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Schistosomiasis is a serious parasitic infection affecting millions worldwide. This study aimed to 
explore the anti-schistosomal activity of curcumin and curcumin loaded gold-nanoparticles (Cur-
GNPs) with or without praziquantel (PZQ). We used six groups of the C57BL/6 mice in which five 
groups were infected with Schistosoma Mansoni (S. mansoni) cercariae and exhibited, separately, to 
different treatment regimens of curcumin, curcumin loaded nanoparticle, and PZQ, in addition to one 
untreated group which acts as a control. Mice were sacrificed at the 8th week where both worms and 
eggs were counted in the hepatic and porto-mesenteric vessels in the liver and intestine, respectively, 
in addition to a histopathological examination of the liver granuloma. Curcumin caused a significant 
reduction in the worms and egg count (45.45%) at the 3rd week. A significant schistosomicidal effect 
of PZQ was found in all groups. Cur-GNPs combined with PZQ 97.4% reduction of worm burden in the 
3rd week and the highest reduction in the intestinal and hepatic egg content, as well, besides 70.1% 
reduction of the granuloma size. The results suggested the curcumin in combination with PZQ as a 
strong schistosomicidal regimen against S. mansoni as it alters the hematological, biochemical, and 
immunological changes induced.

Schistosomiasis or bilharzia is a serious endemic parasitic disease that is prevalent in many countries worldwide. 
Schistosomiasis is considered the second most disease induced by the parasitic infection induced by Schisto-
soma after Malaria due to its effects on public health which further affects the universal economy. As previously 
reported, the variable consequences of all known species of Schistosoma represent severe life-threatening out-
comes that may develop to complicated medical conditions such as colorectal and hepatic cancers1. Infection 
by Schistosoma mansoni (S. mansoni) is an endemic pathogen in North Africa, the Middle East, and Brazil and 
often progressed to severe hepatic diseases including liver fibrosis or necrosis2.

Praziquantel (PZQ) is an anti-worm medication that was developed in 19773. PZQ is considered the only 
available treatment used in the controlling of the infections induced by Schistosoma species4,5. Previous studies 
showed the limited efficacy of PZQ against schistosomules and immature worms which supports the hypothesis 
that it’s inadequate for the mass treatment in the high endemic areas4. Besides, the regular excessive usage of 
PZQ results in the rise of resistant strains of S. mansoni6,7. Multiple failures in preventing reinfection have been 
reported as well8–10. The encouragement of new regimens acting alone, or in combination with PZQ to inhibit 
the growth of the PZQ-resistant strains by the development of genotoxic and mutagenic changes, safely and 
effectively, is of global interest11. So, the current alert of World Health Organization (WHO) urge researchers to 
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find possible and effective replacements of PZQ in the treatment of schistosomiasis, to overcome its limitations 
and to increase the medical choices8–10,12–15.

In the last decade, great efforts were made to develop new anti-parasitic drugs from natural resources such as 
plant extracts or phytochemicals16. One of these plants is the rhizome of Curcuma longa (C. longa), “turmeric”, 
or curcumin (from Zingiberaceae family) which is highly regarded as a universal remedy in herbal medicine, 
with a broad spectrum of pharmacological activities17. In industry, curcumin used as a natural flavor and col-
oring material in several food products such as curry, mustard, and potato chips or even as a natural coloring 
agent in some cosmetic products18,19. In Medicinal research, several in-vitro and in-vivo studies revealed the 
potent anticancer, anti-viral, anti-oxidant, and anti-inflammatory properties of curcumin20,21. Moreover, several 
recent reports showed that curcumin exerts beneficial effects in animal models of liver toxicity, inflammation 
and cirrhosis22 as well as parasiticidal agents; it was found to be active against Leishmania23–25 and Trypanosoma 
cruzi26. Some studies showed that curcumin induced a significant reduction the levels of Glutathione peroxidase 
resulting in a strong oxidative stress followed increased Caspase-3 production as an indicator of apoptosis in 
both sex of S. mansoni18 and Fasciola gigantica worms27.

Many clinical investigations had confirmed the potential pharmacological benefit and the biosafety of 
curcumin28, the poor solubility or stability in aqueous media or the body fluids‚ high metabolic rate‚ the fast 
clearance due to limited absorption in gastrointestinal (GI) tract, and decreased bioavailability have limited its 
usage as a clinical treatment29. Previous studies had tried to overcome the obstacles of the clinical application of 
curcumin by improving its bioavailability, increasing the plasma concentration, enhancing the cellular perme-
ability, and controlling the metabolic processes. one of these approaches is the use of targeting nanoparticles drug 
delivery regimens which succeeded to provide curcumin with more prolonged circulation and improve cellular 
permeability, besides the stronger resistance to the metabolic processes of curcumin30. Due to these reasons, 
many studies showed the significant usage of nanoparticles coated with curcumin because of their solubility 
in water and enhanced activity for different medical application, such as the Curcumin–Loaded Targeted Iron 
Oxide Nanoparticles31 and curcumin-loaded dendritic magnetite nanocarriers32 for cancer treatment and the 
Curcumin-loaded into poly(lactic-co-glycolic)acid (PLGA) nanoparticles for the treatment of Schistosoma sp.33.

Gold nanoparticles (AuNPs) are commonly used as drug delivery-carriers that targeted the biological cells, 
in vivo, reduce or control the systemic toxicity, and can be prepared by the homogenization (HPH) method34. 
The Curcumin conjugated AuNPs particles were shown to be, naturally, non-toxic through different in vitro 
biocompatibility studies, such as the non-toxic effect on the Human colon cancer cell lines, HT-29 and SW-94835. 
Another study reported that the AuNPs of 2–4 nm, 5–7 nm and 20–40 nm are non-toxic to MRC-5 cells36. An 
in vivo Xenograft study showed that the dosage of 20 mg/kg curcumin conjugated AuNPs, twice a week, didn’t 
cause any significant toxicity to internal organs of the mice37. Another in vivo study showed the biosafety of 
curcumin loaded AuNPs for cancer drug delivery in an MCF-7 Xenograft animal model38.

In the current study, we aimed to assess the anti-schistosomal activity resulted from the treatment of curcumin 
loaded on AuNPs nanoparticles with or without a combination with PZQ through an experimental in vivo appli-
cation in a biological mouse model. The study was intended to explore the parasitological and histopathological 
impact of the used remedies in different developing stages.

Results
The combination of curcumin and PZQ induced a significant hematological, biochemical and 
immunological alterations in the infected and treated mice.  As shown in Table  1, the infected 
mice suffered from serious changes in their hematological, biochemical and immunological characteristics. In 
the infected mice, a significant increase in the levels of SGOT, SGPT, AKP, TNFα, and AFP, where a significant 
reduction was observed in the levels of TG, Superoxide dismutase, and GSH as compared to the non-infected 
mice. In the infected treated groups, all of the treatments caused a significant reduction in the SGOT, SGPT, 
TNFα (P-value < 0.001), and AKP (P-value < 0.01) levels despite the maximum effect was obtained by the treat-

Table 1.   The effects of different treatments on the hematological, biochemical or immunological alterations in 
the S. mansonai infected groups. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the Infected not treated mice. # P < 0.05, 
##P < 0.01, ###P < 0.001 vs. the non-infected mice.

Experimental 
groups Subgroups SGOT (IU/L) SGPT (IU/L) TP (g/dl) AKP Globulin (g/dl) TNFα AFP TC (mg/dl) TG (mg/dl) SOD GSH

Non-infected 19.88 ± 1.73 18.13 ± 1.36 6.54 ± 0.12 87.25 ± 4.27 3.6 ± 0.05 15.65 ± 2.11 4.88 ± 1.36 135.13 ± 5.96 108.75 ± 10.69 22.88 ± 1.22 19.64 ± 0.51

1. Infected not 
treated 74.75 ± 5.42### 64.13 ± 5.62### 5.21 ± 0.08 113.88 ± 6.98## 2.29 ± 0.24 188.13 ± 19.36### 14.75 ± 1.75### 119.88 ± 10.39 74.75 ± 3.69## 8.11 ± 0.93## 10.44 ± 0.3#

2. Curcumin
Cur-1 49 ± 3.74** 40 ± 5.21** 5.88 ± 0.15 99 ± 1.6 2.74 ± 0.16 66 ± 13.37*** 13.88 ± 1.73 132.88 ± 26.49 73.13 ± 4.45 8.31 ± 0.57 11.16 ± 0.58

Cur-3 46.75 ± 5.26** 46.25 ± 3.62* 5.75 ± 0.09 103.63 ± 2.97 2.76 ± 0.09 102.13 ± 14.17** 14.13 ± 1.46 159.63 ± 7.58*** 68.13 ± 6.58 9.06 ± 0.44 10.83 ± 0.27

3. PZQ 51.63 ± 2.72** 47.13 ± 4.22* 6.06 ± 0.09 104 ± 5.48 2.93 ± 0.1 104.63 ± 8.73*** 13.38 ± 1.3 170.38 ± 5.24*** 114.25 ± 24.1*** 11.41 ± 0.64 11.66 ± 0.44

4. Curcumin  
+ PZQ

Cur-1 + PZQ 50.38 ± 2.72** 36.38 ± 2.2*** 5.98 ± 0.15 109.13 ± 6.71 3.13 ± 0.09 95.38 ± 14.64*** 14.75 ± 1.49 161.63 ± 7.84*** 69.75 ± 5.92 8.65 ± 0.45 10.85 ± 0.37

Cur-3 + PZQ 47.13 ± 3.72** 41.13 ± 2.42** 6.15 ± 0.12 97.63 ± 3.58 2.8 ± 0.09 +  101.75 ± 9.79 *** 15.88 ± 1.96 149.38 ± 14.59** 66.25 ± 1.75 8.69 ± 0.25 11.06 ± 0.48

5. Cur-GNPs
Cur-loaded-1 31.88 ± 1.13*** 29.25 ± 1.28*** 5.49 ± 0.08 92.5 ± 2.07* 2.9 ± 0.08 91.38 ± 5.68*** 11.75 ± 1.04 152.63 ± 10.49** 74.75 ± 3.11 15.96 ± 1.23** 16.08 ± 0.28

Cur-loaded-3 31.75 ± 1.28*** 28.88 ± 1.55*** 5.74 ± 0.19 93.38 ± 2.56 2.8 ± 0.08 34.88 ± 3.14*** 8.5 ± 1.41 162.25 ± 6.39*** 69.38 ± 2.45 19 ± 0.71*** 17.28 ± 0.76*

6. Cur-GNPs  
+ PZQ

Cur-loaded-1 + PZQ 31.5 ± 1.2*** 28 ± 2.07*** 5.66 ± 1.05 92.75 ± 2.82* 3.11 ± 0.08 37 ± 2.73*** 9.63 ± 1.06 156.5 ± 10.53*** 68.25 ± 3.5 14.74 ± 1.06* 16.86 ± 0.59*

Cur-loaded-3 + PZQ 31 ± 1.85*** 30.5 ± 2.07*** 6.31 ± 0.08 93.5 ± 2.51 3.05 ± 0.09 37.38 ± 4.78*** 9.38 ± 1.19 130.75 ± 6.76 71.5 ± 4.41 19.54 ± 0.62*** 17.48 ± 1.12*
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ment with Cur-GNPs with or without PZQ. None of the treatment could induce a significant reduction in the 
levels of AFP, despite that the groups of Cur-GNPs with or without PZQ showed the maximum reduction. 
Despite all the treatments increased extensively the levels of TC, only the treatment with curcumin powder at 
the 7 days and the group treated Cur-GNPs in combination with PZQ at the 21 days showed almost the same 
levels as in the non-infected group. Only PZQ could significantly increase the levels of TG to the normal levels 
(P-value < 0.001). The treatment of Cur-GNPs with or without PZQ could significantly increase the levels of 
SOD (P-value < 0.001) and GSH (P-value < 0.05).

Combined treatment by curcumin and PZQ induced a significant reduction in the worm bur‑
den.  No significant reduction was induced by the curcumin when used as a mono-treatment in the samples 
taken at the end of the 1st week, compared to the infected non-treated control group, while for the samples from 
the 3rd week, a significant reduction of 45.45%, was shown (P-value < 0.05). PZQ had a significant schistos-
omicidal effect in all the studied groups, either by mono treatment or combined with curcumin. The maximum 
reduction of worm burden (97.43%) was obtained in the 6th group which was treated with a mixture of the Cur-
GNPs and PZQ at the 3rd weeks pi, followed by the group treated with Cur-GNPs and PZQ at the 1st week pi 
with a reduction of 87.87%, as shown in Table 2 and Fig. 1. This reduction rate was significantly higher than the 
results reported in the group treated with PZQ only (P-value < 0.001).

Combined treatment by curcumin and PZQ induced a significant reduction in the egg count 
and granuloma size.  Regarding the intestinal egg count, the infected non-treated group showed signifi-
cantly higher values than all of the treated groups (P-value < 0.001). The highest reduction was achieved in the 
groups that received curcumin combined with PZQ, either at the first or the third-week pi (95.41% and 93.44%, 
respectively). Concerning the hepatic egg load, the same groups gave the best results as well (96.80% and 95.46%, 
respectively), and these results were significant (P-value < 0.001) as shown in Table 3.

In the infected untreated mice, the histopathological screening showed a noticeable rapture of the lobular 
architecture, where the granuloma, surrounded by ova, were cited in the hepatic parenchyma and the portal tract 
(Fig. 2). There was a striking reduction in granuloma size achieved with the group that received nanoparticles 
loaded with curcumin in the 3rd week and PZQ in the 5th week pi with a size reduction of 70.07% when com-
pared to the infected non-treated group and the group that received PZQ only at the 5th week after infection. 
The normal deposition of granuloma with ova in the infected non-treated mice is shown in Fig. 2.

Discussion
The main objective of the present work was to study the schistosomicidal effect of mono-treatment of Cur-GNPs 
with and without PZQ in the mouse model. The effects of curcumin with or without loading to the nanopar-
ticles were studied, as well. The results showed that Curcumin and PZQ induced a significant hematological, 
biochemical and immunological alterations in the infected mice. In an agreement with these findings, many 
previous studies showed similar results39,40.

The study showed that mono-treatment of S. mansoni infected mice with curcumin could not induce any 
significant reductions in the total worm burdens, the liver egg count, or the intestinal egg count. The total worm 
burden was non-significantly reduced and didn’t exceed 45.45% in the curcumin-treated group. Meanwhile, the 
effect of curcumin extract alone on tissue egg loads was minor. On the contrary to our results, a previous study 
reported that the mono-treatment with curcumin might, significantly, reduce both the worm burden and the egg 
count, but after three months of infection, compared to the results of untreated infected groups41. The contradic-
tion might be due to the short treatment duration used in the current study, as 8 weeks instead of three months.

The treatment of S. mansoni infected mice with PZQ showed a significant reduction in total worm burden 
to 72.72%, in intestinal egg count to 92.98%, and in the hepatic egg count to 93.6%, compared to the infected 
control group. These results are in agreement with previous studies that showed a significant reduction of both 
the worm burden and egg count in PZQ-treated settings compared to the untreated group40,41. On the other 

Table 2.   The effects of different treatments on the worm burden in the S. mansonai infected groups. *P < 0.05, 
***P < 0.001 vs. the Infected not treated.

Experimental groups Subgroups Detection time (week) Mean no. of worms % Reduction

7. Infected not treated 8 33.0 0

Infected treated groups

8. Curcumin
Cur-1 8 30.5 7.57

Cur-3 12 18.0 45.45

9. PZQ 8 9.0 72.72*

10. Curcumin + PZQ
Cur-1 + PZQ 8 13.5 59.09

Cur-3 + PZQ 12 8.7 73.75*

11. Cur-GNPs
Cur-loaded-1 8 14.6 55.87

Cur-loaded-3 12 19.0 42.42

12. Cur-GNPs + PZQ
Cur-loaded-1 + PZQ 8 4.0 87.87***

Cur-loaded-3 + PZQ 12 85.0 97.43***
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hand, we could confirm that the PZQ treatment didn’t show a complete eradication of worms, while most of the 
male and female worms were remain alive. A previous investigation revealed that at four weeks pi in mice groups 
treated with PZQ, there were some male worms still alive which agree with our findings42,43.

Remarkably, the mono-treatment of Schistosomiasis with curcumin alone was less effective in reducing the 
worm burden (45.45%) compared to PZQ (72.72%). In the meantime, the combined treatment of curcumin and 
half-dose PZQ caused a significant reduction in the worm burden (73.75%). More reduction (up to 95.62%) was 
induced for the intestinal egg count and the hepatic egg count (96.43%). A noticeable worm shift to the liver 
was recorded which might be a result of retardation of worm normal path in the portal vein. The mono treat-
ment by Cur-GNPs didn’t show any significant reduction of worm burden (42.42%), but the combination with 
PZQ induces a more significant reduction of worm burden up to 97.49%. In contrast, the intestinal egg load 
reduction was 73.77%, and hepatic egg load was 46.67% in the mono treatment by Cur-GNPs which increase 
to 93.44% and 95.46%, respectively when coupled with PZQ. In an agreement with these findings, a previous 
in vitro study showed that the incubation of S. mansoni with different doses of curcumin affected the viability 
of adult worms and a reduction in the egg count beside it caused a significant separation in worm pairs’44,45. 

Figure 1.   Anti-schistosomal effect of the different treatment regimens. Bar chart summarizes the reduction 
rate regarding worm burden, intestinal and hepatic load among different experimental groups. The experiments 
were repeated three times using at least three different samples. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the Infected 
not treated. The numbers 1 and 3 indicated the 1st and 3rd week of the curcumin treatment, respectively., the 
symbols, nano and PZQ is a pointed to Cur-GNPs and praziquantel, respectively.

Table 3.   The effects of different treatments on the egg load in the S. mansonai infected groups. ***P < 0.001 vs. 
the Infected not treated.

Experimental groups Subgroups

Intestinal egg load Hepatic egg load

Mean ± SD % Reduction Mean ± SD % Reduction

1. Infected not treated 38,130 ± 1100 0 46,880 ± 1132 0

Infected treated groups

2. Curcumin
Cur-1 35,000 ± 378 8.20 33,750 ± 791 28.00

Cur-3 24,000 ± 586 37.05 30,880 ± 666 34.12

3. PZQ 2675 ± 212 92.98*** 3000 ± 167 93.60***

4. Curcumin + PZQ
Cur-1 + PZQ

Cur-3 + PZQ 21,750 ± 306 42.95 21,130 ± 223 54.92

5. Cur-GNPs
Cur-loaded-1 8670 ± 116 77.30*** 9670 ± 58 79.40***

Cur-loaded-3 8670 ± 306 77.26*** 7570 ± 230 83.85***

6. Cur-GNPs + PZQ
Cur-loaded-1 + PZQ

Cur-loaded-3 + PZQ 10,000 ± 100 73.77*** 25,000 ± 707 46.67
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Another study demonstrated the down-regulation of two of the Notch receptor genes, the Notch ligand gene, 
and the co-repressor gene, in S. mansoni treated with curcumin which suggests that the mechanism of curcumin 
inhibitory effect may result from the repression of the Notch pathway in the treated worms46.

In the current study, we reported the reduction of the number of eggs per gram of the S. mansoni tissue, 
besides, the abnormal development of ovular stages (oogram pattern) in the intestinal wall of the treated mice 
which was in an agreement with Aly and colleagues47. In another study, a treatment protocol with methanol 
extract and soluble glycoprotein fraction of Allium sativum (A. sativum) was applied to target the inhibition of 
ova production in the hosts exposed to infection by which the further damages of host tissues and organs have 
been avoided48.

In the current work, histopathological investigations of liver sections in the group treated with curcumin only 
showed a non-significant reduction in granuloma count and diameter compared to the control group. Contrary 
to our findings, the treatment of S. mansoni by curcumin was reported to have an effective reduction of the 
worm, tissue-egg burdens, and hepatic granuloma49. Despite the PZQ was reported to be a highly curative agent, 
but the insignificant effect on granuloma count and diameters might be considered, where the mice continued 
to suffer from the disease progression accompanied by the chronic cellular inflammation. Despites it worth to 
mention that the combined treatment of curcumin and PZQ showed a significant decrease in granuloma count 
and diameter.

In our study, there was a striking reduction of 70.07% in granuloma size in the group treated with Cur-GNPs 
at the 3rd week and PZQ at the 5th week followed by the group treated with Cur-GNPs at the 1st week and PZQ 
at the 5th week with 34.13% reduction in the size compared to either the infected non-treated group or the group 
treated with PZQ only. Regarding the granuloma’s numbers, the regimen of Cur-GNPs combination with PZQ 
at the 3rd and the 1st weeks showed the lowest values by 15.22 and 16.40, respectively. In a previous study, it was 
reported that both methanol extract and soluble glycoprotein fraction of A. sativum treatment caused a significant 
reduction in the number and size of hepatic granuloma among all the treated groups, while the mono-treatment 
by PZQ caused less reduction47.

Our results showed that curcumin induced a slight alteration in the oogram pattern of eggs in the mucosa of 
the small intestine of the S. mansoni infected groups. This caused a non-significant reduction in numbers of intact 
eggs and a slight increase in numbers of dead eggs as compared to the infected control group, which possesses 
95% intact cells and 5% dead cells. These reductions were increased in both mono-treatment with PZQ and in the 
groups subjected to combined treatment, as well. The reported changes in the count and characteristics of eggs 
as shown by the oogram will provide a simple, sensitive, and reliable drug-screening tool against S. mansoni. It 
measures the represented effects of the combined treatment regimens on oviposition, maturation, and survival 
of the eggs trapped in the intestinal mucosa. Therefore, the changes and alterations of the oogram might reflect 
the efficacy of the combined therapy by interruption of the egg growth and development.

In the current study, the combined therapy regimens exhibited strong ovicidal activity against the ova settled 
in the intestinal wall. The combined treatment of Cur-GNPs and PZQ caused an efficient eradication of worms 

Figure 2.   Sections of infected non-treated control mice. Infected non-treated control group shows cellular 
(black arrow), fibro-cellular (red arrows) and predominantly fibrous (Yellow arrow) granulomas with bilharzia 
ova. (A) Granuloma with bilharzia ova, H&E ×400. (B) Granuloma with bilharzia ova, Masson Trichrome ×400. 
(C) Parenchymal granuloma with bilharzia ova. H&E ×200, (D) Portal granuloma with bilharzia ova, Masson 
Trichrome ×200.
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with a significant decline in the number of intact mature eggs combined with an expected increase in the number 
of dead eggs, besides, the reduction in the granuloma number and diameter. These changes were accompanied 
by the disappearance of active cellular granuloma and an increase in healed fibrous granuloma with the return 
to the normal architecture of the hepatic strands and lobular structure. In agreement with our results, previous 
studies showed a reduction in the number of mature ova, an increase in the dead ova counts, and disappearance 
of immature eggs in mice infected with S. mansoni and treated with PZQ while the treatment by curcumin was 
more effective in the controlling of the disease severity, due to the toxins released by the eggs40,50.

Finally, we concluded that curcumin is a remarkable non-toxic plant with many medical properties, but its 
efficacy as an anti-schistosomal drug is not that much as it might only improve the pathogenic changes induced 
in S. mansoni infected mice. However, the successful combination with PZQ induced significant effects that 
suggested promising regimens in the treatment of the S. mansoni infections.

Materials and methods
Ethics statement.  All animal experiments were performed under the guidelines of the Egyptian Institu-
tional Animal Care and Use Committee (IACUC) https​://www.aalas​.org/iacuc​. This study was conducted fol-
lowing the ethical guidelines of the Theodor Bilharz Research Institute (TBRI), Giza, Egypt (approval no. TBRI 
28/21/2016).

Mice.  In the current study, we used 96 female mice of the C57BL/6 strain, for 8 weeks of experiments, that 
were supplied by the Schistosome Biological Supply Program (SBSP), TBRI, Giza, Egypt. Mice weights ranged 
from 18 to 20 g and ages of 6–8 weeks old. Mice were housed in polycarbonate boxes, maximum six per box, 
with steel-wire tops and bedded with wood shavings. The temperature was maintained at 22 ± 3 °C with a rela-
tive humidity of 50 ± 15% and a 12-h light/dark photoperiod with free access to food, Purina chow pellets (20% 
protein), and tap water, at least for 1 week before experiment for the acclimatization. The treatments and sur-
gical procedures were in accordance with the ethical guidelines of TBRI. At the end of the experiment, in the 
8th week, mice were anesthetized using inhalant anesthesia of glycol-diluted 30% isoflurane (Sigma-Aldrich, 
St. Louis, Missouri, USA), then euthanized by cervical dislocation for further experiments. The disposal of the 
animal carcass was in accordance with the standard operating procedures.

Schistosoma mansoni cercariae strains.  Schistosoma mansoni cercariae (Egyptian strain) were obtained 
from infected intermediate host snails (Biomphalaria Alexandrina) and maintained at the Schistosome Biologi-
cal Supply Center. The infection of mice included in the experimental study took place by the subcutaneous shed 
of fresh cercariae, 120 ± 10/mouse, as previously described51.

Preparation of curcumin nano‑emulsion.  The ready-to-use crude powder of C. longa rhizome was pur-
chased from Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MO, USA) and the total purity was > 94% as deter-
mined by the High Protein Liquid Chromatography (HPLC) and stored at − 20 °C until usage. The curcumin 
nano-emulsion was prepared from the ethanol extract of crude powder of C. longa rhizome. Briefly, 200 g crude 
powder of the C. longa rhizome was mixed with 800 ml of 98% ethanol by vigorous vortexing. The liquid phase 
was air-dried at room temperature in Petri dishes and the resultant powder was stored in a sterile glass bottle at 
room temperature44.

Synthesis of Cur‑GNPs.  The synthesis of Cur-GNPs was performed as previously described by Shaabani 
and colleagues, 201752. Briefly, the curcumin powder, from the previous step, was prepared as 350 µM solution in 
7.5 ml distilled water and adjusted to a pH of 9–10 by 150 mM Potassium Carbonate (K2CO3), (Sigma-Aldrich, 
St. Louis, Missouri, USA). 2.5 ml of the HAuCl4 solution, 4 mM, was added, dropwise to the above curcumin 
solution and vortexed, vigorously, for 4 h. Rection continued for the next 72 h and the resulted solution was 
used for further experiments. the characterization of the synthesized Cur-GNPs was estimated by the UV–Vis 
spectrometer Shimadzu UV-1800 (Shimadzu Schweiz GmbH, Reinach BL, Switzerland) where the absorption of 
Cur-GNPs was characterized at 517 nm by sharp peaks to indicate the spherical Cur-GNPs that were stable for 
the next few days. The purity of the produced nanoparticles was estimated by HPLC.

Experimental design.  This study was conducted between February 2017 and April 2017 using six groups 
of the C57BL/6 mice (16 each). Five groups were infected with S. mansoni cercariae while the 6th group was left 
uninfected to act as a negative control.

The 1st group (curcumin-treated mice) was subdivided into two subgroups (eight each), the Cur-1, treated 
at the end of the 1st week post-infection (pi) and the Cur-3, treated at the end of the 3rd weak pi. In both of the 
two sub-groups’ curcumin was injected intraperitoneally at the dose of 400 mg/kg of the body weight, twice/
week for eight consecutive weeks, using a stainless-steel oral cannula, as previously described by El-Ansary and 
colleagues41, and Larasati and Colleagues53, with little modifications.

In the 2nd group (PZQ-treated group), at the 5th-week pi, a fresh suspension of PZQ (Alexandria Company 
for Pharmaceuticals and Chemical Industries, Alex., Egypt) was prepared in 13 ml of 2% cremophore-EL (Sigma-
Aldrich, St. Louis, Missouri, USA). The mixture was, orally, administered to mice by a dose of (500 mg/kg) for 
two consecutive days, as described everywhere54,55.

The 3rd group (Cur-GNPs group) was further subdivided into two subgroups, Cur-1 loaded + PZQ and Cur-3 
loaded + PZQ, similar to the 1st group. A suspension of Cur-GNPs was prepared in a vehicle of 7% (v/v) Tween-
80 and 3% (v/v) ethanol, and supplied orally to the animals.

https://www.aalas.org/iacuc
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The 4th group (Cur/PZQ-treated group) had a mixed treatment of curcumin and PZQ, at the same doses and 
timeline, as had been described in the 1st and 2nd groups.

The 5th group (Cur-GNPs /PZQ-treated group) had a mixed treatment of Cur-GNPs and PZQ, at the same 
doses and timeline, as had been described in the 2nd and 3rd groups.

Determination of the hematological, biochemical or immunological characteristics.  Different 
biomarkers had been used to study the effect of different treatments on the studied mice groups. At the sacrifice 
day, blood was obtained from mice by heart puncture where 4–5 ml were obtained from each mouse that have 
been used in different lab tests according to the manufacturer instructions. The lab tests included the determina-
tion of Serum Glutamic-Oxaloacetic Transaminase (SGOT), Serum Glutamic-Pyruvic Transaminase (SGPT), 
total protein (TP), Alkaline Phosphatase (AKP), Globulin, Tumor Necrosis Factor alpha (TNFα), Alpha-fetopro-
tein (AFP), Total Cholesterol (TC), Triglycerides (TG), Superoxide dismutase (SOD), and Reduced Glutathione 
(GSH).

Study of parasitological criteria.  At the end of the 8th week, all the Mice groups were sacrificed by 
cervical decapitation, followed by the perfusion of the hepatic and Porto-mesenteric vessels which enable the 
counting of all presented worms56.

A.	 Worm burden Adult schistosomes’ recovery was assessed by the Porto-mesenteric perfusion technique, two 
weeks post-treatment (pt), according to the method of Duvall and DeWitt, 196757. Further, a microscopic 
investigation was performed to calculate the total number of worms, either single separated male and female 
worms or copula using a binocular microscope.

B.	 Egg count The absolute count of deposited eggs in the liver and intestine of the studied animal was calculated. 
Briefly, tiny pieces of the isolated liver tissues and small intestine were collected and frozen at − 20 °C, then 
the tissues were digested with 4% potassium hydroxide (KOH) and the total number of liver and intestinal 
eggs was determined by microscopy58. The ovular counting at the various developmental stages of each mouse 
and the mean values were determined, where the measurements were performed in triplicates59.

Histopathological examination.  Immediately after sacrifice, the liver organs from each mouse were iso-
lated and divided into two parts; the first part was stored at − 80 °C for biochemical studies whereas the second 
part was suspended in 10% formal saline and was introduced to the fixation step. Tissue samples were fixed in 
a solution of neutral buffered formalin (10%), dehydrated, and then waxed by paraffin for micro-sectioning. A 
total of five sections were prepared from each liver specimen at the sizes of at least 250 μm and a thickness of four 
microns60. Later, these sections were de-paraffinized and stained with H & E stains (hematoxylin and eosin), as 
mentioned elsewhere61.

For a demonstration of the collagen fibers for granuloma counting, the Masson trichrome stains were used 
where the lesions containing a central single ovum were selected62. Briefly, the maximum diameter of the lesion 
was detected, then the ocular micrometer was rotated by 90 degrees, the perpendicular diameter was measured, 
and the mean diameter was calculated60. The sizes of all liver granuloma were calculated, accordingly, by the 
mean diameter of each lesion, assuming their spherical shape62. The mean count of liver granulomas, from each 
section, was estimated in five random successive fields with the dimensions of 10 × 10 µm. Reductions in mean 
counts and diameters of hepatic granuloma in the treated groups were determined and compared to those in 
the infected untreated control groups. The images were taken by Dr. Kamal El-Din Mokbel, in Theodor Bilharz 
Research Institute (TBRI), Giza, Egypt.

Statistical analysis.  The data were recorded on an “Investigation report form” which were further uploaded 
to and analyzed by the statistical software, SPSS version 16 (Chicago, IL, USA). ANOVA and Kruskal–Wallis 
tests were used to compare the numerical parametric and nonparametric data, respectively. The student’s t-test 
and the Mann–Whitney-U test were used to measure the violation and homogeneity of the parametric data for 
all groups. The estimated statistically significant levels were considered at P-value < 0.05 or P-value < 0.0001 for 
highly significant results.
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