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Abstract
Schistosomiasis is a neglected tropical disease with considerable morbidity. The lone effective drug, praziquantel (PZQ), is 
showing emergence of drug resistance hence, searching for new supportive treatment is crucial. This study aimed to evaluate 
the efficacy of mucus and nucleoproteins (NPs) extracted from Biomphalaria alexandrina (B. alexandrina) snails on mira-
cidia, cercariae and Schistosoma mansoni (S. mansoni) adults in vitro and assess their experimental in vivo effect through 
parasitological, histopathological, and biochemical parameters. The in vivo study included 90 male Swiss albino mice. Mice 
were grouped into 9 groups; G1-G5 were infected and treated with; GI: PZQ, GII: mucus, GIII: combined PZQ and mucus, 
GIV: NPs, GV: combined PZQ and NPs. Control groups; C1: Non infected non treated (negative control), C2: Infected non 
treated (positive control), C3: Non infected mucus treated and C4: Non infected NPs treated. The in vitro study proved that 
the mucus had a better lethal effect on cercariae than miracidia, while NPs had better lethal effect on miracidia. The mucus 
lethal effect on adults surpassed the NPs as 100% and 60%, respectively. The in vivo study proved that the combined NPs 
or mucus with PZQ added to the effect of individual PZQ resulting in 100% total worm burden (TWB) reduction. As regard 
oxidative stress markers, the lowest level of nitric oxide (NO) was shown with combined PZQ and NPs. While, the highest 
glutathione (GSH) level was produced by individual PZQ. The study concluded that mucus and NPs of B. alexandrina had 
cercaricidal, miracidicidal and anti-schistosomal effect in vitro and that their combination could be considered a contribu-
tion to PZQ potentiality in vivo.
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Introduction

Schistosomiasis is a prevalent neglected parasitic disease 
in tropical and sub-tropical areas accounting for the second 
place in terms of socioeconomic and public health burden 
(Cardoso et al. 2013). The disease afflicts up to 600 mil-
lion people in 74 tropical and sub-tropical countries, pre-
dominantly in the developing world (El Ridi et al. 2014). 
Morbidity is associated with many complications; the most 
important of these is liver damage (WHO 2010). Among 
the different schistosome species, S. mansoni is the most 
abundant in Egypt (Helmy et al. 2009).

Pathology associated with S. mansoni results primar-
ily from the accumulation of parasite eggs, giving rise to 
hepatomegaly that may be superseded by extensive liver 
fibrosis (Gryseels et al. 2006).. Several medications are 
used in the treatment of schistosomiasis including prazi-
quantel (PZQ), oxamniquine, metrifonate, antimonials, 
hycanthone and niridazole. PZQ is the treatment of choice 
and is effective against adult worms but much less so 
against juvenile stages like schistosomula, pre-adults and 
juvenile adults (Keiser et al. 2009). So, in areas of con-
stant reinfection, PZQ might effectively kill adult worms 
but immature worms would then develop and present as 
adults, implying drug failure. In such settings, repeated 
PZQ treatment 3–6 weeks apart kills initially resistant 
juvenile worms and improves drug treatment (King et al. 
2011). In addition, many lines of evidence indicate the 
emergence of strains of S. mansoni resistant to PZQ, so 
for controlling schistosomiasis, there is an urgent need to 
develop a new supportive drug (Zhang and Coultas 2013).

Artemisinin derivatives (such as artemether and artesu-
nate) which were developed as antimalarial drugs, also kill 
immature larval forms of developing schistosomes (Utz-
inger et al. 2000). However, because the time of cercarial 
exposure is normally unknown, the drug's use is limited. In 
areas of continuous transmission, artemisinin derivatives 
could be used in conjunction with PZQ to improve overall 
cure rates and infection control (Del Villar et al. 2012). 
Oxamniquine is a tetrahydroquinolone compound that was 
used effectively against S. mansoni, but it had side effects 
of heightened seizure activity in patients with underlying 
epilepsy (Keystone 1987).

Cell-based therapy is emerging as a promising thera-
peutic approach for a wide range of liver diseases. A study 
performed by El-Shennawy et al. (2015) investigate the 
regenerative and antifibrotic therapeutic potential of bone 
marrow derived mesenchymal stem cells (BM-MSCs) in 
early and late experimental hepatic schistosomiasis model. 
The regenerative and antifibrotic potential of BM-MSCs 
was evaluated by histopathological examination, mor-
phometric analysis, electron microscopy as well as liver 

function tests. Schistosoma-infected mice, which were 
treated with BM-MSCs, showed decrease in the granuloma 
size, percentage and density of the fibrotic area, formation 
of new hepatocytes and improvement of the liver function 
tests. Immunohistochemical examination of alpha-smooth 
muscle actin showed a significant decrease in the immuno-
reactive hepatic stellate cells in mice treated with MSCs. 
Moreover, an experimental study performed by Bebars 
et al. (2020) investigated the regenerative and antifibrotic 
potential of Human Umbilical Cord Blood derived Mesen-
chymal Stem Cells (HUCB-MSCs) in hepatic granuloma 
due to schistosomiasis mansoni in experimental murine 
model, which showed an improvement in the histopatho-
logical picture of the liver with diminution in the size of 
granulomas and the overall fibrotic content. Hyperplasic 
changes in intrahepatic biliary radicals were decreased in 
test groups revealing that human umbilical cord blood-
derived MSCs are promising and effective therapy for the 
treatment of diseased or damaged liver tissues. Another 
experimental study performed by Abou Rayia et al. (2023) 
assessed the effect of HUCB-MSCs transplantation on 
schistosomal hepatic fibrosis in mice in comparison to 
PZQ. It was found that the treated PZQ and HUCB-MSCs 
groups showed a substantial improvement, with a signifi-
cant difference regarding the histopathological evaluation 
of liver fibrosis in the MSCs-treated group, which denote 
that MSCs could be a promising and efficient cell therapy 
for liver fibrosis. On the other hand, the diversity of MSCs 
and their traits with their different clinical applications 
have not been thoroughly investigated, with controversial 
opinions about these cells (Musiał-Wysocka et al. 2019). 
However, recent experience has accumulated numerous 
reports of adverse events and side effects associated with 
MSCs therapy. The risks caused by weaknesses in cell pro-
cessing, including isolation, culturing, and storage. Cell 
processing and cell culture could dramatically influence 
cell population profile, change protein expression and cell 
differentiation paving the way for future negative effects. 
Long-term cell culture led to accumulation of chromo-
somal abnormalities. Overdosed antibiotics in culture 
media enhanced the risk of mycoplasma contamination. 
Clinical trials reported thromboembolism and fibrosis 
as the most common adverse events of MSCs therapy 
(Baranovskii et al. 2022).

A study performed by Mohamed et al. (2023) evalu-
ated the possible additive effect of ursodeoxycholic acid 
(UDCA) as a cholagogue with PZQ on experimental schis-
tosomiasis mansoni. revealed that UDCA has an auspicious 
additive effect to PZQ to decrease the worm burden, and 
the load of ova in both the intestinal wall and other tis-
sues, and to decrease the number and diameter of granu-
lomas due to infection with S. mansoni. Although UDCA 
is reported to have hepato-protective properties, yet UDCA 
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has unanticipated toxicity as toxicity profile includes fever, 
hepatitis, cholangitis, vanishing bile duct syndrome, liver 
cell failure, death, severe watery diarrhea, pneumonia, inter-
stitial lung disease, convulsions and mutagenic effects (Kotb 
2012).

The epidermal mucus covering the surface of a snail rep-
resents an important barrier to trematode larvae attempt-
ing to penetrate the snail and may play a role in mediating 
snail-trematode compatibility. Facioloides magna miracidia 
were exposed to mucus harvested from a compatible snail 
host, Lymnaea elodes (L. elodes) and from an incompatible 
snail, Helisoma trivolvis (H. trivolvis). In vitro treatment of 
freshly hatched miracidia with snail-derived mucus exerted 
dramatically different effects on larvae depending on snail 
species. At the lowest dilution of mucus tested (1:3) mean 
damage rates (tegumental damage and/or larval lysis and 
death) were as high as 100% for miracidia exposed to H. 
trivolvis mucus, while none of F. magna miracidia were 
damaged in L. elodes mucus. This indicated the presence 
of a potent cytotoxic protein-like factor in the mucus of F. 
magna–incompatible H. trivolvis, and its absence in the 
mucus of the compatible snail, L. elodes. This finding sup-
ported the notion that the epidermal mucus layer may be 
serving as an important determinant of larval trematode-
snail compatibility (Coyne et al. 2015).

Another study described the effective antileishmanial 
activity of crude cutaneous secretion from the giant African 
snail, Achatina fulica, and its mammalian cells cytotoxicity 
and also its potential mode of action against Leishmania 
promastigotes. The crude secretion showed a 50% Effec-
tive Concentration (EC50) of 98.37 µg/mL against Leishma-
nia chagasi promastigotes. By means of enzymatic assays, 
L-amino acid oxidase (L-AAO) activity was detected in 
crude secretion, and the hydrogen peroxide produced by this 
enzyme revealed to be one of the compounds responsible for 
the antileishmanial effect (Tempone 2007).

The snail mucus of B. alexandrina has been of worldwide 
increase, in cosmetic products and in the management of 
wounds and treatment of chronic bronchitis (Tsoutsos et al. 
2009). It possesses important biological properties such as 
antimicrobial activity and protective effects in wound repair 
(Bortolotti et al. 2016). It plays a fundamental role in home-
ostasis and protection of the gastric mucosa. Some specific 
components are mostly present in the snail secretion filtrate 
such as collagen, elastin, glycolic acid and allantoin (Da 
Silva 2018).

Snail NPs are conjugated with nucleic acids (either DNA 
or RNA). Typical NPs include ribosomes and nucleosomes. 
These complexes play an integral part in several important 
biological functions that include transcription, translation, 
regulating gene expression and regulating the metabolism of 
RNA (Lukong et al. 2008; Hogan et al. 2008). Dietary nucle-
otides have a therapeutic effect on human liver cirrhosis. 

Consequently, the combination of susceptible snails’ nucleo-
tide with one of the anti-schistosome drugs may be of future 
impact (El-Rigal et al. 2011).

The NPs extracted from either susceptible or resistant 
B. alexandrina snails were evaluated for protection against 
schistosomiasis. The NP of susceptible snails showed reduc-
tion in worm and ova counts by 70.96% and 51.31%, respec-
tively, whereas the NP of resistant snails showed reductions 
of 9.67% and 16.77%, respectively. It was found that the 
NPs of susceptible snails were more effective in protecting 
against schistosomiasis (Hamed et al. 2010).

Hence, it is worth evaluating mucus and NPs of B. alex-
andrina snails as antischistosomal agents.

Materials and methods

Preparation of mucus and NPs for the in vitro study

Extraction of mucus from B. alexandrina snails 
(Abd‑ElAzeem et al. 2020)

The 200 ml pooled mucus extracted from 200 snails was 
lyophilized into a powder (Akers et al. 1987), where every 
200 ml corresponded to 60 mg powder. The powder con-
tent was chemically analysed by Gas Chromatography-Mass 
Spectrometry (GC/MS) (Jones 2019) revealing; Indole, Tri-
methylsilyl derivative (TMS), Lactic Acid, 2TMS deriva-
tive, Diphenyl phosphine, Silanol, trimethyl-carbonate (2:1), 
Oxalic acid, 4-Hydroxybutanoic acid, Urea, Glycerol, 3TMS 
derivative, Myo-Inositol, 6TMS derivative in first used sam-
ple using dH2O and N-benzyliden-4-nitrobenzenesulphena-
mide Urea, 2 TMS derivative, Silanol, trimethyl-, phosphate 
(3:1) in second sample using PBS.

Extraction of tissue NPs from B. alexandrina (Lee et al. 1988; 
Zerivitz and Akusjärvi 1989)

Snail tissue of a 5-gm weight was cut into small pieces 
then washed with cold phosphate buffered saline (PBS) 
and centrifuged at 500 g at 4 °C for 5 min. The superna-
tant was discarded to leave the pellet as dry as possible, 
where the tissue was homogenized using a homogenizer. 
The tube was vortexed vigorously for 15 s to fully suspend 
the cell pellet. The tube was incubated on ice for 10 min 
and then vortexed again for 5 s. The tube was centrifuged 
at 16,000 g at 4 °C for 5 min, and immediately the super-
natant was transferred into a sterile 1 ml Eppendorf tube. 
The pellet was suspended with 0.75 ml cold PBS and the 
tube was vortexed for 15 s. The tube was incubated on ice 
for 40 min and was vortexed for 15 s every 10 min. The 
tube was centrifuged at 16,000 g at 4 °C for 10 min and 
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the supernatant was transferred immediately into a sterile 
Eppendorf tube. The residual pellet was re-extracted with 
0.25 ml cold PBS.

Determination of the protein content for mucus and NPs 
(Bradford 1976)

Bovine serum albumin (BSA) (0.1 gm) was dissolved in 
10 ml 1 M Guanidinium Chloride (GdmCl) to achieve final 
concentration of 1 mg/ml. Serial dilutions were performed. 
From the curve, the concentration of the extracted sample 
was calculated to be 7000 µg/ml. That was equivalent to 
7 µg/µl. Since the best concentration from the curve was cor-
responding to 150 µg/ml. Calculation was done that resulted 
in an optimum concentration of 150 µg in 21 µl.

The in vitro study 

Snail and parasite collection

B. alexandrina snails were obtained from the laboratory-
bred stock in Medical Malacology Laboratory at Theodor 
Bilharz Research Institute (TBRI). S. mansoni miracidia 
were obtained from cleaned eggs extracted from the intes-
tines of infected mice by hatching them in dechlorinated tap 
water (25 ± 1 °C) (Eissa et al. 2011). S. mansoni cercariae 
were recovered from laboratory-bred infected B. alexandrina 
snails 20 to 30 days after exposure to miracidia. Infected 
snails were collected maintained and furtherly processed 
(Pellegrino et al. 1962). S. mansoni adults were collected 
from infected hamsters (80–100 g) infected percutaneously 
with 350–400 cercariae and worms were cleared from the 
blood of maturely infected hamsters by perfusion technique 
(Yoles et al. 1947; Smithers and Terry 1965).

Detection of miracidial death rate

Multi-well plates were used, where 100 miracidia were 
picked using a 100 μl pipette (Aly et al. 2020). Each cho-
sen concentration of mucus was taken from the lyophilized 
extract and was dissolved optimally in 50 ml distilled water 
(Onyema 2019). The concentration of NPs (7 µg/µl) was 
adjusted to a final concentration of 150 µg /100 µl PBS. A 
titer of concentrations (1, 2, 5, 15 mg/50 ml DW) were used 
for mucus and (0.01, 0.04, 0.05, 0.08, 0.1, 1, 2 ml) for NPs. 
The miracidia were observed under a dissecting microscope 
for survival and mortality at successive intervals of (2, 5, 10, 
13, 15, 20, 25, 30, 45, 60, 75 min). Negative control was set 
up using de-chlorinated water (Aly et al. 2020). LC50 and 
LC90 were calculated.

Detection of cercaricidal rate

One hundred freshly shed cercariae, were transferred into each 
petri-dish using a micropipette. The same number of cercariae 
were placed in a petri-dish containing de-chlorinated water as 
a control group (Holtfreter et al. 2011). Doses of mucus and 
NPs were used as previously mentioned in lethal miracidial 
rate detection (Aly et al. 2020). The cercariae were observed 
under a dissecting microscope for survival and mortality at 
successive intervals of (2, 5, 10, 13, 15, 20, 25, 30, 45, 60, 
75 min). They were considered dead when they stopped move-
ment, sank down or detached their tail. At the end of each 
experiment, the total number of cercariae were counted (Holt-
freter et al. 2011). LC50 and LC90 were calculated.

Detection of effect on S. mansoni adults (Yousif et al. 2007)

A stock solution of the mucus and NPs were added to 10% 
dimethyl sulfoxide (DMSO) on a weight/volume basis, by 
dissolving 1 mg of the compound in 1 ml of solvent to pro-
duce 10,000 µg/ml. The worms were exposed to this concen-
tration in sterilized tissue 24 wells culture plates. The culture 
medium used for washing the worms as well as during the 
tests was (RPMI 1640) to which 20% fetal calf serum and 
300 µg Streptomycin, 300 units Penicillin, and 160 µg Gen-
tamycin/ml of medium were added. Three pairs of Schisto-
soma worms; males and females equally represented were 
placed in each well. Positive and negative controls were 
concurrently used. In the negative controls, 3 wells contain-
ing similar numbers of worms in pure medium containing 
the corresponding concentration of DMSO were used. Test 
and control wells were examined for 24 h. for worm viabil-
ity using a stereomicroscope. Worms that did not show any 
sign of motility for one minute were considered dead. The 
activity of mucus and NPs were measured by calculating the 
number of dead worms relative to the total number of worms 
and compared with the negative control for the determina-
tion of LC50 and LC90.

In vitro selective action of mucus and NPs  The same experi-
ment was repeated several times using descending concen-
trations of mucus (100, 80, 60, 40, 20 ug/ml DMSO) and 
NPs (100, 80, 60, 40, 20 ul/ml DMSO) of B. alexandrina 
and the viability of worms was followed up for four days. 
The worm mortality was recorded in each case.

The in vivo study

Animal grouping and study design

The study included 90 male Swiss albino mice around 6 to 
8 weeks old, weighing 18 to 22 g. Mice were divided into 9 
groups; 10 mice each:
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Group I: Infected and treated with PZQ.
Group II: Infected and treated with mucus.
Group III: Infected and treated with combined PZQ and 

mucus.
Group IV: Infected and treated with NPs.
Group V: Infected and treated with combined PZQ and 

NPs.
Group C1: Non infected non treated (negative control).
Group C2: Infected non treated (positive control).
Group C3: Non infected mucus treated.
Group C4: Non infected NPs treated.
Animals were caged separately according to their group, 

housed in a controlled temperature and light environment, 
and were given water and commercial chow ad libitum. 
Then mice were experimental infected (Liang et al. 1987) 
after cercariae collection (Pellegrino et  al. 1962; Kiros 
et al. 2014). All groups received treatment 6 weeks post-
infection (wpi). Mice were given subcutaneous injection 
of the selected NPs or mucus (150 µg /100 µl PBS/mouse) 
(Mathaes et al. 2016). All mice were sacrificed 8 wpi to 
recover worms for counting and distribution.

Drugs preparations

•	 PZQ tablet was ground into powder and suspended in 2% 
Cremophore-El (Sigma Chemical Co., St. Louis, MO, 
USA), freshly prepared before administration. It was 
administered by oral gavage using a stainless-steel oral 
cannula to each mouse in doses related to individual host 
body weights (500 mg/kg) for 2 days (Sabry et al. 2004).

•	 Mucus and NPs amount of 100 µl was prepared for each 
(the maximum amount to be injected in vivo per mouse) 
(Turner et al. 2011). Considering that the average weight 
of each mouse was 20 g, the volume of fluids admin-
istrated subcutaneously per mouse was calculated as 
(5 ml/kg = 100 µl /mouse). The lyophilized mucus extract 
(500 mg) was dissolved in 10 ml PBS. That was parallel 
to 500,000 µg /10000 µl PBS which was equivalent to 
50 µg /1 µl, then a concentration outcome of 150 µg /3 µl 
PBS was calculated. The concentration was completed to 
100 µl by adding 97 µl PBS to reach a final concentration 
of 150 µg /100 µl PBS/mouse. NPs were administered SC 
in a dose of 150 µg /100 µl PBS /mouse from the previ-
ously prepared vials. PBS was the suitable solvent used 
for mucus and NPs in vivo (Nebendahl 2000).

Evaluation of antischistosomal activity

•	 Parasitological Parameters by assessing TWB (Al-
Kazzaz et al. 2016) were evaluated, the percentage of 
reduction of worm burden in all infected groups (Fallon 
et al. 1995), tissue egg count/gm intestine and liver was 
done (Cheever 1968) and the percentage of reduction of 

ova count in intestine and liver in all infected groups was 
calculated (El-Ansary et al. 2007). Oogram pattern was 
studied (Pellegrino and Faria 1965) and ova were clas-
sified according to their stages of development (mature, 
immature, and dead) using (× 40 objective).

•	 Histopathological parameters (Bancroft and Steven 
1975) were done to assess the number, diameter, type 
of granulomas (cellular, fibrous, fibro-cellular) and state 
of egg (intact or degenerated). Mean granuloma number 
was calculated (Mahmoud and Warren 1974). Liver sec-
tions were graded according to the criteria of hepatocytes 
affected and for inflammation and vacuolation as mild 
(0–25%), moderate (26–50%) or severe (> 51%).

•	 Biochemical oxidative stress evaluation
•	 Estimation of NO levels was done in liver tissues by 

using a NO assay kit (ENZO Life Sciences, Catalogue 
no. ADI-917–020). According to the kit instructions, 
Quantification is performed by measuring absorption at 
540–570 nm.

•	 Estimation of GSH levels which were determined 
using a glutathione Colorimetric Detection Kit (Detect 
X®, Arbor-Assays, Catalog No. K006-H1) in the 
liver homogenates following the method of Ellman 
(1959), based on the reduction of Ellman’s reagent with 
GSH to produce a yellow compound.

Statistical analysis

Recorded data were analyzed using, SPSS Inc., Chicago, 
Illinois, USA version 23.0. The quantitative data were pre-
sented using; ANOVA, Post-Hoc test: LSD, Kruskal Wallis 
test., Mann Whitney U test and Chi-square (x2) test of signif-
icance compare proportions between qualitative parameters. 
The confidence interval was set to 95% and the margin of 
error accepted was set to 5%. P-value < 0.05 was considered 
significant, P-value < 0.001 was considered highly signifi-
cant and P-value > 0.05 was considered insignificant. LC50 
and LC90 were calculated by linear regression to test and 
estimate the mortality percentage of a quantitative variable 
based on its relationship to concentration.

Results

Results of the in vitro study

Concerning the effect of mucus on cercaria and miracidia, 
there was a highly significant relation (P < 0.001) among the 
different concentrations along successive intervals. There 
was a positive relationship between concentration of mucus 
and death of cercariae and miracidia. However, there was an 
inverse relation between the concentrations of mucus along 
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the increased time intervals. It was noted that mucus had 
a better lethal effect on cercariae than miracidia (Table 1).

Concerning the lethal effect of NPs on cercaria and 
miracidia there was a highly significant relation (P < 0.001) 
among the different concentrations along the time inter-
vals. It was noted that increasing concentration of NPs was 
accompanied by an increase of cercaricidal effect and lethal 
effect on miracidia in shorter time intervals. There was a 
positive relationship between the concentration of NPs and 
death of cercariae and miracidia. However, there was an 
inverse relationship between concentrations of NPs along the 
time intervals. It was noted that NPs had better lethal effect 
on miracidia than on cercariae in most of the concentrations 
along the different time intervals (Table 2).

As regard the effect of mucus on S. mansoni adult males 
and females, there was a highly significant difference 
(P < 0.001) among the different concentration of mucus 
(100, 80 and 60  µg/ml) along the 3 day-interval. The 
results of lethal effect of mucus on females and males were 

almost equivocal except for the effect after 72 h where 
the effect of mucus on females was better than on adult 
males. As regard the effect of mucus on males, the LC50 
was 69.91 µg/ml and the LC90 was 110.93 µg/ml. How-
ever, as regard the effect of mucus on females it showed 
a lower scale value of effective concentrations than males 
(Tables 3 and 4).

Regarding the effect of NPs on S. mansoni adult males 
and females, there was a highly significant difference 
(P < 0.001) from NPs concentration of (100 µl/ml) along 
the duration of the 3 days. As regard the effect of NPs on 
males, the LC50 was 240 µl/ml and the LC90 was 400 µl/
ml. However, as regard the effect of NPs on females LC50 
was 123.33 µl/ml and LC90 was 190 µl/ml, denoting again 
a better overall impact on females than males with a lower 
scale value of effective concentrations (Tables 3 and 4). 
Collectively, mucus showed a better outcome as regard 
lethal effect on males and females compared to NPs.

Table 1   Comparative evaluation 
of the lethal effect of mucus on 
miracidia and cercariae

Using 100 cercaria and 100 miracidia
Using: x2-Chi-square test (MC: Monte Carlo)
* Significant difference between Miracidia and Cercariae at the appointed time
Positive control: miracidia or cercaria with no drugs added

Time (min) No. of dead miracidia and cercariae

Concentration (mg/50 ml DW)

1 mg 2 mg 5 mg 15 mg Nega-
tive 
control

2 Miracidia 5 10 20 25 0
Cercariae 10 15 30 50*

5 Miracidia 10 15 35 40
Cercariae 20 25 50 98*

10 Miracidia 15 30 55 98
Cercariae 40* 70* 95* 100

13 Miracidia 20 50 75 100
Cercariae 50* 96* 100* 100

15 Miracidia 22 80 96 100
Cercariae 60* 100 100 100

20 Miracidia 27 90 100 100
Cercariae 98* 100 100 100

25 Miracidia 30 96 100 100
Cercariae 100* 100 100 100

30 Miracidia 40 100 100 100
Cercariae 100* 100 100 100

45 Miracidia 50 100 100 100
Cercariae 100* 100 100 100

60 Miracidia 75 100 100 100
Cercariae 100* 100 100 100

75 Miracidia 98 100 100 100
Cercariae 100 100 100 100
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Table 2   Comparative evaluation 
of the lethal effect of different 
concentrations of NPs on 
miracidia and cercaria

Using 100 cercaria and 100 miracidia
Using: x2-Chi-square test (MC: Monte Carlo)
* Significant difference between Miracidia and Cercariae at the appointed time
Positive control: miracidia or cercaria with no drugs added

Time (min) Concentration (ml) No. of dead miracidia and cercariae Nega-
tive 
control

0.01 0.04 0.05 0.08 0.1 1 2
3 Miracidia 3 8 10 15 20 70* 60* 0

Cercariae 4 12 15 20 22 25 30
5 Miracidia 13 14 15 30 30 75* 80

Cercariae 15 17 20 40 27 50 60
6 Miracidia 20 20 32 35 37 80* 99

Cercariae 19 22 26 50 30 55 75
10 Miracidia 35 30 50 45 48 87* 100

Cercariae 25 30 32 65 35 60 98
12 Miracidia 47 39 58 57 52 98* 100

Cercariae 33 35 37 70 39 70 100
15 Miracidia 55 48 66* 68 56 100 100

Cercariae 40 40 41 78 43 80 100
20 Miracidia 64 60 71* 72 60 100 100

Cercariae 56 55 44 85 45 96 100
45 Miracidia 70 70 80* 85 65 100 100

Cercariae 65 70 47 98 48 100 100
60 Miracidia 84 86 95* 97 70 100 100

Cercariae 70 80 50 100 50 100 100

Table 3   Comparison between the effect of mucus and NPs on adult males

Using: x2-Chi-square test
P-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS
Negative control: adult males with no drugs added
P1: statistical difference between lethal effect of mucus and NPs on adult male after 24 h
P2: statistical difference between lethal effect of mucus and NPs on adult male after 48 h
P3: statistical difference between lethal effect of mucus and NPs on adult male after 72 h
Concentration of mucus: 100,80,60,40, 20 µg/ml DMSO
Concentration of NPs: 100,80,60,40, 20 µl/ml DMSO

Concentration Effect of Mucus (µg/ml DMSO) on death of 
adult males

Effect of nucleoproteins (µl/ml DMSO) 
on death of adult males

P1 P2 P3

Male After 
24 h

After 48 h After 72 h Male After 
24 h

After 
48 h

After 
72 h

No % No % No % No % No % No %

100 5 0 0 3 60 3 60 8 0 0 2 25 2 25 1.000  < 0.001**  < 0.001**
80 4 0 0 2 50 3 75 8 0 0 0 0 0 0 1.000  < 0.001**  < 0.001**
60 6 0 0 2 33.3 4 66.7 4 0 0 0 0 0 0 1.000  < 0.001**  < 0.001**
40 4 0 0 0 0 0 0 8 0 0 0 0 0 0 1.000 1.000 1.000
20 4 0 0 0 0 0 0 5 0 0 0 0 0 0 1.000 1.000 1.000
Negative Control 4 0 0 0 0 0 0 4 0 0 0 0 0 0 1.000 1.000 1.000
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Results of the in vivo study

Comparing TWB reduction percentages among the studied 
groups including PZQ (I, III, V) they revealed an outcome 
of 100% followed by mucus (group II) which showed a 
percentage of 43.39% and NPs (group IV) which showed 
only 26.14%. These results reflected that the effect of PZQ 
either alone or combined with mucus or NPs were equivocal 

revealing best outcomes. There was a highly significant rela-
tion (P < 0.001) among the studied groups concerning the 
numbers of copula and the total count. There was a sig-
nificant difference (P < 0.05) among the studied groups con-
cerning the number of males (Table 5).

There was a highly statistical relation (P < 0.001) among 
all the studied groups according to the percentage of imma-
ture, mature and dead egg counts. As regard the immature 

Table 4   Comparison between the effect of mucus and NPs on adult females

Using: x2-Chi-square test
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS
Negative control: adult females with no drugs added
P1: statistical difference between lethal effect of mucus and NPs on adult female after 24 h
P2: statistical difference between lethal effect of mucus and NPs on adult female after 48 h
P3: statistical difference between lethal effect of mucus and NPs on adult female after 72 h
Concentration of mucus: 100,80,60,40, 20 µg/ml DMSO
Concentration of NPs: 100,80,60,40, 20 µl/ml DMSO

Concentration Lethal effect of mucus (µg/ml DMSO) on 
adult females

Lethal effect of nucleoproteins (µl/ml 
DMSO) on adult females

P1 P2 P3

Female After 
24 h

After 48 h After 72 h Female After 
24 h

After 
48 h

After 
72 h

No % No % No % No % No % No %

100 5 0 0 3 60 4 80 5 0 0 1 20 3 60 1.000  < 0.001** 0.091
80 4 0 0 2 50 4 100 4 0 0 0 0 0 0 1.000  < 0.001**  < 0.001**
60 6 0 0 2 33.3 4 66.7 4 0 0 0 0 0 0 1.000  < 0.001**  < 0.001**
40 4 0 0 0 0 0 0 4 0 0 0 0 0 0 1.000 1.000 1.000
20 4 0 0 0 0 0 0 4 0 0 0 0 0 0 1.000 1.000 1.000
Negative Control 4 0 0 0 0 0 0 4 0 0 0 0 0 0 1.000 1.000 1.000

Table 5   Assessment of TWB for parasitological parameters in infected mice treated with different doses of PZQ, mucus and NPs

Using: H-Kruskal Wallis test; x2-Chi-square test (MC: Monte Carlo)
Values in each row which have different letters are significantly different at (P < 0.05) using Mann–Whitney test and this denotes variation in a 
wide scope between all groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Results of TWB Group (I) Group (II) Group (III) Group (IV) Group (V) Group (C2) H-test p-value

Males
Mean ± SD 0.00 ± 0.00d 0.83 ± 1.33c 0.00 ± 0.00d 2.38 ± 2.62a 0.00 ± 0.00d 1.17 ± 0.98b 3.519 0.012*
Range 0–0 0–3 0–0 0–8 0–0 0–2
Females
Mean ± SD 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – –
Range 0–0 0–0 0–0 0–0 0–0 0–0
Copula
Mean ± SD 0.00 ± 0.00c 5.67 ± 1.75b 0.00 ± 0.00c 6.75 ± 5.28b 0.00 ± 0.00c 10.17 ± 2.71a 16.204  < 0.001**
Range 0–0 3–8 0–0 0–15 0–0 7–15
Total
Mean ± SD 0.00 ± 0.00d 12.17 ± 4.02c 0.00 ± 0.00d 15.88 ± 11.64b 0.00 ± 0.00d 21.50 ± 4.89a 16.669  < 0.001**
Range 0–0 6–18 0–0 1–34 0–0 16–30
TWB reduction (%) 100a 43.39b 100a 26.14c 100a – x2 = 383.236 MC p = 0.001**
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stages, the groups including PZQ (I, III, V) were the most 
efficient in decreasing the mean outcome of immature stages 
(Fig. 1c, d, g, h; k, l). However, a little decrease was recorded 
from the mucus and NPs groups (II, IV) (Fig. 1e, f; i, j) com-
pared to the control (Fig. 1a, b; m, n, o). As regard the dead 
stages, the groups including PZQ (I, III, V) (Fig. 1c, d; g, h; 
k, l) were the most efficient in increasing the mean outcome 
of dead stages. However, a little increase was recorded from 
the mucus and NPs groups (II, IV) (Fig. 1e, f; i, j) compared 
to the control (Fig. 1m, n, o). The effect of PZQ and NPs 
combination (group V) (Fig. 1k, l) showed the best outcome 
with a higher increase in dead stages followed by combined 
PZQ and mucus (group III) (Fig. 1g, h) then PZQ (group I) 
(Fig. 1c, d). No outcome was shown from mucus (group II) 
or NPs (group IV) (Fig. 1i, j) (Table 6).

There was a highly significant relation (P < 0.001) among 
the studied groups as regards ova count/gm liver and intes-
tine compared to the control (C2). Comparing ova count 
among groups, combined PZQ and NPs (group V) showed 
the best outcome followed by combined PZQ and mucus 
(group III), then PZQ (group I) then NPs (group IV) and last 
was mucus (group II). Though the groups including PZQ 
showed the best results, still all the groups showed a quietly 
apart result from the control (C2). The highest reduction was 
seen from the combined PZQ and NPs (group V) (Table 7).

As regard the percentage of reduction in granuloma 
diameter, there was a highly statistical relation (P < 0.001) 
among the studied groups (I, III, V) (Fig. 1c, d; g, h; k, l). 
There was a reduction in granuloma diameter in all groups 
in comparison to the control group. The best outcome was 
revealed from the mice group treated with PZQ and NPs 
followed by PZQ and mucus (group III) (Fig. 1g, h), PZQ 
(group I) (Fig. 1c, d), mucus (group II) (Fig. 1e, f) and the 
least outcome was from NPs (group IV) (Fig. 1i, j) (Table 8).

As regard the number of granulomas in successive power 
fields, there was a highly statistical relation (P < 0.001) 
among the studied groups PZQ (group I), PZQ and mucus 
(group III) and a significant relation (P < 0.05) among 
groups NPs (group IV), PZQ and NPs (group V) in com-
parison to C2. The best outcome was revealed from the mice 
group treated with PZQ and NPs (group V), followed by 
PZQ and mucus (group III), PZQ (group I), NPs (group 
IV) and the least outcome was from the mucus (group II) 
(Table 9).

As regard fibro cellular granuloma there was a highly 
significant relation (P < 0.001) among all the studied groups 
in comparison to control (C2) (Fig. 1a, b). Combined PZQ 
and NP (group V) (Fig. 1k, l) showed a maximal increase in 
number of fibro cellular granulomas exceeding the control 
(C2) followed by PZQ and mucus (group III) (Fig. 1g, h) 
then PZQ (group I) (Fig. 1c, d), NPs (group IV) (Fig. 1i, 
j) and mucus (group II) (Fig. 1e, f), respectively. As regard 
cellular granuloma there was a significant relation (P < 0.05) 

among all the studied groups. Combined PZQ and NPs 
(group V) (Fig. 1k, l) showed a maximal decrease in number 
of cellular granulomas followed by PZQ and mucus (group 
III) (Fig. 1g, h) then PZQ (group I) (Fig. 1c, d), then NPs 
(group IV) (Fig. 1i, j) and finally mucus (group II) (Fig. 1e, 
f). No fibrous granulomas were detected in all groups. The 
best outcome was revealed from the mice group treated with 
PZQ and NPs (group V) (Fig. 1k, l) followed by PZQ and 
mucus (group III) (Fig. 1g, h), PZQ (group I) (Fig. 1c, d), 
NPs (group IV) (Fig. 1i, j) and the least outcome was from 
the mucus (group II) (Fig. 1e, f) (Table 10).

As regard number of degenerated S. mansoni eggs, there 
was a highly significant relation (P < 0.001) among all the 
studied groups. Combined PZQ and NP (group V) showed 
a maximal increase in number of degenerated eggs followed 
by PZQ and mucus (group III) then PZQ (group I), mucus 
(group II) and NPs (group IV) in comparison to the con-
trol group (C2) (Table 11). Consequently, it was shown that 
the combination of mucus or NPs to PZQ potentiated its 
outcome.

There was a highly significant difference (P < 0.001) 
among the studied groups as regards level of NO in liver 
tissue. The best outcome was recorded from combined PZQ 
and NPs (group V) followed by individual PZQ (group I), 
individual mucus (group II), combined PZQ and mucus 
(group III) and then from individual NPs (group IV) while 
the least level of NO resulted from non-infected non-treated 
group C1 reflecting the best response (Table 12).

There was a highly significant difference (P < 0.001) 
among the studied groups as regards level of GSH in liver 
tissue. Infected non-treated (group C2) showed the least level 
of GSH reflecting a maximal increase in lipid peroxidation. 
The highest level was reported in PZQ treated group (group 
I) followed by combined PZQ and NPs (group V), combined 
PZQ and mucus (group III), individual NPs (group IV) and 
then individual mucus (group II). All treated groups showed 
a response in increasing GSH in approaching levels to group 
C1 best outcome (Table 13).

Discussion

The results of GC/MS showed that mucus of B. alexand-
rina contains indole, lactic acid, diphenyl (trimethylsilyl) 
phosphine, silanol, trimethyl, carbonate (2:1), oxalic acid, 
urea, glycerol, myo-Inositol and hydroxybutanoic acid. It 
is interesting to note that myo-inositol also enhanced bac-
terial eradication and therapy efficacy against infections 
(Zhao et al. 2018). Many studies also reported that myo-
inositol improves the host’s ability to eliminate antibiotic-
resistant Escherichia coli (E. coli) (Chen et al. 2015; Jiang 
et al. 2014, 2015). The diphenylphosphine was observed 
to have good antibacterial activity against E. coli ATCC 
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25922, Staphylococcus aureus ATCC 25923, Pseudomonas 
syringae pv. Salmonella enterica serotype Typhmurium SL 
1344 and Streptococcus mutans ATCC 25175 (Sarıöz et al. 
2018). A prior in vivo study showed that Glycerol Monolau-
rate (GML) was used to kill Trichomonas spp. and Candida 
spp. (Strandberg et al. 2010). Also, Schlievert and Peter-
son (2012) showed that GML has a broad range of activity 
against pathogenic bacteria and Mycoplasma.

The observed higher activity of the therapeutic extracts 
against miracidia is advantageous since killing one miracid-
ium prevents the formation of thousands of cercariae which 
would contaminate the water and infect the people who 
get in contact with such water bodies (Obare et al. 2016). 
Expectantly, in our results, NPs had a better lethal effect on 
miracidia than on cercariae in most of the used concentra-
tions along the different time intervals. Still cercaria eradi-
cation is a crucial way to terminate infection. Our results 
showed that mucus had a better lethal effect on cercariae 

than miracidia using the different concentrations along the 
successive time intervals. That runs in parallel with those 
recorded by Abu Zeid et al. (2016) who revealed that cercar-
iae were more sensitive to stem alkaloids and ellagitannins 
and less sensitive to root alkaloids than miracidia.

Obare et al. (2016) formerly revealed that there was a 
significant difference in susceptibility of miracidia and cer-
cariae to plants extracts as miracidia were more sensitive 
than cercariae. Abu Zeid et al. (2016) revealed that miracidia 
were more sensitive to ellagitannins and root alkaloids than 
cercariae and that was reversed with stem alkaloids reflect-
ing that each drug has its own impact according to its selec-
tive mechanism of its action.

In our study, the effect of mucus on S. mansoni adult 
females and males was almost equivocal except for the effect 
after 72 h where the effect of mucus on adult females was 
better. The effect of NPs on S. mansoni adult females was 
better than adult males at the highest used concentration of 
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100 µl/ml after 72 h. However, at 48 h the same concentra-
tion had a better lethal impact on males.

Previous studies have shown more susceptibil-
ity of female schistosomes to artesunate (Mitsui et  al. 
2009), N-alkylamino-thiosulfuric acids (Penido et al. 1994; 
Guimarãesma et al. 2015). Also, Mitsui et al. (2009) revealed 
that female worms were more susceptible to artesunate and 
artemether than male worms. Also, Barth et al. (1997) and 
Manneck et al. (2010) revealed that female worms were sig-
nificantly more susceptible than male worms to their tested 
drugs. Targeting an impact on females is a hope of drugs’ 
potency since females eradication will stop disease progres-
sion and infection continuation. Yet, there will be no mating 
without males so, their eradication is still that important.

From our demonstrated results of LC50 and LC90 values, 
it was concluded that a better overall impact on females than 
males was documented using lower concentrations. On the 
contrary, Khalil et al. (2016) revealed that Calotropis pro-
cera ethanolic stem extract has more anti-schistosomal activ-
ities on adult male schistosomes than female ones. The same 
was repeatedly described in some in vitro studies (Sander-
son et al. 2002; De Melo. Et al. 2011). Also, Moraes et al. 
(2011, 2013) demonstrated that carvacryl acetate exhibited 
an optimal in vitro activity against the adult stage with no 
differential sensitivity between males and females worms.

All those data confirmed that, responses of drugs vary 
on males or females, also the scale of efficacy may vary 
at whether low or high concentrations are potent. In our 
study, the higher concentration scale was proportional to an 
increased lethal effect while in other studies, the lower scale 
of concentrations was more potent as Queiroz et al. (2021) 
who revealed that adult female worms were more susceptible 
than males after in vitro incubation with cnicin especially 
at low concentrations whereas, no mortality in male worms 
was observed. Probably that is depending on the pharmaco-
logical properties of the drugs used.

Regarding our in vivo results, the effect of PZQ either 
alone or combined with mucus or NPs was equivocal show-
ing the best outcomes, with 100% TWB reduction. On the 
contrary, El Lakany et al. (2019) reported that the percentage 
of worm reduction was significantly increased in S. man-
soni infected mice in combined treated groups with PZQ and 
omeperazole at 4 weeks post infection as compared to mice 
treated with PZQ or omeprazole alone.

In our study, mucus and NPs showed a TWB reduction of 
43.39% and 26.14%, respectively. That was like Seif el-Din 
et al. (2013) who revealed that administration of Quinine or 
Halofantrine alone produced significant reductions in males, 
females and total number of worms compared to infected 
group. That is still giving a promise for developing synergy 
with repeating the study and alternating the concentration 
scales.

The effect of PZQ and NPs combination showed a higher 
increase in dead stages of eggs followed by combined 
PZQ and mucus then PZQ. That was previously shown by 
Abou-Shady et al. (2016) who revealed that treatment of S. 
mansoni infected mice with a single oral dose of 200 mg/
kg of mefloquine combined to 500 mg/kg of praziquantel 
resulted in a 100% increase in percentage of dead eggs. That 
emphasizes that anti-schistosomal chemotherapy is consid-
ered effective against S. mansoni infection when the oogram 
pattern shows increased percentage of dead ova (Pellegrino 
et al. 1962).

The mature stages decreased predominately from com-
bined PZQ and NPs, then combined PZQ and mucus fol-
lowed by PZQ. Thus, the combination effect exceeded 
the individual PZQ effect. The same groups caused 

Fig. 1   Histopathological examination of liver sections in differ-
ent study groups. a, b: Liver section from infected non-treated mice 
(group C2) showing hepatocytes with centrally located nuclei (black 
arrow), central vein (red arrow), and large cellular granuloma (white 
arrow), composed of collection of lymphocytes intra-sinusoidal 
(green arrows). Adjacent hepatocytes showed hydropic change and 
focal atypical hyperplasia. c, d: Liver section from mice infected 
and treated with PZQ (group I) showing hepatocytes with centrally 
located nuclei (black arrow), central vein (red arrow) and a small 
fibrocellular granuloma with markedly degenerated miracidium 
(white arrow). The granuloma contour is regular and well demarcated 
from the surrounding tissue. e, f: Liver section from mice infected 
and treated with mucus (group II) showing hepatocytes with cen-
trally located nuclei (black arrow), central vein (red arrows), dilated 
and congested blood sinusoids (yellow arrows), moderate collection 
of intrasinusoidal lymphocytes (green arrows) and a fibro cellular 
granuloma (white arrow) with densely packed inflammatory cells and 
intact cellular miracidium inside the ovum. g, h: Liver section from 
mouse infected and treated with combined PZQ and mucus (group 
III) showing almost normal hepatocytes with centrally located nuclei 
(black arrow), central vein (red arrows) and a small hepatic fibro cel-
lular granuloma (white arrow) with markedly degenerated miracid-
ium. The granuloma contour is regular and well demarcated from the 
surrounding tissue. i, j: Liver section from mice infected and treated 
by NPs (group IV) showing hepatocytes with centrally located nuclei 
(black arrow), central vein (red arrows), with kupffer cell hyperplasia 
(green arrow). A fibro cellular granuloma (white arrow) with densely 
packed inflammatory cells and intact cellular miracidium inside the 
ovum is seen. Scattered lymphocytes are shown all over the section. 
k, l: Liver section from mice infected and treated with combined PZQ 
and NPs (group V) showing hepatocytes with centrally located nuclei 
(black arrow), central vein (red arrow), dilated and congested blood 
sinusoids (yellow arrows) with kupffer cell hyperplasia (green arrow), 
collection of lymphocytes (blue arrow) and a small hepatic fibro cel-
lular granuloma (white arrow) with markedly degenerated miracid-
ium. The granuloma contour is regular and well demarcated from the 
surrounding. m: Liver section from non-infected non-treated mice 
(C1) showing normal hepatic architecture, with normal blood sinu-
soids (yellow arrow) and normal hepatocytes with centrally located 
nuclei (black arrow) and central vein (red arrows). n: Liver section 
from mice non-infected and mucus treated (C3) showing almost nor-
mal hepatic architecture with normal blood sinusoids (yellow arrow), 
normal hepatocytes with centrally located nuclei (black arrow) and 
central vein (red arrow). o: Liver section from non-infected mice NPs 
treated (C4) showing almost normal hepatic architecture with normal 
blood sinusoids (yellow arrow), normal hepatocytes with centrally 
located nuclei (black arrow) and central vein (red arrows)

◂
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Table 6   Assessment of oogram pattern for parasitological parameters in infected mice treated with different doses of PZQ, mucus and NPs

Using: F-One Way Analysis of Variance
Multiple comparisons between groups through Post Hoc test: LSD test
Values in each row which have different letters are significantly different at (P < 0.05) and this denotes variation in a wide scope between all 
groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Egg develop-
mental stages 
(%)

Group (I) Group (II) Group (III) Group (IV) Group (V) Group (C2) F-test p-value

Immature ova
Mean ± SD 0.00 ± 0.00c 45.67 ± 5.20b 0.00 ± 0.00c 45.75 ± 5.01b 0.00 ± 0.00c 49.50 ± 1.87a 431.110  < 0.001**
Range 0–0 40–55 0–0 34–50 0–0 47–52
Mature ova
Mean ± SD 25.38 ± 6.95b 47.67 ± 5.01a 7.25 ± 1.98c 46.13 ± 4.42a 1.67 ± 1.53d 44.17 ± 3.87a 110.799  < 0.001**
Range 15–35 40–53 5–10 42–55 0–3 40–49
Dead ova
Mean ± SD 74.63 ± 6.95c 6.67 ± 1.63d 92.75 ± 1.98b 7.75 ± 1.67d 98.33 ± 1.53a 6.33 ± 2.34d 961.500  < 0.001**
Range 65–85 5–9 90–95 5–10 97–100 3–9

Table 7   Assessment of intestinal and hepatic tissue egg load for parasitological parameters in infected mice treated with different doses of PZQ, 
mucus and NPs

Using: H-Kruskal Wallis test
Values in each row which have different letters are significantly different at (P < 0.05) using Mann–Whitney test and this denotes variation in a 
wide scope between all groups compared to control (C2)
P-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Results of egg 
count/gram

Group (I) Group (II) Group (III) Group (IV) Group (V) Group (C2) H-test p-value

Liver
Mean ± SD 970.03 ± 349.36D 2910.10 ± 2160.07B 524.12 ± 175.26E 1694.87 ± 1017.67C 454.22 ± 120.59E 12,231.40 ± 2715.35A 60.318  < 0.001**
Range 784.47–1820.51 1324.48–7037.89 324.18–866.67 782.53–3269.23 315–525.93 8289.47–15,272.51
Intestine
Mean ± SD 901.70 ± 257.07D 2647.04 ± 2574.14B 535.51 ± 198.28E 1571.36 ± 1221.58C 478.89 ± 66.42E 11,762.49 ± 886.21A 79.336  < 0.001**
Range 578.95–1412 994.97–7692.14 238.09–883.34 786.89–3909.11 438.89–555.56 10,344.83–12,838.71

Table 8   Comparison between 
the studied groups according 
to granuloma diameter and 
percentage of reduction

Using: F-One Way Analysis of Variance
Multiple comparisons between groups through Post Hoc test: LSD test
Values in each row which have different letters are significantly different at (P < 0.05) and this denotes vari-
ation in a wide scope between all groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Animal groups Granuloma diameter Reduction in granu-
loma (%)

P-value through 
LSD

p-value

G (C2) 368.42 ± 47.17a
G (I) 278.19 ± 24.26b 24.49 4.687  < 0.001**
G (II) 342.27 ± 23.14a 7.09 1.219 0.251
G (III) 254.74 ± 24.57bc 30.86 5.885  < 0.001**
G (IV) 351.85 ± 39.32a 4.49 0.717 0.487
G (V) 237.87 ± 35.12c 35.44 5.957  < 0.001**
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disappearance of the immature stages affirming that anti-
schistosomal treatment is considered effective against S. 
mansoni infection when the oogram pattern shows disap-
pearance of about 50% or more of the mature ova or if there 
was complete absence of one or more of the immature stages 
(Pellegrino et al. 1962).

Similarly, there was complete loss of immature eggs and 
increase in the percentages of dead eggs in the combined 
groups treated with PZQ and mefloquine in low and high 
doses respectively (El-Lakkany et al. 2011). Also, Ibrahim 
et al. (2019) revealed that PZQ combined with Pentoxi-
fylline caused the disappearance of immature egg stages; 
decrease in the number of mature eggs and increase in the 
number of dead eggs and this agreed with the findings 
of Botros et al. (1996). Moreover, Hegazy et al. (2018) 

reported that the highest mean dead egg count and low-
est mean immature & mature egg count were observed in 
PZQ and Artesunate combined group compared to infected 
control group.

The highest reduction rate of ova count in intestine and 
liver tissue was recorded from combined PZQ and NPs fol-
lowed by combined PZQ and mucus, then individual PZQ 
then NPs and last from mucus. Elkersh et al. (2016) revealed 
that the highest reduction rate was obtained by combined 
mefloquine and Echinacea purpurea for ova count in liver 
and intestine, and by combined PZQ and Echinacea purpu-
rea which showed significant reduction in tissue and intes-
tinal egg load more than individual PZQ. This confirms that 
effective combinations may add to the potential of PZQ in 
decreasing ova count in tissue and intestine.

Table 9   Comparison between the studied groups according to the number of granulomas

Using: F-One Way Analysis of Variance
Multiple comparisons between groups through Post Hoc test: LSD test
Values in each row which have different letters are significantly different at (P < 0.05) and this denotes variation in a wide scope between all 
groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS
SE: standard error

Animal groups No of granuloma in successive power 
fields (10 × 10) Mean ± SE

Reduction in successive power fields 
(%) (10 × 10) Mean ± SE

P-value through 
LSD

p-value

G (C2) 16.8 ± 1.21a
G (I) 12.25 ± 2.31c 27.08 4.367  < 0.001**
G (II) 14.21 ± 3.31b 15.42 1.800 0.102
G (III) 10.82 ± 2.24d 35.60 5.888  < 0.001**
G (IV) 13.17 ± 2.65bc 21.61 3.098 0.009*
G (V) 9.41 ± 3.17d 43.99 5.281 0.002*

Table 10   Comparison between the studied groups according to types 
of granulomas

Using: x2-Chi-square test (MC: Monte Carlo)
Values in each column which have different letters are significantly 
different at (P < 0.05) and this denotes variation in a wide scope 
between all groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Animal groups Types of granulomas

Cellular (%) Fibro cellular (%) Fibrous (%)

G (C2) 84a 16c 0
G (I) 55c 45a 0
G (II) 67b 33b 0
G (III) 52c 48a 0
G (IV) 65b 35b 0
G (V) 49c 51a 0
Chi-square test 13.484 22.000 –
p-value MC:0.019* MC: < 0.001** –

Table 11   Comparison between the studied groups according to the 
state of S. mansoni eggs within the granulomas

Using: x2-Chi-square test (MC: Monte Carlo)
Values in each column which have different letters are significantly 
different at (P < 0.05) and this denotes variation in a wide scope 
between all groups compared to control (C2)
p-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Animal groups State of S. mansoni eggs

Intact Degenerated

G (C2) 96a 4c
G (I) 80b 20b
G (II) 82b 18b
G (III) 72c 28a
G (IV) 85b 15b
G (V) 69c 31a
Chi-square test 5.793 24.172
p-value MC:0.327 MC: < 0.001**
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There was a relevant potential for NPs on histopathologi-
cal findings in liver when compared to the rest of the groups 
and the control after PZQ. That runs in parallel to Hamed 
et al. (2010) who in a trial for finding a new vaccine stated 
that NPs of Biomphlaria snails protected against S. man-
soni infection in mice through reduction in worm count, egg 
lodge, liver enzymes, liver energetic parameters and liver 
histopathology.

In our study, the effect of B. alexandrina mucus and NPs 
on hepatic granuloma number, size, increase of fibro cellu-
lar type, decrease of cellular type and the degenerated egg 
state, highlighted that PZQ and NPs combination showed the 
best outcome followed by PZQ and mucus, individual PZQ, 
individual mucus then individual NPs.

Many studies were previously documented on the assess-
ment of prognosis through evaluating hepatic granulomas. 
Farid et al. (2013) reported that the microscopic examina-
tion of liver sections of infected mice showed a large cel-
lular granuloma with living central ova. While liver sections 
from infected mice treated with combined PZQ with fluro-
methyl-ketone or Vinyl sulfone showed a great reduction 
in granuloma size as small cellular granuloma with central 
degenerated ova, indicating that increase in fibro cellular 
and decrease in cellular granulomas is a reflection for good 
prognosis of the disease, that was confirmed by our results.

Mantawy et al. (2011) revealed that liver sections of 
infected mice treated with PZQ together with onion-gar-
lic mixture showed fluctuated and noticeable degrees of 
improvement in comparison to infected group represented 
by: small sized, late fibro cellular granuloma, in addition, 
decrease in cellular constituents and degenerative changes 
in eggs.

Likewise, El Lakany et al. (2011) stated that there was a 
significant reduction in the granuloma diameters in groups 
treated with combined PZQ and mefloquine in comparison 
with groups treated with the different doses of PZQ alone. 
All treated groups showed size-variable, well-demarcated 
or circumscribed fibro cellular granulomas with central ova 
encircling living or dead miracidia, surrounded by lympho-
cytes, epithelioid cells, neutrophils, eosinophils and collagen 
bundles.

Stressing on the impact of combination, Abdel Hafeez 
et al. (2012) documented diminished granuloma size and 
number following combined PZQ to alpha lipoic acid. Also, 
Seif el-Din et al. (2013) reported that the combined treat-
ment regimen of ketoconazole and quinine after S. mansoni 
infection had an added merit of maximal amelioration of 
histopathological changes where the liver sections showed 
remarkably better cellular architecture upon comparing with 
the S. mansoni infected untreated and quinine treated groups. 
Granulomas showed either partially or almost completely 
degenerated miracidia beside the minimal surrounding 
inflammatory reactions.

Table 12   Comparison between the studied groups according to nitric 
oxide release in liver tissue

Using: F-One Way Analysis of Variance
Multiple comparisons between groups through Post Hoc test: LSD 
test
Values in each row which have different letters are significantly dif-
ferent (P < 0.05) and this denotes variation in a wide scope between 
all groups compared to control (C2)
a, b, c, d, e, f is comparatively representing the descending order of 
results reflecting efficacy
P-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Groups Nitric oxide

Mean ± SD Range

G (I) 33.6 ± 1.75f 32–35
G (II) 36.00 ± 2.61ef 33–40
G (III) 42.00 ± 2.90 cd 38–46
G (IV) 69.00 ± 4.60a 63–75
G (V) 33.5 ± 1.38f 31–36
G (C1) 32.50 ± 2.45f 29–36
G (C2) 65.60 ± 5.94ab 57–72
G (C3) 38.83 ± 2.32ed 36–42
G (C4) 44.00 ± 3.16c 40–48
ANOVA test 93.353
p-value  < 0.001**

Table 13   Comparison between the studied groups according to 
reduced glutathione release (GSH) in liver tissue

Using: F-One Way Analysis of Variance
Multiple comparisons between groups through Post Hoc test: LSD 
test
Values in each row which have different letters are significantly dif-
ferent (P < 0.05) and this denotes variation in a wide scope between 
all groups compared to control (C2)
a, b, c, d, e, f is comparatively representing the descending order of 
results reflecting efficacy
P-value > 0.05 NS; *p-value < 0.05 S; **p-value < 0.001 HS

Groups GSH

Mean ± SD Range

G (I) 128.88 ± 5.55e 122–137
G (II) 87.36 ± 6.70ab 81–98
G (III) 105.29 ± 12.13 cd 90–120
G (IV) 101.60 ± 9.60 cd 90–114
G (V) 105.72 ± 7.53 cd 96–115
G (C1) 109.36 ± 10.13d 95–120
G (C2) 83.31 ± 11.05a 70–95
G (C3) 95.70 ± 12.14bc 82–110
G (C4) 103.95 ± 4.31 cd 98–110
ANOVA test 53
p-value  < 0.001**
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Yang et al. (2021) documented that the combination of 
PZQ with DW-3-15 not only significantly attenuated the egg 
burden in the liver but also reduced the area of egg induced 
granuloma, indicating that the combination therapy not only 
possesses antiparasitic activity but also inhibits the forma-
tion of egg-induced granulomas. Thus, compound treatment 
alleviated liver lesions and protected the liver in cases of 
schistosomiasis. Again, similar findings were published by 
Elkersh et al. (2016) who documented that combined regi-
men of Echinacea purpurea with PZQ had a highly signifi-
cant reduction of hepatic granulomas diameter and number.

Free radicals are formed next to the eggs of S. mansoni in 
a process of granulomatous inflammation in which eggs of 
the parasite are destroyed and some cells of defense, such as 
macrophages and eosinophils, are attracted to the inflamma-
tion site. Some antioxidant enzymes and molecules are also 
attracted to destroy the free radicals present in the inflam-
matory region (Hogan et al. 2002; Stavitsky 2004; Neves 
et al. 2006).

The expression of antioxidant enzymes can be affected by 
many factors, such as inflammatory processes, some diseases 
and immunodeficiency, resulting in an imbalance between 
free radicals present in high quantities and few antioxi-
dants sufficiently formed to destroy them (Alger et al. 2002; 
Bolukbas et al. 2005; Barbosa et al. 2007).

A major constituent of mucus, myo-inositol is classified 
as a vitamin-like nutrient which plays an important role in 
preventing oxidative damage and increasing antioxidant 
enzyme activities (Jiang et al. 2015; Shiau et al. 2005).

Overproduction of hepatic NO in response to parasitic 
infection can be considered one of the factors that is respon-
sible for inducing oxidative stress and inflicting tissue injury 
(Dkhil et al. 2014). Excess NO is involved in the produc-
tion of peroxynitrite, which is a reactive nitrogen species 
that oxidizes cellular structures, causing lipid peroxidation 
impairing the function of certain enzymes. NO production 
is also positively associated with tissue fibrosis due to its 
induction of fibrogenic cytokines and increased collagen 
synthesis (Parola and Robino 2001).

GSH plays a role in many biological processes, including 
the synthesis of protein, maintenance of cellular activity, 
xenobiotics, and reactive aldehydes detoxification such as 
Malondialdehyde (MDA), metabolism and cell acting pro-
tection against free radicals (Meister 1991; Jordao 1998). 
GSH is an intracellular reductant that plays a major role in 
catalysis, metabolism and transport. It protects cells against 
free radicals, peroxides, and other toxic compounds (Hiraishi 
1994).

As regards level of NO in liver tissue, non-infected non-
treated group showed the least level of NO. Other than indi-
vidual NPs and infected non-treated group, all responses 
after treatment were considerable decreasing NO levels. The 
best outcome was recorded from the combined PZQ and 

NPs followed by individual PZQ, then individual mucus, 
combined PZQ and mucus and lastly individual NPs.

The infected non-treated group showed the least level of 
GSH reflecting a maximal increase in lipid peroxidation. 
The highest level of GSH was reported from PZQ treated 
group followed by combined PZQ and NPs, combined PZQ 
and mucus, individual NPs, and lastly individual mucus. 
All treated groups showed a response in decreasing GSH 
in approaching levels compared to non-infected non-treated 
group.

Formerly, Al-Olayan et al. (2016) proved that Schisto-
somiasis caused a significant increase in the liver levels of 
NO compared with the control group. Ceratonia siliqua pod 
extract (CPE) treatments significantly reversed this elevation 
in NO levels. Also, treatment of infected mice with CPE 
increased hepatic GSH contents (Al-Olayan 2016).

Similar findings were published by Fahmy et al. (2014) 
who documented that the content of GSH was significantly 
decreased in hepatic tissue of infected non-treated mice 
group compared to control group. These results agree with 
the reports of Mahmoud and Elbessoumy (2013) and Kadry 
et al. (2013). Accordingly, Hamed (2006) found that glu-
tathione level decreased after parasitic infection and Gharib 
et al. (1999) attributed the decreased level of glutathione to 
the increased cytotoxicity with H2O2 which is produced as 
a result of inhibition of GSH that keeps glutathione in its 
reduced form. Fahmy et al. (2014) also reported that admin-
istration of Mefloquine caused a significant increase in the 
content of GSH compared to infected non-treated groups.

Schistosomiasis imbalanced the hepatocellular antioxi-
dant system and liberated the free radicals, as evidenced 
by the decrease in GSH level and the increased levels of 
NO in hepatic tissue. It has been reported that schistoso-
miasis disturbs the levels of enzymatic and non-enzymatic 
antioxidants which impairs the liver GSH content of mice 
and decreases the hepatic antioxidant capacity, inducing the 
generation of lipid peroxides which may play a main role in 
the pathology associated with schistosomiasis (Cunha et al. 
2012; Amer et al. 2013).

Conclusions

The study concluded that mucus and NPs had a prophylac-
tic effect as antischistosomal therapeutics regarding their 
cercaricidal, miracidicidal and anti-schistosomal effect 
in vitro. This can be applied by using formulations contain-
ing treatments of B. alexandrina mucus or NPs in water 
canals to benefit from its cicaricidal and miracidicidal effects 
as a biological control measure. Moreover, their combina-
tion could be considered as a sharing therapeutic adding to 
PZQ potentiality in vivo for further investigations. The study 
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highlighted that the combination of mucus or NPs with PZQ 
could add to PZQ potentiality.
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