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The chemotherapy of schistosomiasis relies on the use of praziquantel. However, concerns over drug
resistance have encouraged the search for new drug leads. This paper is the first report on the in vitro and
in vivo activity of (—)-6,6'-dinitrohinokinin (DNK) against Schistosoma mansoni. In vitro, the lethal con-
centrations for 50% of parasites (LCso) of DNK against adult worms were 103.9 + 3.6 and 102.5 +4.8 pM
at 24 and 72 h, respectively. Scanning electron microscopy images showed extensive tegumental alter-
ations such as peeling and smaller numbers of tubercles in the spine of adult worms. DNK also elicited
high mortality of schistosomula, with LC50 values of 57.4+2.3, 32.5+0.9, and 20.4+ 1.2 M at 24, 48,
and 72 h, respectively. DNK displayed moderate activity against the juvenile liver parasite, with an LCsq
value of 179.5+2.3 uM at 72 h. This compound reduced the total number of eggs by over 83%, and it
affected the development of eggs produced by adult worms. The selectivity index showed that at 24 h,
DNK was 8.5 and 15.4 times more toxic to the adult worms and schistosomula than to Chinese hamster
lung fibroblast cells, respectively. Treatment of infected mice with DNK moderately decreased worm
burden (33.8-52.3%), egg production (40.7-60.0%), and spleen and liver weights. Together, our results
indicated that DNK presents moderate in vitro and in vivo activities against S. mansoni, and it might
therefore be interesting to explore the structure-activity relationship of the antischistosomal activity of
this compound.
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1. Introduction the loss of 1.53 million disability-adjusted life years (Van der Werf

et al,, 2003; Steinmann et al., 2009; Rollinson et al., 2013).

Schistosomiasis, also known as bilharzia, continues to be one of
the main neglected tropical diseases (Gryseels et al., 2006; Hotez
et al., 2007). According to the World Health Organization (WHO),
this condition affects more than 200 million people worldwide, and
an estimate of 700 million people are at risk of contracting this
disease in 74 endemic countries. In addition, schistosomiasis causes

* Corresponding author. Fax: +55 16 37118878.
E-mail addresses: lizandra.magalhaes@unifran.edu.br, lizandraguidi@gmail.com
(L.G. Magalhaes).

http://dx.doi.org/10.1016/j.actatropica.2015.06.005
0001-706X/© 2015 Elsevier B.V. All rights reserved.

The discovery of praziquantel (PZQ) in the 1970s and its intro-
duction into the market in the 1980s were landmarks in the
treatment of schistosomiasis. On the other hand, reduced cure rates
and treatment failure have been reported in patients. Additionally,
PZQ does not prevent reinfection, leading to repeated treatments
in endemic areas and the existence of resistant strains. In addition,
juvenile parasites (between 7 and 28 days old) are less suscepti-
ble to PZQ than adults (Sabah et al., 1986; Fallon and Doenhoff,
1994; Ismail et al., 1999; Pica-Mattoccia and Cioli, 2004). Because
the implementation of measures to prevent and control schisto-
somiasis in endemic areas only takes effect in the long term, the
development of new, safe, and effective schistosomicidal agents
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Fig. 1. Chemical structure of (—)-6,6'-dinitrohinokinin (DNK).

and therapeutic strategies that combine drugs has become an
urgent matter (Ribeiro-dos-Santos et al., 2006).

Natural products are promising sources of novel potentially
therapeutic substances and drug leads. The search for antipara-
sitic compounds obtained from natural sources has intensified,
and plants continue to be a major supply of biologically active
metabolites (Newman and Cragg, 2012). Folk medicine has used
Piper cubeba, a species belonging to the family Piperaceae, to
treat several diseases (Usia et al., 2005). Over the last few years,
our team has evaluated the biological activity of extracts and
compounds isolated from P. cubeba against neglected parasitic dis-
eases (Saraiva et al., 2007; Esperandim et al., 2010; Magalhaes
et al., 2012). The compound 3,4-bis((6-nitrobenzo[d][1,3]dioxol-
5-yl) methyl)-dihydrofuran-2(3H)-one) ((—)-6,6'-dinitrohinokinin,
DNK) is a dibenzylbutyrolactone lignan. This class of lignans con-
sists of compounds that display a broad range of biological activities
with therapeutic potential (Saraiva et al., 2007; Esperandim et al.,
2010).

This paper is the first report on the in vitro and in vivo activity
of (—)-6,6’-dinitrohinokinin (DNK) (Fig. 1) obtained by the partial
synthesis of (—)-hinokinin against S. mansoni. The first step of this
work evaluated the effect of DNK on schistosomula, juvenile liver
worms and adult worms in vitro. In parallel, we examined the effect
of DNK on pairing, egg production, egg development and the tegu-
ment of adult worms. In addition, the cytotoxic effect of DNK on
Chinese hamster lung fibroblasts (V79 cells) was analyzed in vitro.
Finally, the measurement of worm and egg burdens and the veri-
fication of liver and spleen pathologies has helped to evaluate the
efficacy of DNK to treat mice infected with S. mansoni during the
acute and chronic stages of schistosomiasis.

2. Materials and methods
2.1. Partial synthesis of (—)-6,6'-dinitrohinokinin

P. cubeba seeds from the fruits of P. cubeba L. (lot number S-
4113526) were purchased commercially from Suraji Bala Exports
(Nova Delhi, India). By following a methodology described by our
group (Silva et al., 2005), DNK was obtained by the partial synthesis
of (—)-hinokinin, a semi-synthetic derivative of (—)-cubebin from P.
cubeba.'H and 13C Nuclear Magnetic Resonance (NMR) and spectral
data helped to verify the chemical structure of DNK, which agreed
with literature data (Silva et al., 2005). Both HPLC and spectroscopic
analysis indicated that the purity of DNK was higher than 97%.

2.2. Animals and parasite

The LE (Luiz Evangelista) strain of S. mansoni was used in all of
the experiments. The parasite life cycle was maintained by passage
through Biomphalaria glabrata snails and BALB/c mice (six-week-
old females weighing 20-25 g).

Cercariae were obtained from infected snails exposed to light
for 1h after 38 days of infection according to the standard proce-
dures of our laboratory. For the in vitro study, the juvenile liver
worms or pairs of adult worms of S. mansoni were recovered from

mice 21 days or 49 days after they had been infected with 200
cercariae, respectively. Subsequently, perfusion with RPMI 1640
medium (Gibco) of the livers and mesenteric veins of the mice was
conducted under aseptic conditions (Smithers and Terry, 1965).
For the in vivo study, groups of five BALB/c female mice (6 weeks
old; 20-25 g) were infected with 100 S. mansoni cercariae. Infec-
tion was achieved by leaving the tail of the mice in contact with
dechlorinated tap water containing cercariae for 1h (Radke et al.,
1971).

The Ethics Committees on Animal Care and Handling of the Uni-
versity of Sdo Paulo and of the University of Franca authorized all
of the experiments (approval number: 021/2009). Animal handling
followed the guidelines for good animal practices in accordance
with Brazilian legislation (CEUA, 11.794/2008).

2.3. In vitro schistosomicidal assays

2.3.1. Invitro adult assay

Two pairs of adult worms were placed in each well of a 24-well
culture plate containing RPMI 1640 medium (Gibco) supplemented
with antibiotics (penicillin 100 U/mL and streptomycin 100 pg/mL)
(Gibco) and 10% bovine fetal serum (FBS) (Gibco). Plates were
then incubated at 37°C for 24 h in a 5% CO, atmosphere. Subse-
quently, a stock solution of DNK at 100 mM was then prepared
in 10% dimethyl sulfoxide (DMSO) and culture medium and added
to the wells at concentrations ranging from 12.5 to 200 uM (5.5
to 89 wg/mL). The parasites were kept for 72h and monitored
every 24 h using an inverted microscope. The phenotypic changes
were scored on the basis of a viability scale ranging from 0 to
3 (3=normal activity and no morphological changes; 2 =slower
activity and initial morphological changes; 1=minimal activity,
occasional movement of the head and tail, and severe morpho-
logical changes; 0=death of all worms and severe morphological
changes) (Ramirez et al., 2007). An inverted microscope also helped
to evaluate alterations in the pairing of adult worms. The experi-
ments were carried out in quadruplicate and repeated three times.
RPMI 1640 medium or RPMI 1640 with 0.1% DMSO served as the
negative control; PZQ (Sigma-Aldrich) at 12.5 wM was the positive
control.

2.3.2. Scanning electron microscopy examination of the tegument

To observe changes in the tegument of adult parasites, pairs
of adult worms were cultured in DNK at 200 wM, or RPMI 1640
containing 0.1% DMSO (negative control), or PZQ 12.5 wM (positive
control) for 24 h, which was followed by fixationin 0.1 M phosphate
buffer (pH 7.2) containing 3% glutaraldehyde (Sigma-Aldrich) at
37°C for 2 h. After this period, worms were washed three times
with the same buffer and post-fixed in phosphate buffer contain-
ing 1% osmium tetroxide (Sigma-Aldrich) at room temperature for
1 h. All worms were dehydrated in ethanol, washed several times in
100% ethanol, critical-point-dried in CO,, mounted on stubs, coated
with gold, and examined under the Joel J[SM-5200 scanning elec-
tron microscope operating at 25 kV. All of the measurements were
taken in micrometers (jm).

2.3.3. Invitro study of the production and development of eggs

One pair of adult worms was placed in each well of a 24-well
culture plate and incubated with DNK for 72 h, as described in Sec-
tion 2.3.1. Then, the eggs were counted with the aid of an inverted
microscope. To verify egg development, pairs of adult worms were
cultivated as depicted in Section 2.3.1, in the absence of the tested
compound, for two days. Next, the worms were removed, DNK was
added at the same concentrations used above (12.5 to 200 wM or
5.5 to 89 g/mL), and the eggs were incubated in DNK for five days.
Eggs were classified as developed or non-developed as published
by Michaels and Prata (1968). The experiments were performed
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in quadruplicate. Negative control experiments used RPMI 1640
medium or RPMI 1640 with 0.1% DMSO instead of DNK and were
conducted in triplicate.

2.3.4. In vitro juvenile liver worm assay

For the juvenile liver parasite assay, two parasites (21 days old)
were added to the RPMI 1640 medium (Gibco) as described above,
and viability was evaluated every 24 h for 72 h, with the aid of an
inverted microscope, as suggested by Manneck et al. (2010). The
experiments were performed in quadruplicate. Negative control
experiments used RPMI 1640 medium or RPMI 1640 with 0.1%
DMSO instead of DNK and were conducted in triplicate.

2.3.5. Invitro schistosomula assay

The parasites were obtained by mechanical transformation of
cercariae, as reported by Harrop and Wilson (1993). One hundred
schistosomula were added to each well of a 24-well plate and
incubated with RPMI 1640 medium supplemented with antibiotics
(penicillin 100 UI/mL and streptomycin 100 wg/mL) (Gibco) and
10% FBS (Gibco) at 37°C for 24 h in 5% CO,. After the adaptation
of the schistosomula to the culture medium, DNK was added at the
same concentrations described earlier in this work (12.5 to 200 uM
or 5.5 to 89 pg/mL). The cultures were incubated under the same
conditions (37 °C, 24 h, 5% CO,), and the schistosomula viability was
assessed every 24 h for 72 h by means of an inverted microscope.
Parasites were considered dead when they became immotile and
presented with massive structural damage in the schistosomula,
as reported by Manneck et al. (2010). The experiments were car-
ried out in quadruplicate. Negative control experiments used RPMI
1640 medium or RPMI 1640 with 0.1% DMSO instead of DNK and
were conducted in triplicate.

2.4. Cytotoxicity assay

Cytotoxicity was measured with the aid of the in vitro Toxi-
cology Colorimetric Assay Kit (XTT; Roche Diagnostics) according
to the manufacturer’s instructions. Chinese hamster lung fibrob-
lasts (V79 cells) were cultured in HAM-F10 (Sigma-Aldrich) and
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich)
(1:1) supplemented with 10% FBS, antibiotics (100 pg/mL strep-
tomycin and 50U/mL penicillin) and 2.38 mg/mL HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma-Aldrich)
at 37°C with 5% CO,. For these experiments, cells (10% cells/well)
were plated in 96-well microplates. Each well received 100 p.L
DMEM medium (Sigma-Aldrich) containing DNK at concentrations
ranging from 6.25 to 400 wM (2.7 to 178 pg/mL) dissolved in 0.2%
DMSO for 24 h. Negative (without treatment), solvent (0.2% DMSO),
and positive (25% DMSO) controls were included. After incuba-
tion at 37°C for 24h, the medium was removed, and the cells
were washed twice with 100 L of phosphate buffered saline (PBS)
and exposed to 100 p.L of HAM-F10 medium without phenol red.
Then, 50 L of XTT was added to each well. The microplates were
covered and incubated at 37 °C for 17 h. The absorbance of the sam-
ples was determined on a multiplate reader (Tecan — SW Magellan
vs 5.03 STD 2PC) at a test wavelength of 492 nm and a reference
wavelength of 690 nm. Two experiments were performed in tripli-
cate.

2.5. Invivo treatment

2.5.1. Pre-toxicity assessment

A pre-toxicity test was performed as suggested by Ramirez et al.
(2007). For this purpose, four uninfected BALB/c female mice were
employed. DNK was dissolved in DMSO and injected (i.p.) in mice
as follows: 50 mg/kg at 0 h, 150 mg/kg at 2 h, 300 mg/kg at 4 h, and
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500 mg/kg at 8 h. The assay was stopped after 10 h because all of
the mice had died.

2.5.2. Treatment design

DNK was dissolved in 100 pL of DMSO and administered to
groups of 5 mice by intraperitoneal injection (i.p.) at 10, 50,
or 100mg/kg for five consecutive days per treatment group,
based on the treatment scheme proposed by Sayed et al. (2008):
Treatment 1 started 1 day after infection (skin-stage parasites),
treatment 2 started 23 days after infection (juvenile parasites),
and treatment 3 started 37 days after infection (adult worms)
after infection. The negative control consisted of one group of
five S. mansoni-infected mice that received DMSO in amounts
equivalent to the amount of DMSO administered to the treated
animals.

All mice were killed with an overdose of sodium pentobarbi-
tal (250 mg/kg). Worms were collected from all groups 49 days
after infection of the mice by perfusion of the hepatic portal and
the mesenteric veins according to Smithers and Terry (1965). The
collected worms were counted under a dissecting microscope.
To evaluate the number of eggs in the liver, liver tissue was
weighed and digested by overnight incubation in 5% KOH at 37 °C,
as suggested by Cheever (1968). The digested tissue suspensions
were centrifuged at 15200 x g, and the eggs present in the pel-
let were counted on microscope slides under 10x magnification.
To evaluate the antipathologic effect, the liver and spleen from
infected control mice and treated mice were weighed and com-
pared.

2.6. Statistical analysis

All results are expressed as the mean =+ S.E.M. Data were sta-
tistically analyzed by one-way analysis of variance followed by
Dunnett’s comparison. The statistical tests were performed with

the aid of GraphPad Prism (version 5.0) software.

Lethal Concentration (LCsq) and Cytotoxic Concentration (CCsg)
values, which refer to the schistosomicidal and cytotoxic activi-
ties of DNK in vitro, respectively, were calculated from a nonlinear
regression dose-response inhibition graph. The Selectivity Indices
(SI) were determined by dividing the CCsq of the V79 cells cytotox-
icity data by the LCsq of the schistosomicidal assay. The percentage
of worm and egg reduction in vivo was calculated by means of the
following equation:

value of untreated controlgroup — value oftreatment group
X
value of untreated control group

% reduction = [

3. Results
3.1. Invitro effect of (—)-6,6'-dinitrohinokinin against S. mansoni

3.1.1. Invitro effect of (—)-6,6'-dinitrohinokinin on pairs of S.
mansoni adult worms

In vitro, DNK at 200 uM killed 100% of the adult worms
within 24h (Fig. 2) and afforded LCsg values of 103.9+3.6 and
102.5+4.8 uM at 24 and 72h, respectively (Table 1). DNK at
100 WM drastically diminished parasite movement within 24 h. At
all other concentrations (except 12.5 wM), DNK reduced parasite
movement and caused some morphological alterations (Fig. 3).
Incubation with DNK at 200 uM severely damaged the tegument
of both female and male adult parasites. Peeling of the tegument
occurred within 24 h. In the case of the male parasite, there was a
severe reduction in the number of tubercles in their spine (Fig. 3A
and B).

There were no modifications in the viability (Fig. 2) or tegument
(Fig. 3C and D) of the female and male adult parasites belonging
to the negative control groups (RPMI 1640 or RPMI 1640+0.1%

100%
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Fig. 2. In vitro effect of lignan (—)-6,6'-dinitrohinokinin (DNK) on the viability of
S. mansoni adult worms. Pairs of adult worms were incubated with DNK, and the
viability was monitored every 24 h for 72 h with the aid of a viability scale of 0-3
(3=normally active and no morphological changes; 2 =slower activity and initial
morphological changes; 1=minimal activity, occasional movement of the head and
tail, and severe morphological changes; 0=death of all worms and severe morpho-
logical changes). Adult worms belonging to the control groups were incubated with
praziquantel (PZQ) at 12.5 wM (positive control) or with RPMI 1640 medium only
or with RPMI 1640 containing 0.1% DMSO (negative controls). Values are expressed
as the mean + S.E.M of three independent experiments (a total of 24 pairs of adult
worms were scored at each concentration).
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DMSO). On the other hand, incubation of worms with PZQ (12.5 pM
or 3.9 pg/mL) resulted in 100% parasite mortality within 24h
(Fig. 2). Blebs emerged in the male parasite tegument, and peeling
occurred in the female parasite within 24 h of incubation (Fig. 3E
and F).

3.1.2. Invitro effect of (—)-6,6'-dinitrohinokinin on the
production and development of eggs by pairs of adult worms

The effect of DNK on adult worms motivated the investigation
of the in vitro activity of DNK against the production and develop-
ment of eggs. At concentrations higher than 25 M, DNK separated
all of the S. mansoni couples after 24 h of incubation and reduced
the total number of eggs by over 83% (Fig. 4A). On the other hand,
parasites remained coupled at a DNK concentration of 12.5 M, and
egg production did not differ significantly from the egg production
in the negative control groups. At concentrations of 50, 100, and
200 wM, DNK impaired the development of eggs produced by adult
worms (Fig. 4B).

3.1.3. Invitro effect of (—)-6,6'-dinitrohinokinin on juvenile liver
worm and schistosomula mortality

In the case of juvenile liver worms, DNK yielded LCsq values of
522.8+4.7,226.3+3.2, and 179.5+2.3 uM at 24, 48, and 72 h of
incubation (Table 1). The negative control group showed normal
viability. Moreover, the activity against mechanically transformed
schistosomula parasites was high after incubation with DNK, pro-
viding LCsq values of 57.4+2.3, 32.5+0.9, and 204+ 1.2 pM at

Table 1
In vitro effect of (—)-6,6'-dinitrohinokinin S. mansoni and V79 cells.
LCsp (LM)? CCso (LM)P SI/24h¢
24h 48h 72h 24h
Adult worm 1039 £ 3.6 1039 + 3.6 102.5 £ 4.8 8.5
Juvenile liver worm 522.8 £ 4.7 2263 +3.2 1795 £ 2.3 1.7
Schistosomula 574 +23 325+09 204 +1.2 154
V79 cells 885.5 + 0.2
3 LCsp lethal concentration.
b CCsp cytotoxic concentration.
¢ Sl selectivity index between V79 cells (Chinese hamster lung fibroblast cells) and the parasite stages.
DNK Control PZQ

Female

Male

Fig. 3. Scanning electron microscopy images of the tegument of S. mansoni adult worms after incubation with (—)-6,6'-dinitrohinokinin (DNK). Adult worms were incubated
with DNK at 200 wM (89 pg/mL) for 24 h (A and B), and the tegumental alterations were examined under a scanning electron microscope. Control groups of adult worms
were incubated with RPMI 1640 containing 0.1% DMSO (negative control) (C and D) or praziquantel (PZQ) at 12.5 uM (3.9 pg/mL) (positive control) (E and F). Tubercles (T),

Peeling (P), Bubbles (B).
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Fig. 4. In vitro effect of (—)-6,6'-dinitrohinokinin (DNK) on the production and development of eggs by pairs of adult worms. Pairs of adult worms were treated for 72 h, and
the number of eggs was monitored with the aid of an inverted microscope (A). Eggs were treated for 120 h and were microscopically examined and scored as developed or
undeveloped on the basis of the presence or absence of the miracidium (B). Parasites or eggs belonging to the control groups were incubated with RPMI 1640 medium only
or with RPMI 1640 containing 0.1% DMSO (negative controls). The results represent the mean + S.E.M from three independent experiments. An asterisk indicates statistically
significant differences compared with the negative control group (RPMI 1640 medium only) (**P<0.01, ***P<0.001).

24,48, and 72 h, respectively (Table 1). In the absence of DNK, the
viability of schistosomula was normal.

3.2. Invitro evaluation of (—)-6,6'-dinitrohinokininon
cytotoxicity to mammalian cells

Incubation of different concentrations of DNK with Chinese
hamster lung fibroblast cells (V79 cells) helped to ascertain the
cytotoxicity of DNK in vitro. Cell viability was monitored for 24 h.
No cytotoxicity was observed at the evaluated concentrations, and
the viability at higher DNK concentrations (400 M) was approx-
imately 90%. The calculated CCsy was 885.5+0.21 wM (Table 1).
The selectivity index (SI) determined at 24 h, which indicated the
toxicity of DNK toward the parasite compared to the toxicity of
DNK toward the V79 cells, demonstrated that DNK was 8.5 and 15.4
times more toxic to the adult parasite and schistosomula than to
V79 cells, respectively. On the other hand, DNK was only 1.7 times
more toxic to the juvenile liver parasite than to V79 cells (Table 1).

3.3. In vivo effect of (—)-6,6'-dinitrohinokinin against S.
mansoni-infected mice

Although in vitro assays are not considered suitable to cover
all aspects of the anthelminthic activities of drugs, they provide
the first evidence of anti-helminthic effects and give insight into
their mode of action (Holtfreter et al., 2011). For this reason, we
undertook in vivo studies to evaluate the activity of DNK against S.
mansoni-infected mice.

The pre-toxicity assessment for DNK on uninfected BALB/c mice
showed that the highest tolerated dose was 500 mg/Kg. The in vivo
assay involved intraperitoneal injections (i.p.) of DNK at 10, 50, or
100 mg/kg daily for five consecutive days as follows: Treatment
1 started 1 day after infection (skin-stage parasites), treatment 2
started 23 days after infection (juvenile parasites), and treatment
3 started 37 days after infection (adult worms).

As listed in Table 2, all treatments reduced the total number of
worms moderately compared with the negative control. Treatment
1 markedly decreased the total number of worms at all dosages by
33.8, 44.6, and 47.9% at 10, 50, and 100 mg/kg/day, respectively,
with no significant differences among the doses. Treatment 2 sig-
nificantly lowered the total number of worms by 36.2, 52.0, and
52.3% at 10, 50, and 100 mg/kg/day, respectively, but the doses
of 50 mg/kg/day and 100 mg/kg/day were more effective com-

pared with 10 mg/kg/day. Treatment 3 considerably diminished
the total number of worms by 39.9, 48.9, and 48.3% at 10, 50, and
100 mg/kg/day, respectively, with no significant differences among
the doses. It was possible to recover an equal number of male and
female worms from the treated animals, which indicated that DNK
was equally active against both male and female worms.

DNK significantly decreased the number of eggs per gram of
tissue in the case of treatments 1 and 2 compared with the
negative control. Treatment 1 markedly reduced the number of
eggs per gram of tissue by 40.7, 47.8, and 47.9% at 10, 50, and
100 mg/kg/day, respectively. Treatment 2 promoted the highest
activity. It decreased the number of eggs per gram of tissue by 52.5,
53.6, and 60.0% at 10, 50, and 100 mg/kg/day, respectively. In addi-
tion, the spleen and liver weights dropped during treatments 1 and
2 compared with the negative control, which culminated in reduced
hepatomegaly and splenomegaly. Treatment 3 did not lower the
number of eggs or the spleen and liver weights (Table 2).

4. Discussion

The present study reported how DNK affected S. mansoni in vitro
and in vivo. Among the several classes of plant-derived secondary
metabolites, lignans constitute a class that displays a wide spec-
trum of biological activities (Apers et al., 2003), including their
action against parasites that cause neglected tropical diseases such
as trypanosomiasis (Saraiva et al., 2007; Esperandim et al., 2010)
and leishmaniasis (Royo et al., 2003). In a previous work, our group
found that (—)-cubebin from P. cubeba (used in the semi-synthesis
of DNK in the present work) did not kill S. mansoni but mini-
mized the movement that occurred at concentrations of 100 and
200 wM. In addition, studies have shown that DNK acts against
oral microorganisms (Silva et al., 2007) and possesses significant
anti-inflammatory and analgesic activities (Da Silva et al., 2005). It
has been suggested that the carbonyl group at C-9 and the intro-
duction of polar groups such as NO, in the aromatic rings benefit
biological activities. Nevertheless, nitro compounds may undergo
redox cycling and cause host toxicity. Interestingly, DNK was not
cytotoxic to V79 mammalian cells in vitro. Many therapeutic drugs
available on the market bear nitro groups, such as metronidazole,
nitrofural, oxamniquine, furazolidone, chloramphenicol, nitrofural,
nitrofurazone, and clonazepam, among others. Paula et al. (2009)
reported that the toxicity of nitro compounds depends not only
on their chemical structure but also on dose and exposure time.
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Table 2
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In vivo effect of (—)-6,6'-dinitrohinokin against S. mansoni infected mice.

Groups and doses Mean worm Reduction of total Liver weight Spleen Number of eggs/g Reduction of
(mg/kg)? burden+S.EM worm burden® (g) weight (g) liver tissue eggs”
% %
Male Female Couple Total
Control 192+31 164+24 122+19 59.6+63 1.74 £ 0.11 0.71 £ 0.09 74881 + 4694
T110 116 +£23 106 +53 86+ 1.8 394+40" 338 1.43 + 0.18’ 0.52 £ 0.06™" 44392 + 4702™" 40.7
T150 116 £33 94425 6.0+07 33.0+207" 446 1.47 £ 0.25 049 + 0.04™ 39056 + 1257 47.8
T1 100 13.8 +£3.2 84+ 44 6.0+20 31.0+15" 479 1.54 + 0.09° 0.47 £ 0.03"" 38969 + 6141™" 47.9
T2 10 13.0 £33 9.0 £29 8.0+22 380+64" 362 1.38 + 0.06 0.44 +0.03"" 34742 + 3056™" 52.5
T2 50 11.0 +£ 3.0 92426 50+22 286+55" 520 1.40 + 0.10° 042 + 0.02"" 35542 + 3269 53.6
T2 100 106 + 2.7 82 +42 48+22 284+53" 523 1.43 £ 0.11° 045 + 0.04™" 29934 + 1466™ 60.0
T3 10 132+ 08 102 +£39 62+14 358+47" 399 1.69 + 0.11 0.65 £.0.2 60341 + 9598 19.0
T3 50 102 £ 23 94 +15 64+28 304+33" 489 1.68 + 0.13 0.64 + 0.04 62205 + 4103 16.9
T3 100 114+26 102 +22 46+20 308+48" 483 1.70 + 0.09 0.63 + 0.05 60541 + 1297 19.1

Data are expressed as the mean + S.E.M; Asterisk indicates statistically significant differences compared with the negative control group (*P<0.05., ***P<0.001).
2 Treatment 1 (T1) was started 1 day after infection (skin schistosomula); treatment 2 (T2) was initiated 23 days after infection (juvenile parasite); and treatment 3 (T3)

was started 37 days after infection (adult worms parasite).

b percentage reduction was calculated according to the following equation: % reduction = [(value of untreated control group-value of treatment group)/value of untreated

control group] X 100%.

In addition, the selectivity index (SI) parameter is relevant. Indeed,
values higher than 10 could suggest that a product is safer for use
in mammalian hosts (Lenta et al., 2007). Herein, the S was 15.4 and
8.5 for schistosomula and pairs of adult worms, respectively.

Some in vitro studies on natural products have reported that
male S. mansoni worms are often more susceptible than female
worms (Sanderson et al., 2002; De Melo et al., 2011), whereas other
investigations have not mentioned any differences between male
and female worms (Manneck et al., 2010; Moraes et al., 2011). Pre-
vious studies have stated that the tegument can be a target for
the development of antischistosomal drugs. In fact, most of the
compounds used against schistosomes, such as PZQ (Shuhua et al.,
2000), mefloquine (Manneck et al., 2010), and artemether (Xiao
etal., 2007), can act by damaging the tegument apart from display-
ing other mechanisms of action. In the present work, the results
obtained in vitro showed that DNK was active against both male and
female adult worms and severely damaged the tegument of adult
worms. At concentrations higher than 25 wM, DNK elicited high
mortality of the mechanically transformed schistosomula parasites,
an outcome that was similar to the effect observed after incuba-
tion of schistosomula with mefloquine, for instance (Manneck et al.,
2010).

Paired Schistosome couples that remain in the blood system of
vertebrate hosts prompt high oviposition rates, which results in
immunopathological lesions characterized by inflammation and
fibrosis in the target organ (Kunz, 2001). In addition to playing a
role in the pathological aspects of schistosomiasis, the developed
eggs are crucial for the transmission of this infection (Freitas et al.,
2007). Here, DNK successfully separated all of the S. mansoni cou-
ples, reduced the number of eggs, and decreased the percentage of
egg development in vitro.

During the in vivo assay, we used the scheme for the treatment
based by Sayed et al. (2008) and all treatments and DNK doses
reduced the worm burden by 33.8 to 52.3%. The applied admin-
istration protocol was that suggested by the WHO for a primary
in vivo screening study (Ramirez et al., 2007) and by other inves-
tigations (Abdulla et al., 2007; Sayed et al., 2008; Allan et al., 2009
Aires et al., 2014). Additionally, in vivo treatments 1 and 2 caused
a reduction in the number of eggs per gram of tissue and conse-
quently a reduction of the liver and spleen weight. The reduction
of eggsin the tissues in treated mice may be attributed to the reduc-
tion in worm burden as a result of DNK treatment or the present
low productivity of the female.

Compared to our work, other studies of schistosomicidal activ-
ity have reported on similar or higher reductions in the number

of adult worms and eggs (Abdulla et al., 2007; Allan et al., 2009
Aires et al., 2014). The results obtained with the three doses of DNK
administered to mice did not evidence any significant correlation
between dose and response, probably because the pharmacokinetic
parameters can be involved with the lack of correlation between
dose and response. In addition, Resende et al.(2010) did not find any
dose-response correlation when they conducted the micronuclei
test for (—)-hinokinin, a semi-synthetic compound derived from
(=)-cubebin. Therefore, pharmacokinetic studies, measuring drug
concentrations in the body and the target organs, might aid in the
evaluation of DNK in vivo. The present study did not assay the
in vivo effect of PZQ because administration of this drug at 50 mg/kg
for five consecutive days reduces the number of adult worms by
more than 90% (Aires et al., 2013).

In conclusion, this first report on the schistosomicidal activity
of DNK indicated that this compound possesses moderate in vitro
and in vivo activities against S. mansoni. Several structure-activity
relationship (SAR) studies have been conducted (Menezes et al.,
2012; Wang et al., 2013) to identify the best candidates to treat
schistosomiasis. Considering the results obtained here, it might be
interesting to explore the structure-activity relationship of its anti-
schistosomal activity. Another possibility would be to use DNK in
association with PZQ, which could give rise to better activity (syn-
ergism) and minimize the development of drug resistance by the
parasite.
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