni
A Liberian strain was used in the Swiss Tropical Institute

(Table 1). All other experiments were performed using the Puerto
Rican isolate obtained from NIH. The life cycle of S. mansoni was
maintained in NMRI and ICR mice and Biomphalaria glabrata snails.
The snails were raised and kept at 26 �C in aerated aquaria. Mice
were routinely infected by subcutaneous injection of about 200
cercariae each. Seven to 8 weeks post-infection, shistosome eggs
were extracted from the granuloma-containing livers. Snails were
infected individually by exposure to 7e8 miracidia each. Cercariae
were obtained from infected snails, starting at 4 weeks post
infection.

2.3.2. Plasmodium berghei ANKA (PbA)
PbA strain (MRA-311, CDC, Atlanta, GA, USA) was maintained

in vivo by serial transfer of parasitized erythrocytes from infected to
naive mice.

2.3.3. P. falciparum NF54-luc
Parasites that stably and constitutively express luciferase were

cultivated at 5% hematocrit in RPMI 1640 medium, 0.5% Albumax II
(Invitrogen, Carlsbad, California, United States), 0.25% sodium bi-
carbonate, and 0.1 mg/mL gentamicin. Parasites were incubated at
37 �C in an atmosphere of 5% oxygen, 5% carbon dioxide, and 90%
nitrogen. Parasites were cultured in media containing 4 nM
WR99210 to select for stable luciferase expression. Parasite viability
assays were performed either by measuring their luciferase activity
(see Bioassay below).

2.4. Mice

Mice weremaintained in environmentally controlled conditions
(temperature, ~23 �C; 50% humidity, free access to a standard diet
and water, a 12/12-h automatically timed light/dark cycle. Mice
were acclimatized for several days prior to infections.

Female NMRI mice were purchased from Charles River (Sulzfeld,
Germany) and Harlan Laboratories (Blackthorn, United Kingdom).
These mice were treated by gavage in the Swiss Tropical Institute.
Male ICR mice were purchased from Harlan Laboratories (Rehovot,
Israel). These mice were used for the schistosome infections in Tel-
Aviv University (Tel Aviv University ethical committee number 01-
13-076). The mice were infected a few days later and treated as
indicated at various intervals following infection. Male C57BL/6
mice were purchased from Harlan Laboratories (Jerusalem, Israel)
and used for plasmodial infections in the Hebrew University. The
animal study protocol was approved by the Hebrew University
Institutional Animal Care and Use Committee (protocol No. MD-12-
13183-5; Golenser's accreditation No. 12180) and the procedures
followed were in accordance with institutional guidelines.

2.5. Treatment

Treatment of mice was conducted by intraperitoneal or subcu-
taneous injections, and gavage or subcutaneous insertions of a solid
polymer or a gel containing artemisone.

Gavage was conducted by oral administration of 0.4 mL con-
taining the test drugs at 400e450 mg/kg in Tween 7% and 3%
ethanol in DDW. NMRI female mice, 5 week old, ~22 g at infection
with 80 cercariae, were treated at day 21 post infection (PI) by
gavage of 400 mg/kg drug suspension (Table 1). ICR male mice, 7e8
weeks old, ~33 g at infection, were treated by gavage of 450 mg/kg
at days 18 and 25, and at day 21, 29 and 35 PI. Mice were dissected
at day 49 post infection (Fig. 1). Mice treated by gavage once on day
42, or twice on day 42 and 49 post infection were dissected on day
61 post infection and schistosomes counted (Fig. 2).Similar ICR
mice were infected and treated 20 days PI by artemisone (2mg/
mouse, 60 mg/kg) in solid polymers that were inserted
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subcutaneously (SC) into the abdomen of mice anesthetized by
Ketamine/Xylazine injection. The mice were dissected at day 49 PI
and schistosomes counted (Fig. 3).

Artemisone was injected SC and IP at days 18 and 25 PI by in
DMSO to similar mice, 4mg/40microL/mouse (120 mg/kg). Mice
were dissected at day 49 post infection and schistosomes counted
(data not shown).

Artemisone in gel (0.1 or 0.2 mL) was injected SC in the
abdomen to infected ICR male mice, when 7e8 weeks old, ~33 g, at
various days post infectionwith schistosomes. Mice were dissected
at day 49e51 PI and schistosomes counted.

Male C57BL/6 mice (7e8 weeks old, ~25 g) were used for plas-
modial infections. The animals were infected by IP injection of
50,000 erythrocytes parasitized by PbA and were treated by SC
injections of artemisone in gel.

2.6. Assesment of results

Plasmodial parasitemias in mice were estimated by microscopic
determination of the percent of parasitized erythrocytes in 5000
erythrocytes in Giemsa stained blood smears obtained from the
mouse tail vein.

Schistosoma numbers were determined by counting worms
from dissected and squashed livers, and mesenteric veins of
dissected intestines of the mice, mostly 49e51 days PI unless
otherwise stated. Granuloma density in the liver was assessed by
press-flattening the livers between two glass plates and observa-
tion under a dissecting microscope.

P. falciparum bioassay for in vitro release of artemisone from gels
was conducted as follows: artemisone released from the gel sam-
ples was quantified in a bioassay based on two-day cultures of drug
sensitive P. falciparum that stably expresses a luciferase gene (see
above). Gel samples containing two mg artemisone were sterilized
by UV exposure and transferred to 1 mL RPMI 1640 medium in 24
well, Nunc disposable sterile plates that were incubated at 37 �C.
Once a day the medium was collected and frozen until use. The
polymers were washed twice in 2 mL medium, 1 mL fresh medium
was added and the plates were returned to the incubator. The
collected supernatants in different dilutions were examined for
P. falciparum growth inhibition in triplicates, in Nunc flat bottom 96
well plates (Nunc™ MicroWell™ 96-Well Optical-Bottom Plates
with Polymer Base). Free artemisone standards were added for
comparison. Luciferase activity was measured in parasitized
erythrocytes after removing 100 mL of the medium, following
addition of 100 mL Bright-GloH luciferase reagent (Promega) in a
Fig. 3. The effect of artemisone administered in solid polymers. Infected mice were
treated by artemisone in solid polymers 20 days PI. Each point represents one mouse.
n ¼ 5 in all groups. Mice were dissected at day 49 PI and schistosomes counted.
Schistosome number in the treated group was reduced by 79.4% (p < 0.01).
Fluoroskan FL luminometer (Thermo). Percent inhibition of the
luciferase counts reflecting anti-plasmodial activity by superna-
tants from experimental gels compared to control (blank) gels, is
presented.

2.7. Statistics

Experiments were repeated at least once. Each group contained
at least five mice. Shown are representative experiments. Experi-
mental groups were compared to control groups using Student's t-
test.

3. Results

3.1. The effect of various artemisinin derivatives administered by
gavage on S. mansoni

Mice were treated on day 21 post infection (PI) by gavage. The
mice were dissected at day 49 PI and schistosomes counted; N ¼ 5
in experimental groups and 10 in the control group (Table 1). The
effect was significant (P < 0.01) in all experimental groups. There
was no difference in the effect on females or males. Artemiside,
artemether and artemisone were equally effective. The N-ethane-
sulfonyl-11-azaartemisinin derivative CKW03 was somewhat less
effective.

3.2. The effect of artemisone administered by gavage on S. mansoni
infection

Mice were treated by gavage on different days post infection
(PI). Fig. 1 depicts the results of treatment 18 and 25 (A), or 21, 29
and 35 (B) days PI. Mice were dissected on day 49 PI and schisto-
somes counted. Artemisone delivered by gavage significantly
reduced the number of adult worms. Differences were significant
between the treated and the control groups (p < 0.05) but more
pronounced in mice that were treated thrice, compared to the ones
that were treated twice (97.1% vs. 70.4% reduction, respectively).
Fig. 2 depicts the results of late treatment, 42, or 42 and 49 days PI.
Mice were dissected on day 61 PI and schistosomes counted.
Artemisone administered by gavage at a late stage significantly
reduced the number of adult worms only after an additional
treatment (68.5% inhibition, p < 0.05). However, the method of
treatment by gavage is not optimal because of the large amounts of
drug needed for treatment.

3.3. The effect of artemisone administered in a solid polymer on S.
mansoni infection

Mice were treated by artemisone (2mg/mouse, 60 mg/kg) in a
solid polymer that was inserted S.C., on day 20 post infection. Each
point represents one mouse. N ¼ 5 in all groups. Mice were
dissected on day 49 post infection and schistosomes counted
(Fig. 3).

One treatment of this relatively low concentration of artemisone
significantly reduced schistosome load (79.4%, p < 0.01). This sur-
gical procedure would not be recommended for repeated treat-
ments; therefore we shifted to drug injections, which correlate
better with improved compliance.

3.4. The effect of artemisone administered in gel on S. mansoni
infection

Infected mice were treated by artemisone in gel (0.2 mL) that
was administered S.C., on various days PI. Mice were dissected on
day 49e51 PI and schistosomes counted. This procedure was



Table 3
Percent inhibition of Plasmodium falciparum development by artemisone released
in vitro from gels.

Day of gel
in media

Supernatant dilution

1/3125 1/15,625 1/78,125

3 95%a 68%a 17%
7 94%a 14% 11%

Considerable amounts of active artemisone were released in vitro, spanning at least
7 days. For example, a final dilution of 1/15,625 of supernatant collected on day 3
inhibited 68% of parasite development (meaning that the amount of artemisone that
was released in days 3 and 5 was about 16 and 5 mg, respectively).
The ED50 of free artemisone was estimated by identical methods and was about one
ng/ml.

a Significant in comparison with supernatants of blank gels.
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applied in day 62 in the late treatment groups for enabling
expression of drug effect (Table 2).

The effect on schistosome recovery varied with the timing and
number of drug injections. One treatment at an early stage, 21 days
PI, did not significantly reduce schistosome number but profoundly
reduced induction of granulomas in the liver of the treated mice, in
contrast with their abundance in the control mice. A relatively late
single treatment on day 34 PI reduced also the schistosome number
by 82%. Two treatments, at an early stage (on days 7 and 14 or 21
and 28) PI also reduced schistosome number by about 73 and 82%,
respectively. The effect was further increased to 96% reduction due
to an additional treatment at day 35. There was no significant effect
when using increased amounts of artemisone in quantities above
4 mg in identical gels, probably due to artemisone crystallization in
the gel (data not shown). Identical doses of artemisone and prazi-
quantel were tested in days 7 and 14, and days 42 and 49 PI. While
the praziquantel did not affect parasite development at the early
stage PI in comparison with the significant activity of the artemi-
sone, it was highly active, similarly to artemisone after adminis-
tration at the late stage.

3.5. The effect of artemisone in DMSO on S. mansoni infection

Infected mice were treated at day 18 and 25 days PI by I.P., and
S.C. injections of artemisone in DMSO, 4mg/40ml/mouse (~120 mg/
kg). Mice were dissected at day 49 post infection and schistosomes
counted. The experiments included 5mice in each group. Therewas
no alleviating effect of the S.C. treatment (18.6 ± 3.4 schistosomes
in the control group vs. 14.8 ± 4.2 in the treated group). The mice
that were treated by I.P. injections suffered from gross toxic effects
and were culled.

3.6. P. falciparum bioassay of in vitro artemisone release from gels

Gels containing artemisone were incubated in medium and
their dilutions were examined in P. falciparum cultures. Superna-
tants from media incubated with blank gels had no effect on
P. falciparum development. In contrast, considerable amounts of
artemisone were released in vitro, spanning at least 7 days
(Table 3). For example, a dilution of 15,625 of supernatant collected
on day 3 killed most of the parasites (meaning that the amount of
released artemisone was above 16 mg on that day according to the
assay of free artemisone (concentrations of 0.1e10 ng/mL were
examined and the ED50 was about one ng/ml). The ED50 of free
artemisone was estimated by identical methods and was about
1 ng/mL.
Table 2
Recovered worms and percent reduction in mice treated by artemisone and prazi-
quantel administered in gel

Day of
treatment PI

Artemisone in
gel/mouse

Control
count

Experimental
count

Percent inhibition

7, 14a 4 mg 18.6 5.0 73.1*
21, 28 4 mg 40.2 8.5 81.6*
21, 28, 35 4 mg 39.5 1.6 95.9*
21 4 mg 40.2 24.2 39.8
34 4 mg 61.4 11.0 82.1*
42, 49 4 mg 30.2 2.3 92.4*

Praziquantel in
gel/mouse

7, 14a 4 mg 30.2 25.0 17.3
42, 49 4 mg 30.2 0.2 99.3*

Infected mice were treated at various days PI. Mice were dissected on day 49e51 PI
and schistosomes counted. n ¼ 5 in all groups. *Significant vs. control (p < 0.01).

a Artemisone is significant vs. praziquantel.
3.7. Artemisone bioassay in Plasmodium berghei ANKA (PbA)
infection

Micewere treated 3 days before infectionwith PbA by injections
of artemisone in gel, 2mg/0.2mL/mouse (~80 mg/kg). N ¼ 3 in the
experimental group and 5 in the control group. All control mice
treated with empty gel died within eight days PI of cerebral malaria
while the experimental mice treated by artemisone in the gel died
16e18 days PI, of anemic malaria (Fig. 4).

4. Discussion

Current treatment of schistosomiasis is based on the anti-
helminthic drug praziquantel (PZQ). However, following its
massive use, there are already reports of PZQ reduced sensitivity
(references are cited in the Introduction). Artemisinin and its cur-
rent clinical derivatives collectively referred to as artemisinins,
have been proposed as alternative or complementary drugs. Cur-
rent reports reflect a significant but not total reduction of worm
Fig. 4. Artemisone bioassay in mice infected by P. berghei ANKA (PbA). Mice were
treated by artemisone in gel, 2mg/0.2ml/mouse (~80 mg/kg), 3 days before infection
with PbA. Each line represents one mouse. n ¼ 3 in the experimental group and 5 in
the control group. Difference was significant between the control and the experi-
mental group (p < 0.01).
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load after repeated (at least four doses) of intra-gastric treatment
with high amounts of an artemisinin (Saeed et al., 2016).

PZQ is effectivemainly against mature schistosomes (as could be
also seen in our experiments) while artemisinins are also effective
against early developmental stages (when compared to PZQ at the
second to the fifth week PI (Utzinger et al., 2007). Therefore,
improved results are expected to derive from a combination ther-
apy using PZQ and an artemisinin. Experiments in mice reveal an
additive effect of artemisinin and PZQ in S. mansoni infection
(Botros et al., 2010) and in hamsters infected with S. japonicum
(Utzinger et al., 2001). However, treatment of infected human pa-
tients with the combinations in endemic areas did not improve the
performance of PZQ probably because certain worm stages were
not exposed simultaneously to the two drugs (Pratic�o et al., 2014;
Saeed et al., 2016).

Artemisone proved superior to other artemisinin derivatives,
especially in terms of its greatly enhanced efficacy against
P. falciparum, its metabolic profile that precludes formation of
dihydroartemisinin, its relative stability and reduced toxicity
(Schmuck et al., 2003; Haynes et al., 2006, 2007b; Nagelschmitz
et al., 2008; Obaldia et al., 2008; Waknine-Grinberg et al., 2010).
Given thes advantages)and considering the similarity of mecha-
nism of action in plasmodia and schistosomes (discussed in the
Introduction), coupled with our current preliminary results
(Table 1), artemisone was selected for further experiments in mice
infected with S. mansoni. A similar effect on female and male
reduction that was detected in this experiment hints to an identical
mechanism of action in both genders. However, it is possible that
an injury induced in the female may affect the male and vice versa,
due to the obligatory relationship between the genders (Lu et al.,
2016). Such a sequential effect would be eventually reflected in
an equal mortality rate of both genders. We sought to improve the
results by using a sustained drug release system. In general, sus-
tained release may limit the amount of the drug in question to a
non-toxic level whilst maintaining its efficacy during an extended
period. This is highly relevant for artemisinins that at certain levels
are neurotoxic (Wesche et al., 1994; Schmuck and Haynes, 2000;
Schmuck et al., 2002; Campos et al., 2008). Sustained release also
allows for extended treatment of the changing stages of schisto-
somes. As a control for the sustained mode of the treatment we
used subcutaneous (SC), intraperitoneal (IP) injections and gavage.
Twomethods of sustained release of the drug were applied, namely
release from a solid polymer that necessitates insertion using a
relatively straightforward surgical procedure, and injectable gel.

Artemisone administered by gavage at a relatively early stage,
namely on day 21 or on days 18 and 25 PI, significantly reduced the
number of adult worms and was most pronounced in mice that
were treated thrice (97.1%). Late gavage at day 42 PI had no effect,
but an additional treatment one week later induced 68.5% adult
worm elimination. However, the method of treatment by gavage is
not optimal because of the large amounts of drug needed for
treatment probably due to low degree of absorption. Consequently,
we used artemisone incorporated into polymers.

One treatment 20 days post-infection (PI) using a relatively low
concentration of artemisone (60 mg/kg) released from a solid
polymer significantly reduced the Schistosoma load (79.4%). This
result confirms the curative potential of artemisone at a relatively
early stage of infection. However, insertion of a solid polymer that is
associated with a surgical procedure might not be recommended
for repeated treatments. Therefore, we evaluated the effect of in-
jections of artemisone within a soft biodegradable gel that would
be more convenient for repetitive treatments. The applicability and
safety of this polymer has been described by Shikanov and Domb
(2006). The effect on the number of recovered schistosomes was
dependent on the number of treatments and the timing of the
injection PI. One injection, 34 days PI, was more effective than 21
days PI (82.1% vs. 39.1% inhibition respectively). However, even the
single treatment at 21 days PI prevented induction of granulomas in
the liver of the treated mice, in contrast with their abundant for-
mation in the control mice. This is a critical finding because gran-
ulomas are themain cause and indication of Schistosoma pathology
(Hams et al., 2013).

IP injections of 4mg/40 mL DMSO induce toxic effects. Control
repeated SC injections of 4mg/40 mL DMSO had no effect on the
maturation of the schistosomes. The half-life of artemisone is about
3 h (Haynes et al., 2006; Nagelschmitz et al., 2008) so the amount
retained in the plasma of injected mice would not be detectable
three days after injection of this dose of artemisone. In contrast, we
show that artemisone is released from the gels in vitro during at
least seven days, and retain in vivo efficacy for at least three days by
using an in vivo bioassay of mice infected with drug sensitive
Plasmodium berghei ANKA. The effect of the released drug also was
examined in mice in a prophylactic manner, in which the artemi-
sone containing gel was injected three days before plasmodial
infection. While all mice that were injected with empty gels died of
cerebral malaria within seven days PI, the mice treated with the
prophylactic gel survived during a much longer period (6.2 vs. 17.3
days, respectively).

Overall, we demonstrate that a sustained release procedure for
artemisone induced both elimination of schistosomes and reduc-
tion of hepatic pathology greatly in excess of that achieved by per os
delivery. The results justify further consideration of treatment of
schistosomiasis with artemisinins, as well as using these in with
combination with a partner drug in sustained release systems. The
main advantage of artemisinins over praziquantel is their efficacy
against early developmental stages of the parasite, which in many
cases are the cause of acute schistosomiasis syndromes.
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