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ARTICLE INFO ABSTRACT

Keywords: Schistosomiasis is an infectious disease caused by helminth parasites of the genus Schistosoma; it is transmitted in
SChisms”m? Iflansoni over 78 countries. The main strategy for schistosomiasis control is treatment of infected people with praziquantel
Schistosomiasis (PZQ). As PZQ-resistant strains have emerged, new anti-schistosomal agents have become necessary. We eval-
E:Zi?;ﬁmel uated the in vitro and in vivo effect of P-MAPA, an aggregated polymer of protein magnesium ammonium
Antischistosomal agents phospholinoleate-palmitoleate anhydride with immunomodulatory properties; it is produced by Aspergillus ory-
Immunomodulators zae fermentation. In vitro, P-MAPA (5, 50, and 100 pg/mL) damaged the Schistosoma mansoni tegument, causing

thorn losses and tuber destruction in male worms and peeling and erosion in females after 24-h incubation. In
vivo, P-MAPA (5 and 100 mg/kg, alone and combined with PZQ - 50 mg/kg) reduced the number of eggs by up to
69.20% in the liver and 88.08% in the intestine. Furthermore, granulomas were reduced up to 83.13%, and there
was an increase in the number of dead eggs and a reduction of serum aspartate aminotransferase levels. These
data suggest that P-MAPA activity can help improve schistosomiasis treatment and patients’ quality of life.

1. Introduction search for new anti-schistosomal agents to overcome PZQ resistance

(Greenberg, 2014; Neves et al., 2015). One of the classes of drugs that

Schistosomiasis is an acute and chronic disease caused by helminth
parasites of the genus Schistosoma. In 2015, an estimated 218 million
people, more than half school-age children, were living in areas at high
risk for the disease in over 78 countries (WHO, 2017). The disease is
transmitted by Schistosoma-spp.-infected snails that release cercariae in
watercourses. Cercariae penetrate the skin, and female worms initiate
oviposition in the intestine around day 38 post-infection. By embolism,
eggs reach mainly the liver and trigger host immunological reactions
(Colley et al., 2014).

The current strategy for schistosomiasis control is the treatment of
infected people with praziquantel (PZQ) (Katz and Coelho, 2008;
McManus et al., 2018; WHO, 2017). However, PZQ has lost efficacy due
to its long-term worldwide application, and PZQ-resistant and/or
tolerant Schistosoma mansoni strains have been found (Danso-Appiah
and De Vlas, 2002; Zwang and Olliaro, 2014). The situation urges the
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appears to have potential in the treatment of schistosomiasis are
immunomodulatory agents. Treatment with praziquantel associated
immunomodulators in mice infected with Schistosoma mansoni appears
to have promising potential (Silva et al., 2020).

P-MAPA, developed by the Farmabrasilis research network, is an
aggregated  polymer of protein magnesium  ammonium
phospholinoleate-palmitoleate anhydride with immunomodulatory
properties. It is produced by Aspergillus oryzae fermentation. The com-
pound increases the production of cytokines, especially interferon-
gamma (IFN-y) and interleukin 2 (IL-2), and stimulates the release of
nitric oxide by macrophages (Farmabrasilis, 2008; Melo et al., 2014).
P-MAPA has shown important activities against tumors (Favaro et al.,
2012), viruses (Duran et al., 2009), bacteria (Melo et al., 2001), and
protozoa (Melo et al., 2014; Santiago et al., 2013). Toxicological studies
determined that P-MAPA is safe in mice, since the LD50

Received 19 August 2020; Received in revised form 12 March 2021; Accepted 23 March 2021

Available online 28 March 2021
0001-706X/© 2021 Elsevier B.V. All rights reserved.


mailto:bruno.carvalho@upe.br
www.sciencedirect.com/science/journal/0001706X
https://www.elsevier.com/locate/actatropica
https://doi.org/10.1016/j.actatropica.2021.105909
https://doi.org/10.1016/j.actatropica.2021.105909
https://doi.org/10.1016/j.actatropica.2021.105909
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2021.105909&domain=pdf

J.C.S. Silva et al.

Table 1
Experimental groups with the specific therapeutic description.
Groups Number of
animals
GI - S. mansoni infected and untreated 11
GII - S. mansoni infected and treated with P-MAPA 5 mg/kg 11

GIII - S. mansoni infected and treated with P-MAPA 5 mg/kg + 10
PZQ 50 mg/kg

GIV - S. mansoni infected and treated with PZQ 50 mg/kg 10

GV - S. mansoni infected and treated with P-MAPA 100 mg/kg 9

intraperitoneally was obtained with a dosage of 2.71 + 1.55 g/kg, which
represents a dosage approximately 500 times higher than the thera-
peutic dosage used of the product, which is 5 mg/kg. (Farmabrasilis,
2008; Favaro et al., 2012).

Here, its in vitro and in vivo action in a worm, S. mansoni, and its
potential as an adjuvant therapy in the treatment of schistosomiasis
were evaluated for the first time.

2. Materials and methods
2.1. Study design

S.-mansoni-infected male mice were treated or untreated with P-
MAPA and PZQ in different treatment regimens. One-hundred-eleven
Swiss male mice (60 for the in vitro and 51 for the in vivo studies) at
28-30 g and 28 days of age were provided by the Aggeu Magalhaes
Institute (IAM) breeding stock. Before the experiments, the animals were
submitted to quarantine to reduce stress effects. The animals were
identified by coding to minimize the risk of bias by the observers. They
were housed in boxes on shelves under constant temperature (21 + 2 °C)
and brightness (12 h light/12 h dark) and had access to food and water
ad libitum. The study protocol (97/2016) was approved by the IAM
Ethics Committee on Animal Studies.

2.2. Infection of mice

The mice were individually infected with 80 cercariae from
S. mansoni LE strain (Luiz Evangelista) kept in Biomphalaria glabrata
snails raised in the Laboratory of Malacology of IAM/FIOCRUZ. The
infection was performed percutaneously, with exposure for 1 h under
artificial light.

2.3. Experimental groups and drugs

Mice were randomly allocated into five experimental groups (GI to
GV), according to the therapeutic intervention (Table 1).

P-MAPA holds the Orphan Drug Designation (https://www.access
data.fda.gov/scripts/opdlisting/oopd/detailedIndex.cfm?cfgridke
y=721319) status by the U.S. Food and Drug Administration (FDA), was
developed and kindly provided by Farmabrasilis (Valinhos, SP, Brazil), a
non-profit research network. Praziquantel was purchased from Sigma
(Sigma Aldrich, St. Louis, MO, USA). Mice were treated with a single 50
mg/kg oral dose of PZQ and/or intraperitoneal P-MAPA injection. Both
drugs were diluted in 5% Pluronic F-127 (Sigma Aldrich, St. Louis, MO,
USA). P-MAPA was given at 5 mg/kg/day (suggested therapeutic dose)
for 8 days (days 60-67 post-infection) and at 100 mg/kg at day 60, 64
and 67 post-infection to observe the effects of the drug during the course
of infection.

2.4. Invitro test in adult worms

Two pairs of adult worms, recovered from infected mice, were placed
in each well of a 24-well culture dish that contained RPMI 1640 medium
supplemented with antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin) and 10% fetal bovine serum (FBS). The plates were

Acta Tropica 218 (2021) 105909

incubated at 37 °C and 5% CO,, for 2 h.

A stock solution of P-MAPA was prepared and added to the wells at
concentrations of 5, 50, or 100 pg/mL. PZQ (positive control) was used
at a concentration of 0.5 pg/mL. The negative control contained only
supplemented RPMI media. Each dose was tested in triplicate; the final
volume in each well was 2 mL.

The parasites were monitored for survival over 24 h on an inverted
microscope. Phenotypic changes were scored based on a motility scale
that ranged from 0 to 3 (Ramirez et al., 2007): 3, active worms with
normal body movements; 2, slow worms with delayed body movements
or only movements at the extremities of the anterior and posterior re-
gions; 1, very slow worms, with occasional movement of the extremities
or intestine; 0, dead worms, with total absence of movement. The ex-
periments were performed in triplicate and repeated.

2.5. Tegument evaluation of S. mansoni by scanning electron microscopy

Adult worm pairs were treated with 5, 50, or 100 pg/mL P-MAPA,
RPMI 1640 (negative control), or 0.5 ug/mL PZQ (positive control) for
24 h. Subsequently, they were fixed in Karnovsky’s fixative and stored
under refrigeration.

Worms were washed three times with a buffer solution (sodium
cacodylate, pH = 7.2) and fixed in 2.5% glutaraldehyde (pH = 7.4) for
24 h and later in 1% osmium tetroxide at room temperature for 1 h. All
worms were washed several times in 100% ethanol to be dehydrated,
dried in liquid CO, stacked, gold plated, and scanned in a JEOL JSM-
5600 electron microscope (Jeol Ltd., Tokyo, Japan) at Keiso Asami
Immunopathology Laboratory (LIKA), UFPE. All measurements were
performed in pm.

2.6. In vivo tests

2.6.1. Worm recovery

Animals were anesthetized with 115 mg/kg ketamine hydrochloride
and 10 mg/kg xylazine hydrochloride. Worms were recovered from the
hepatic portal system by an infusion technique (Alencar et al., 2016).
The worms from each mouse were sedimented for approximately 20 min
in Petri dish with RPMI 1640 medium to allow identification, exami-
nation, sex determination, and counting.

2.6.2. Egg counting

The number of eggs/g liver was counted after 4% KOH digestion,
according to the method described by Cheever and Anderson (Cheever
and Anderson, 1971). On the oogram, the small intestine of mice was cut
into approximately 1 cm segments, compressed between slides, and
examined using an optical microscope. S. mansoni eggs (mature,
immature and dead) were counted in three segments for each mouse to
calculate the average number of eggs. This classification was done
following the method specifications under the microscope visualization:
mature — embryo was occupying its entire internal area; immature —
embryo was not visible or did not occupy the internal area of the egg;
dead - embryo or miracide was retracted (Pellegrino et al., 1962).

2.6.3. Histopathology

The central portion of the right liver lobe was removed from all
animals and fixed in 10% formalin. The fragments were dehydrated in
increasing concentrations of ethanol, diaphanized in xylol, and
embedded in paraffin. Five pm sections were stained with hematoxylin-
eosin (HE). All granulomas found in three random fields of the histo-
logical section were quantified. The images were captured with a Lab-
omed Lx400 microscope (Labomed Inc. Los Angeles, CA, US) attached to
a 1.3 MP USB 2.0 Moticam 1000 digital camera and using Motic Images
Plus 2.0 software (Motic Incorporation Ltd., Hong Kong).

2.6.4. Biochemistry
On day 68 post-infection, blood was collected under anesthesia from
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Table 2
Worm motility score after 24 h incubation with praziquantel (PZQ) or P-MAPA.

GroupsMotility score Worms percentage (%)

0 1 2 3
Control 100
PZQ 0,5 pg/ml 100
P-MAPA 5 pg/ml 25 75
P-MAPA 50 pg/ml 100
P-MAPA 100 pg/ml 100

the vena cava. Serum was obtained after centrifugation at 1000xg for 15
min. The serum levels of the enzymes aspartate transaminase (AST) and
alanine aminotransferase (ALT) were evaluated using the BioSystem®
kit (Barcelona, Spain).

2.6.5. Statistical analysis

Data are expressed as mean =+ standard deviation (SD). Analysis of
variance (ANOVA) was used for comparison among groups. When
ANOVA revealed a significant difference, Bonferroni’s post-test was
used to identify the difference between groups. Differences were
considered significant when p < 0.05. GraphPad Prism 5.01 (GraphPad
Software, San Diego, CA, US) was used for statistical analysis.

3. Results
3.1. Invitro effect of P-MAPA on S. mansoni adult worms

P-MAPA at 5, 50, or 100 pg/mL reduced the motility of adult worms.
Table 2 details the schistosomicidal effect of P-MAPA on S. mansoni adult
worm motility after 24-h incubation. There was no adhesion of suction
cups or egg laying. Fig. 1A-E shows the preserved morphology of the
negative control adult worms and Fig. 1F-I the worm characteristics
after in vitro PZQ treatment. Fig. 2A-B shows female and male worm
treated with 5 pg/mL P-MAPA for 24 h and indicates peeling and erosion
of the tegument, showing areas with cracks.

The effects of 50 pg/mL P-MAPA on female and male worm are
shown in the Fig. 2C-D. There were peeling and erosion of the tegument,
exposure of the submuscular tissue, areas with cracks and presence of
holes. At the same concentration in the male worm, there was a total
destruction of the tubers with exposure of submuscular tissue and
damaged sensorial structures (Fig. 2C-D). Fig. 2E depicts swelling on the
tegument and erosion in the female’s body as a result of in vitro 100 ng/
mL P-MAPA exposure. Loss of spines, destruction of tubers, bubbles and
presence of holes were observed at the same concentration on the male
worm (Fig. 2F).

3.2. Worm recovery

As shown in Fig. 3, all tested treatments significantly reduced the
total number of worms recovered by perfusion when compared to the
untreated infected mice.

3.3. Effect of P-MAPA on the number of eggs/g liver or intestine

Combined 5 mg/kg P-MAPA + 50 mg/kg PZQ or 100 mg/kg P-MAPA
alone significantly decreased the number of eggs/g of liver compared to
the untreated group. The reductions were 67.31% and 69.20%, respec-
tively. All treatment regimens significantly reduced the number of eggs/
g of intestine compared to untreated infected mice. Combined 5 mg/kg
P-MAPA + 50 mg/kg PZQ presented the greatest egg count reduction in
the intestine (88.08%) as well as the liver (Table 3).

The oviposition pattern was significantly reduced in mature eggs in
all treatment groups when compared to the untreated infected group
(Table 4). Only the 5 mg/kg P-MAPA treatment regimen did not
significantly reduced immature eggs in comparison to the infected
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control group. Combined 5 mg/kg P-MAPA + 50 mg/kg PZQ or 50 mg/
kg PZQ alone also reduced the number of immature eggs when
compared with the 5 mg/kg-P-MAPA-treated group and untreated
infected mice.

The 5 mg/kg P-MAPA and 50 mg/kg PZQ treatments significantly
increased the counts of dead eggs when compared with the control
group. Furthermore, combined 5 mg/kg P-MAPA + 50 mg/kg PZQ or
100 mg/kg P-MAPA alone also significantly increased the number of
dead eggs when compared with 5 mg/kg-P-MAPA-treated mice. These
results showed that P-MAPA seems to modulate the oviposition pattern
of S. mansoni.

3.4. Effect of P-MAPA on liver granulomas

Table 5 shows the significant reduction in the number of granulomas
for all studied treatment regimens when compared to the untreated
infected group. Beyond presenting differences regarding the infected
mice, 100 mg/kg P-MAPA also significantly reduced the granuloma
number when compared to 50 mg/kg-PZQ-treated mice.

Fig. 4 depicts hepatic granulomas in the different treatment regi-
mens. The hepatic tissue of a control animal, without infection and
without treatment, is presented in Fig. 4A, and the infected and un-
treated group is shown in Fig. 4B. Histological sections with hepatic
granulomas treated with 50 mg/kg PZQ or 5 mg/kg P-MAPA are shown
in Fig. 4C and 4D, respectively. Hepatic granulomas under the effect of 5
mg/kg P-MAPA treatment + 50 mg/kg PZQ or 100 mg/kg P-MAPA are
shown in Fig. 4E and 4F, respectively.

3.5. Liver enzyme levels

The serum levels of AST and ALT in the treatment groups are shown
in Fig. 5. There was an apparent reduction in ALT levels in all treatment
regimens compared to the infected and untreated group, but the
reduction was not statistically significant. AST was reduced in all
treatment groups, but the difference was only statistically significant in
the 100 mg/kg-P-MAPA-treated mice.

4. Discussion

As a strategic target for schistosomicidal drugs, the S. mansoni
tegument plays a key role in nutrition, excretion, signal transduction,
evasion, osmoregulation, immune modulation, and parasite-host in-
teractions (Jones et al., 2004; Mulvenna et al., 2010). Indeed, tegu-
mentary changes - vacuolations, peeling of the tegument, tubercles and
spines, increased membrane permeability and Ca®" influx, absence of
phosphorylation in al- and p-calcium channels, membrane depolariza-
tion in adult worms, schistosomulae, a contraction and muscular pa-
ralysis that act on parasite neurotransmitters - are observed after
exposure of S. mansoni to low PZQ concentrations (Lorsuwannarat et al.,
2013; Xiao et al., 2007). As young worms are less susceptible to PZQ
than adults (Colley et al., 2014; Aratjo et al., 2020a), and decreased
susceptibility to PZQ is reported (Melman et al., 2009; Zwang and
Olliaro, 2014), the association of drugs for the treatment of schistoso-
miasis has been emphasized to increase therapeutic efficiency and deter
the emergence of resistant strains (Katz and Coelho, 2008).

At all concentrations evaluated in vitro, P-MAPA presented powerful
activity against adult male and female worms and severely damaged the
worm tegument. These damages included the loss of spicules, tuber
destruction, depression and formation of bubbles in male worms; and
peeling, erosion, and swelling in females. Consistently, other in vitro
studies on natural products reported that S. mansoni male worms are
often more susceptible to treatments compared to female worms (Melo
et al., 2011; Sanderson et al., 2002; Aradgjo et al., 2019; 2020b).

Beyond damaging worm tegument, decreasing worm motility,
wrinkling worms, and halting oviposition for 24 h, P-MAPA reduced the
recovery of worms by up to 50% by the portal hepatic system compared
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to the untreated infected group. Additionally, combined P-MAPA + PZQ
or 100 pg/mL P-MAPA alone reduced the number of eggs/g of liver by
67.31 and 69.20%, respectively, compared to the infected mice without
treatment.

Schistosoma spp. couples that remain in the vertebrate host blood
system exhibit high oviposition rates. This activity results in immuno-
pathological lesions characterized by inflammation and fibrosis in the
target organ (Santos et al., 2018; McManus et al., 2018; Schwartz and

Acta Tropica 218 (2021) 105909

Fig. 1. (A-D) Electromicrographs of adult S. mansoni from
the negative control group (A-E: RPMI 1640 medium) and
positive control group (F-I: PZQ). (A, 25x) S. mansoni cou-
ples (M=male and F=female). On the anterior region of
male (B, 330x) and female (C, 330x) worms ventral sucker
(VS) and oral sucker (OS). (D, 1,500x) On the enlarged view
of dorsal male region, it is possible to observe tubercles (T)
with spines, parallel folds between tubercles (TF), spines
(S), ciliated papillae (CP), and dome-shaped papillae (DP).
(E, 1,700x) Female with longitudinal lines and well-
distributed sensory organs (SO). (F, 70x and G, 100x)
Male and female in spiral format (SF) respectively, both
with extensive swelling area (AS). Still being observed
peeling (P) in the male and muscle contraction (MC) at the
female. (H, 330x) On male median and anterior regions, the
presence of bubbles (B) emerging around the tubercles of
the male worm. On the dorsal region of male worms we
observed agglomerated tubercles (AT) or juxtaposed and
loss of spicules (LS). (I, 330x) Tegument with extensive
areas of swelling (AS), and highlighted damaged sensorial
structures (SSD) and appearance of holes (AH).

Fallon, 2018). The most important pathogenic event in schistosomiasis is
the formation of hepatic granuloma and peri-portal hepatic fibrosis
(Santos et al., 2018). Eggs are initially laid by females in the mesenteric
vessels and subsequently carried by the bloodstream to other organs,
including the liver. Human and experimental schistosomiasis is directly
related to the development of granulomatous reactions due to the release
of soluble antigens produced by S. mansoni eggs, which induce an immune
response in the host (Hams et al., 2013; Schwartz and Fallon, 2018).
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Fig. 2. (A-F). Electromicrographs of S. mansoni
adult couples exposed by 24 h to 5, 50 e 100
pg/mL P-MAPA. 5 pg/mL P-MAPA (A, 190x)
shows extensive area of peeling (EAP) of the
female worm, with areas of swelling (AS) and
cracks (AC) in addition to exposure of the sub-
muscular tissue (ST). In (B, 190x) areas with
cracks (AC) and evidence of submuscular tissue
(ST) in female and evidence of furrows (F) and
appearance of holes (AH) in male worm. At 50
png/mL P-MAPA (C, 330x) shows peeling (P),
areas with cracks (AC), swelling (AS), furrows
(F) and presence of holes (AH) with different
levels of severity, some with exposure of sub-
tegumental tissue (ST) in female worm. While
in the male worm it highlights damaged
sensorial structures (SSD), eruption of tubercle
(ET), exposure of submuscular tissue (ST) and
area with cracks (AC). In the median region of
the male worm (D, 330x) destruction of
numerous tubers (DTN). At 100 pg/mL P-
MAPA, the female worm (E, 550x) presented
several erosions with exposure of the muscula-
ture (EME) and on the male worm (F, 550x), we
observed tubercles displacement (TD), agglom-
erated tubercles (AT), presence of bubbles (B),
loss spicules (LS) and appearance of holes (AH).

Mature eggs play a key role in the pathological aspects of schisto-

104 - : . .. . ..
somiasis and in the disease transmission. Thus, the high ovicidal effect
observed in the oogram for all P-MAPA treatment regimens can surely
— contribute to decrease the disease transmission, especially at unhealthy
-‘E environments. The reduction in the number of eggs may be related to the
3 fecundity of the worms. Consistently, P-MAPA acted on the male and
g female worm tegument and precluded egg laying by the females, actions
= that impact the worm’s oviposition pattern.
o
3
Table 3
Liver and gut egg count after isolated treatment with P-MAPA or in association
with praziquantel (PZQ) in mice infected with Schistosoma mansoni.
Groups Liver egg % Gut egg %
count/g x Reduction count/g x Reduction
10° 10°
C‘)\ S. mansoni infected 16,49 + 3,40 - 10,79 + -
and untreated 3,09
P -MAPA 5 mg/kg 8,84 + 1,24 46,38% 1,74 +£ 0,41 83,86%
P-MAPA 5 mg/kg + 5,39 + 1,18"  67,31% 1,28 +0,28"°  88,08%
PZQ 50 mg/kg
PZQ 50 mg/kg 8,41 + 1,80 48,94% 2,14 + 0,33  80,13%
P-MAPA 100 mg/kg 5,07 + 3,04" 69,20% 2,29 +1,36"  78,76%

Values are expressed as average + SD.
Fig. 3. Schistosoma mansoni worm recovery after treatment schemes. *Signifi- ? significant difference when compared with S. mansoni infected and un-
cant difference compared to untreated infected group (p <0.05). treated (p<0,05).
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Table 4

Oogram pattern and egg development in the gut after isolated P-MAPA treat-
ment or in association with praziquantel (PZQ) in S. mansoni-infected mice.
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Table 5
Granuloma amount after isolated P-MAPA treatment or in association with
praziquantel (PZQ) in S. mansoni-infected mice.

Groups %Mature Y%Immature %Dead eggs Groups Granuloma count/3 fields/ % Reduction
eggs eggs 40x
S. mansoni infected and 63,55 + 32,05 + 16,26 4,40 + 1,96 S. mansoni infected and untreated 27,45 + 4,14
untreated 29,31 P-MAPA 5 mg/kg 10,00 + 1,517 63,57%
P-MAPA 5 mg/kg 33,37 + 29,16 + 15,65 37,47 + P-MAPA 5mg/kg +PZQ 50 mg/kg 8,18 + 1,66 ° 70,20%
16,13" 21,35" PZQ 50 mg/kg 16,82 +1,71% 38,72%
P-MAPA 5 mg/kg + PZQ 50 43,51 +9,34" 15,69 + 3,18 40,79 + P-MAPA 100 mg/kg 4,63 £ 2,17 ab 83,13%
mg/kg ab 12,87"
PZQ 50 mg/kg 34,80 + 16,55 + 4,64°° 48,55 + Values are expressed as average + SD.
15,36" 17,43"  significant difference when compared with S. mansoni infected and un-
P-MAPA 100 mg/kg 43,49 + 30,50 + 15,46° 25,98 + treated (p<0,004).
25,00" 21,24" Y significant difference when compared with PZQ 50 mg/kg (p<0,004).

Values are expressed as average + SD.

? significant difference when compared with S. mansoni infected and un-

treated (p<0,0001).

b significant difference when compared with P-MAPA 5 mg/kg (p<0,0001).

Fig. 4. (A-F). Hepatic granuloma count in the different treatment groups. Images are for hematoxylin-and-eosin stained sections observed with a 40X objective lens.
Images are for: control liver without infection (A); infected control without treatment (B); treatment with 50 mg/kg PZQ (C); treatment with 5 mg/kg P-MAPA (D);
treatment with 5 mg/kg P-MAPA + 50 mg/kg PZQ (E); treatment with 100 mg/é(g P-MAPA (F).
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Fig. 5. Effect of different treatment schemes on liver function enzyme activity. Data are shown for alanine amino transferase (ALT; A) and aspartate aminotransferase
(AST; B). *Significant difference compared to the untreated infected group (p < 0.05).

In all studied treatment regimens, the number of hepatic granulomas
was significantly reduced, along with the number of eggs/g of liver; this
reduction ranged from 46.38% to 69.20%. Histopathological changes in
liver cells are often related to ALT elevation (Mahmoud et al., 2002). The
changes can be easily observed in experimental models, but in humans
they only occur during late stages of the disease and may disappear if the
treatment works adequately. Serum AST and ALT levels may protect the
liver from schistosomiasis, consistent with similar results from the use of
Zingbar officinale extract with immunomodulatory potential (Aly and
Mantawy, 2013). Although ALT levels were apparently reduced in
infected mice treated with P-MAPA, PZQ, or combination of the two,
there was no statistically significant difference when compared to
circulating levels in untreated infected animals. On the other hand, AST
levels were apparently reduced in infected and treated mice, although
this difference was only statistically significant for treatment with 100
mg/kg P-MAPA when compared to circulating levels of the infected and
untreated animals.

P-MAPA mechanisms of action are not fully elucidated. The direct
effects of P-MAPA on the worm tegument were unexpected, but we
hypothesize that parts of the compound, which contains ions, proteins
and fatty acids, provoke tegument modification. P-MAPA also exerts
immunomodulatory effects, activating Toll-like Receptors (TLRs) and
the interferon (IFN) signaling pathways (Favaro et al., 2012) and asso-
ciated host immune cells. We believe that these immune pathways
activation contribute to the schistosomiasis burden attenuation
observed in the current study (reduced egg oviposition, worm recovery,
as well as hepatic granulomas). P-MAPA seems to change the
schistosomiasis-induced immune profile and oviposition pattern,
improving disease control.

In translational terms, the conversion of animal dose to human dose
is performed by normalizing their body surface area (Reagan-Shaw
et al., 2008). Thus, a daily dose of 100 mg/kg P-MAPA used in the mouse
experiments is equivalent to a human dose of 8.1 mg/kg/day, and a
daily dose of 5 mg/kg is equivalent to a human dose of 0.40 mg/kg/day.
Crucially, the 5 mg/kg treatment regimen used in mice and its human
equivalent is smaller than the P-MAPA doses used in a phase I clinical
trial. No adverse events were reported in these trials, data that

emphasize its potential for the treatment of schistosomiasis (Farm-
abrasilis, 2008).

P-MAPA exerted considerable activity against S. mansoniin vitro and
in vivo tests. The experimental data demonstrated that P-MAPA sub-
stantially affected the motility of adult worms and the tegument of males
and females in vitro. P-MAPA monotherapy, or in combination with PZQ,
reduced: the number of worms recovered, the number of eggs (up to
69.20% in the liver and up to 88.08% in the intestine), the number of
hepatic granulomas (up to 83.13%), and serum AST levels in infected
mice. On the other hand, few pieces of the P-MAPA activity on schis-
tosomiasis still need to be evaluated, such as the drug specific mecha-
nism of action on the S. mansoni structures and infected host, its effect on
young worms and its consequences in the oviposition or sexual organs.
Even so, the described data, associated with the lack of side effects,
support that P-MAPA can be of great importance to improve the treat-
ment of schistosomiasis and quality of life of the people affected by this
neglected disease.
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