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Abstract The drug of choice for treatment of hydatid
disease, albendazole (ABZ) is a poorly water-soluble drug;
thus, enhancing its solubility is required. Among metal
nanoparticles (NPs), silver (Ag) NPs showed antimicrobial
efficacies. Therefore, this study was conducted to evaluate
nanosilver particles (Ag NPs) free or combined with
albendazole against Echinococcus granulosus infection
in vivo. In this study, besides the normal control group (GI)
(n =5), 80 mice were infected with 2000 viable proto-
scoleces intraperitoneally then divided equally (n = 20)
into the infected control (GII), ABZ-treated (GIII),
nanosilver-treated (GIV) and ABZ-loaded-Ag NPs-treated
(GV) groups. On the 90th post-infection day, treatment was
started and continued for 8 weeks then the experiment was
terminated. Each mouse was subjected to measurement of
hydatid cysts’ sizes and weights, serum IFN-y, liver
enzymes; histopathological and transmission electron
microscopy studies. In all treated groups, there were sig-
nificant reductions of hydatid cysts’ sizes and weights;
however, the highest efficacy rate (63.9%) was detected in
group V associated with obvious ultrastructure alterations
of the cysts. The liver tissues of group II showed intense
granulomatous reactions, congestion, fibrosis, necrosis and
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steatosis associated with significant increases in serum
IFN-y and liver enzymes. Interestingly, the best antipara-
sitic effect and the most significant reduction of IFN-y
towards the normal values were found in GV. Moreover,
Ag NPs had reduced the toxic effects of ABZ such as
necrosis, steatosis and the elevated serum liver enzymes.
Therefore, loading ABZ on Ag NPs could be a potential
method to improve ABZ efficacy against hydatid disease.

Keywords Albendazole - E. granulosus - IFN-vy -
In vivo - Nanosilver particles - Ultrastructure

Introduction

Cystic echinococcosis (CE) is a worldwide zoonotic para-
sitic disease caused by the larval stages of dog tapeworm
Echinococcus granulosus (Moro and Schantz 2009). The
disease is endemic in the Middle East, North Africa, the
Mediterranean region and Egypt (Kandeel et al. 2004).
Human infection with E. granulosus eggs results in the
development of one or multiple unilocular hydatid cysts.
The cyst is spherical, fluid-filled sac consisting of an inner
cellular germinal layer supported by an acellular laminated
layer. It becomes enclosed by a host granulomatous reac-
tion followed by the development of a fibrous layer (Moro
and Schantz 2009). The cysts develop mostly in the liver
(70%), lungs (20%) and 10% of cysts may take place
anywhere in the body. The cysts are slowly growing and
tolerable until they reach the sizes which lead to mal-
function of the affected organ (Grosso et al. 2012).
Depending on cyst number, size and site, there are four
treatment lines for CE: surgical removal, percutaneous
aspiration injection respiration (PAIR) procedures,
chemotherapy or watch and wait (Stojkovic et al. 2009).
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When the cysts are in multiple organs or at inaccessible
sites, the invasive methods become unfeasible and the
chemotherapy remains to be the only choice (Higuita et al.
2016).

The commonly used drugs for treatment of hydatid cyst
are mebendazole and albendazole (ABZ) (McManus et al.
2012). However, therapeutic failures with ABZ were
reported and have been linked to its low water solubility,
poor gastrointestinal absorption and low drug concentra-
tions in plasma and hydatid cysts fluid (Jelowdar et al.
2017). Thus, changing the physical properties of the drug
seems to be a possible way to overcome this problem
(Pensel et al. 2018).

Enhancing aqueous solubility and bioavailability of poor
soluble drugs has been achieved by loading these drugs
with nanoparticles (NPs) owing to the various unique
properties of NPs such as their large surface-volume ratio
and their high ability to enter inside the cells (Horton
2018). Among several metal NPs, the synthesized silver
NPs (Ag-NPs) was found a nontoxic substance with satis-
factory antimicrobial efficacies against viruses, bacteria
and parasites. Moreover, it was evaluated as a suit-
able carrier of various therapeutic drugs (Burdusel et al.
2018). Therefore, this study was designed to evaluate the
therapeutic effects of silver nanoparticles alone and com-
bined with albendazole against E. granulosus infection in
an experimental mice model. The therapeutic effects were
assessed through parasitological, histopathological, trans-
mission electron microscopy (TEM) studies. Additionally,
serological assessment of IFN-y in mice sera by ELISA
and measurement of liver enzymes were done.

Materials and methods
Parasite

Hydatid cysts were obtained from El-Warrak slaughter
house in Cairo, Egypt. The protoscoleces were prepared
according to Amri et al. (2007). Briefly, the hydatid fluid
was aspirated from fertile cattle pulmonary cysts under
aseptic conditions. The fluid was centrifuged and the sed-
iment containing PSCs was washed with sterile phosphate
buffer saline (PBS) supplemented with 30 mg/mL gen-
tamicin. The viability of PSCs was assessed by their
movement observed under an inverted microscope after
staining by 0.1% eosin. The unstained and moving PSCs
were counted as viable. A percentage of viable PSCs of
more than 95% was considered suitable for further exper-
imental infection. For each mouse, the infective inoculum
was adjusted to contain 2000 viable PSCs suspended in
500 pL of sterile PBS for intraperitoneal inoculation (Ur-
rea-Paris et al. 2002).

Tested drugs

Albendazole suspension (ABZ) (Albendazole® 400 mg/
10 mL; Pharma Cure Pharmaceuticals Co., Cairo, Egypt)
was dissolved in 0.2 mL chromphore L and given orally
via a gastric tube at a dose of 200 mg/kg/d for 5 consec-
utive days per week for 8 weeks (Kiister et al. 2014).
Nanosilver particles reagents of chemical trade were pur-
chased from Sigma-Aldrich Chemical Company. Silver
NPs were synthesized by chemical reduction method
according to Solomon et al. (2007). Conversion of the
brownish yellow color of the reagents into dark brown
color indicated the synthesis of silver nanoparticles.
Characterization of the nanoparticles was done as descri-
bed by Liang et al. (2018). The average size of the prepared
AgNPs was around 100 nm. Mice were given silver
nanoparticles orally via a gastric tube at a dose of 25 mg/
kg/d dissolved in 0.2 mL of chromphore L for 2 months
(Shanmugasundaram et al. 2017). The in vivo toxicity of
AgNPs was examined previously by Shanmugasundaram
et al. (2017) and they determined the No-Observed-Ad-
verse-Effect-Level (NOAEL) of the Ag-NPs was 2000 mg/
kg bw. Moreover, the possible toxicity of AgNPs was
avoided by using the minimum effective dose against
hepatocellular carcinoma in a mouse model which was
used by the same authors. Albendazole-loaded nanoparti-
cles were prepared as described by Noorani et al. (2015).
Drug loading efficacy and encapsulation efficacy were
calculated according to the following equations:

Cabz —V
Loading efficacy =AY 100%
Mn
Cabz -V
Encapsulation efficacy :% x 100%
abz

where C abz is the concentration of ABZ (mg/mL), V is
volume of the solution (mL), Mn is the weight of the total
silver nanoparticles (mg) and M abz is the total weight of
ABZ (mg).

Mice were given ABZ-loaded on silver nanoparticles
orally via a gastric tube at a dose of 100 mg/kg/d dissolved
in 0.2 mL of chromphore L for 8 weeks.

Experimental animals

Pathogen-free laboratory-bred female albino mice,
6-8 weeks of age and weighing 24 &+ 2 g were purchased
from the Biology Supply Center at Theodor Bilharz
Research Institute (PO Box 30 Imbaba, Giza, Egypt). Mice
were housed under a controlled room temperature
(22 £ 1 °C) with free access to the standard pellet animal
diet and water. The study was approved by the Scientific
Research Ethical Committee, Faculty of Medicine,
Menoufia University. Also, animal handling and all
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procedures were done in accordance with the international
ethical guidelines.

Experimental design

In this study, 85 mice were used; five healthy non-infected
mice were assigned to the normal control group (GI) and
80 E. granulosus-infected mice were divided randomly into
the following four groups each of 20 mice (n = 20): Group
IT was the infected untreated group (positive control);
Group III was treated with albendazole. Group IV was
treated with silver nanoparticles and Group V was treated
with albendazole loaded on silver nanoparticles. All treat-
ment regimens were started on 90th day post infection (p.i.)
and continued for 8 weeks and 1 week after administration
of the last doses of the tested drugs, the experiment was
terminated.

At the end of the study, each mouse was anaesthetized
with ether, blood sampling via a cardiac puncture and the
sacrifice by cervical dislocation were performed. Blood
samples were centrifuged and sera were separated and
stored at — 80 °C for further serological and biochemical
studies. Each mouse was subjected to measuring hydatid
cyst size and weight followed by a TEM study;
histopathological examination of the liver tissue then
measurement of serum IFN-y and liver enzymes.

Hydatid cyst size, weight and treatment efficacies

At necropsy of each mouse, the peritoneal cavity was
opened carefully and different organs were inspected. The
hydatid cysts were photographed by a digital still camera
and the sizes of the cysts were determined by the scaled
ruler using Adobe Photoshop CS3. The cysts were care-
fully removed and the weight was determined using an
analytical balance. The efficacy rate of treatments was
calculated by the use of the following formula (Pensel et al.
2015).

Treatment efficacy = x 100%

where C is the mean cyst weight or size in the infected non
treated control group and 7 is the mean cyst weight or size
in the treated group.

Histopathological study

From each animal, liver tissue samples were fixed in 10%
formalin, embedded in paraffin and processed into blocks.
Serial sections of 5 um in thickness were cut then stained
with hematoxylin and eosin (Drury and Wallington 1980).
The sections were examined under a light microscope
(Olympus BX41, Olympus Corporation, Tokyo, Japan).

@ Springer

Transmission electron microscopy (TEM)

For ultrastructure examination of the retrieved hydatid
cysts, the samples were processed as previously described
(Elissondo et al. 2006). The samples were photographed at
the Faculty of Agriculture, Cairo University. With a JEOL
JEM 1230 transmission electron microscope (JEOL,
Tokyo, Japan) operated at an accelerating voltage of
80 kV.

Measurement of IFN-y in mice serum samples

Detection of IFN-y in mice serum samples was done by
sandwich Enzyme linked immunosorbent assay (ELISA)
(Quantikine® R&D systems, Inc. Minneapolis, USA).
Serum samples were tested according to the manufacturer’s
instructions and the amounts of IFN-y were expressed as
pg/mL.

Biochemical assays of liver enzymes

Alanine transeferase enzyme (ALT), Aspartate transeferase
enzyme (AST) and Alkaline phosphatase enzyme (ALP)
activities were measured according to manufacturer’s
instructions of the assay kits (Adicon Clinical Laboratories,
Shanghai, China) and the enzymes’ activities were
expressed as U/L.

Statistical analysis

The data were collected, tabulated and analyzed by statis-
tical package for the social science software version 20
(SPSS, IBM, Armonk, USA). The descriptive data were
expressed as percentages and examined by Chi square test.
The numerical data were expressed as mean =+ standard
deviation (SD). The data were tested for normality using
the Kolmogorov—Smirnov test. To test the significance of
nonparametric data, Kruskal-Wallis test was applied and
followed by a post hoc test to determine the significance of
data between the different groups. Results with P < 0.05
were considered significant.

Results
Mortality rate

Regarding the mortality rate among different studied
groups, there was no significant difference between the
studied groups (P > 0.05). However, the highest mortality
rate was reported in the infected control group (GII) as six
(30%) mice died. While each treated group showed a rate
of 15% due to death of three mice.
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Table 1 Comparison of hydatid cyst size and weight among the different studied groups

The studied groups

Kruskal- P value Significant

- - Wallis test post hoc
GII (infected GIIT (ALZ) GIV (nanosilver GV (ALZ-loaded
control) (n=17) particles) nanoparticles)
(n=14) (n=17) (n=17)

Hydatid cyst size (mm) P1 = 0.0001
Mean + SD 5.14 £ 1.75 1.25 £ 0.85 0.57 £ 0.43 0.39 + 0.48 52.324 0.0001 P2 =0.0001
Median (minimum- 6 (3-7) 1.70 (0-2) 0.80 (0-1) 0.00 (0-1) P3 = 0.0001

maximum) P4 = 0.02

Hydatid cyst weight (g) P1 =0.003
Mean + SD 0.78 £ 0.08 0.43 £ 0.29 0.18 £ 0.15 0.11 £ 0.14 46.325 0.001 P2 =0.0001
Median (minimum- 0.8 (0.7-0.9) 0.6 0.2 (0.0-0.4) 0.0 (0.0-0.3) P3 =0.0001

maximum) (0.0-0.7) P4 = 0.008

Treatment efficacy %  — 229 54.9 63.9

P1 = GIII (ABZ) versus GII (positive control)

P2 = GIV (nanosilver particles) versus GII (positive control)

P3 = GV (ABZ-loaded nanoparticles) versus GII (positive control)
P4 = GV (ABZ-loaded nanoparticles) versus GIII (ABZ)

Hydatid cyst sizes, weights and efficacy rates
of treatments

Regarding hydatid cyst sizes and weight, there was a sig-
nificant difference (P < 0.001) between infected treated
groups (GIII, GIV and GV) when they were compared with
the infected control group (GII). The biggest hydatid cyst
size and weight (5.14 £ 1.75 mm, 0.78 4+ 0.08 g) were
detected in the infected control group (GII). All the treated
groups showed significant reductions; however, the small-
est values were detected in ABZ-loaded nanoparticles-
treated group (GV). Accordingly, the treatment efficacy of
ABZ was 22.9% while the efficacy of nanosilver treatment

was 54.9%. The highest efficacy rate (63.9%) was obtained
with ABZ-loaded nanoparticles (Table 1).

Histopathological results

Regarding the granuloma size, there was a significant dif-
ference between the treated groups (GIII, GIV and GV) and
the infected control group (GII) (P < 0.05). The largest
size was reported in GII (9.36 £ 1.81) and the smallest
granuloma size (0.47 + 0.51 mm) was detected in ABZ-
loaded nanoparticles-treated group (GV) (Fig. 4) (Table 2).

Concerning fibrosis (Fig. 5a) and inflammatory infiltra-
tion of liver tissues (Fig. 5b), there were significant

Table 2 Comparison of granuloma size among the different studied groups

Granuloma size  The studied groups

Kruskal-Wallis P value Significant post

(mm) — - test hoc
GII (Positive GIII (ABZ) GIV (nanosilver GV
control) (n=17) particles) (ABZ-loaded
(n=14) (n=17) nanoparticles)
(n=17)
Mean + SD 9.36 + 1.81 3.00 &£ 1.21 3.06 £ 1.22 0.47 £ 0.51 138.69 0.000 P11 =0.0001
Median 8 (6-10) 2 (1-4) 2 (1-4) 0.00 (0-1) P2 = 0.0001
P3 = 0.0001
P4 =0.0001
P5 =0.0001

P1 = GIII (ABZ) versus GII (positive control)

P2 = GIV (nanosilver particles) versus GII (positive control)

P3 = GV (ABZ-loaded nanoparticles) versus GII (positive control)
P4 = GV (ABZ-loaded nanoparticles) versus GIII (ABZ)

P5 = GV (ABZ-loaded nanoparticles) versus GIII
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Fig. 1 Haematoxylin and eosin stained liver sections from E.
granulosus-infected control group (GII). a Showing a hydatid cyst
with an intact germinal layer (red arrow) and a laminated layer. The
cyst is surrounded by granulomatous reaction with dense fibrosis and
inflammatory infiltrate (x40). b Showing a granulomatous reaction
(red arrow) with moderate infiltration by chronic inflammatory cells
(lymphocytes) (green arrow) (x40). ¢ Showing granulomatous lesion

differences between the treated groups (GIII, GIV and GV)
and the infected control group (GII) (P < 0.05). In the
infected control group (GII), 71.4% and 57.1% showed
severe fibrosis and inflammatory infiltration (infiltration
and focal aggregations of lymphocytes and macrophages in
portal areas and in hepatic parenchyma), respectively
(Fig. 1). Obvious improvements were observed in ABZ-
treated (GIII) (Fig. 2) and nanosilver-treated (GIV) groups
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with thick fibrotic wall (red arrow) and the surrounding liver
parenchyma shows severe parenchymal damage (yellow arrow)
(x100). d Showing a granulomatous reaction with a dense collection
of lymphocytes (red arrow) and the surrounding liver parenchyma
shows focal cellular degeneration (red circle) (x100). e Showing
diffuse apoptosis and necrosis (x100). f Showing apoptosis and
congestion of sinusoids (x100) (color figure online)

(Fig. 3). However, the best results were detected in ABZ-
loaded nanoparticles-treated group (GV) (Fig. 4).

As regards liver cell necrosis (Fig. Sc) and steatosis
(hepatocyte cytoplasm is occupied by a single large lipid
vacuole), (Fig. 5d), there was a significant difference
between the studied groups (P = 0.000). Interestingly, the
ABZ-treated group (GII) (Fig. 2), showed the highest
values of liver cell necrosis and steatosis. Noticeable
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Fig. 2 Haematoxylin and eosin stained liver sections from E.
granulosus-infected ABZ-treated group (GIII). a Showing a hydatid
cyst (red arrow) germinal layer and laminated layer. The cyst is
surrounded by moderate granulomatous reaction, fibrosis and inflam-
matory infiltrate. Liver parenchyma shows areas of degeneration and
necrosis (blue circle) (x200). b Showing a granulomatous reaction
with moderate fibrosis (x40). ¢ Showing markedly congested central
veins and hepatic sinusoids (red arrow) with dense collection of

improvements were observed in ABZ loaded nanoparticles-
treated group (GV) (Fig. 4). However, the best results were
detected in nanosilver-treated group (GIV) (Fig. 3).

Transmission electron microscopy

The ultrastructure of the hydatid cysts obtained from GII
revealed intact germinal layer with microtriches projecting

lymphocytes at the portal tract (red rectangle) (x100). d Showing
markedly congested central veins and hepatic sinusoids (red arrows)
with scattered cellular degeneration (yellow arrows) (x100). e,
f Showing marked damage of liver parenchyma with frequent cellular
apoptosis, moderate infiltration by inflammatory cells (red circle),
congested sinusoids (red arrow), areas of necrosis and steatosis
(yellow arrow) and fibrosis (green arrow) (x 100) (color figure online)

into the laminated layer. Undifferentiated cells with intact
nuclear membranes and non-distorted nucleus were also
seen. The cytoplasm of these cells was intact and rich in
glycogen granules (Fig. 6a, b). The hydatid cysts from the
ABZ-treated group (GIII) showed slightly vacuolated
cytoplasm, glycogen depletion and heterochromatin (py-
knosis) in the nucleus (Fig. 6¢c, d). The hydatid cysts
retrieved from the nanosilver and ABZ-nanoparticle-
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Fig. 3 Haematoxylin and eosin stained liver sections from E.
granulosus-infected Ag NPs-treated group (GIV). a Showing a
damaged hydatid cyst surrounded by moderate granulomatous
reaction, fibrosis and inflammatory infiltrate (green arrow) (x40).
b Showing a granulomatous reaction with moderate fibrosis with
moderate inflammatory infiltrate in the form of scattered lymphocytic

treated (GV) groups showed destruction of the germinal
layer with the loss of microtriches, separation from the
laminated layer and depletion of glycogen. The nanosilver
particles appeared as black rods inside the nuclei which
showed fragmentations. The cytoplasm showed distortion
of the mitochondria, glycogen depletion and autophago-
somes in vacuolated cytoplasm. However, these changes
were more obvious with ABZ-loaded nanoparticles
(Fig. 7).

Serum values of IFN-y

There was a significant difference (P = 0.0001) between
the studied groups. There were significant increases in the
serum IFN-v in all groups when compared with the normal
control group (GI). The highest significant increase was in
ABZ-treated group when compared with GI and GII.
Interestingly, with nanosilver treatment either alone (GIV)
or combined with ABZ (GV), there were significant
reductions in serum IFN-y when they were compared with
the infected control (GII) and ABZ-treated (GIII) groups.

@ Springer

collections (x40). ¢ Showing granulomatous lesion with moderate
lymphocytic collection and fibrosis (red rectangle). The surrounding
liver parenchyma shows a congested sinusoid (red arrow) with
scattered cellular apoptosis (x 100). d Showing scattered liver cellular
necrosis and mild inflammatory infiltrate (x 100) (color figure online)

Moreover, the most significant decrease was in ABZ-loa-
ded nanoparticles-treated group (GV). However these sig-
nificant reductions, the values did not reach the normal
values (Fig. 8).

Liver enzymes

There were significant increases (P < 0.001) of the serum
levels of ALT, AST in the infected control group (GII) in
comparison with the normal control group (GI). In ABZ-
treated group (GIII), there were increases in the levels of
ALT, AST and ALP when they were compared with GI;
however, the differences were not significant except for
ALP (P =0.03). An obvious improvement of liver
enzymes was found only in the ABZ-loaded Ag NPs-
treated group (GV) when it was compared with the infected
control (GII); but, this improvement was not significant and
the values were still significantly higher than the normal
control group (GI) (P = 0.000) (Fig. 9).
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Fig. 4 Haematoxylin and eosin stained liver sections from E.
granulosus-infected ABZ-loaded with Ag NPs-treated group (GV).
a Showing scattered collections of lymphocytes (blue arrow). The
liver parenchyma showed scattered degenerated necrotic cells (yellow
arrow) (x200). b Showing mild congestion of the central vein (red

Discussion

Hydatid disease is a severe, neglected and an endemic
parasitic disease in many countries (Nunnari et al. 2012).
However the availability of chemotherapeutic drugs for
this disease, they still need improvement (Luo et al. 2018).
For example, the current drug of choice albendazole is a
poor water-soluble drug; thus, enhancing its aqueous sol-
ubility is required (Horton 2018). Fortunately, this could be
achieved by loading drugs with nanoparticles which have
been widely used and satisfactory results were obtained
(Farhadi et al. 2018).

Silver NPs (Ag-NPs) is a nontoxic substance with sat-
isfactory antimicrobial efficacy against viruses, bacteria
and parasites (Burdugel et al. 2018) and it showed a scol-
icidal effect in vitro (Rahimi et al. 2015). However, to the
best of our knowledge, there is no previous study con-
ducted to evaluate its efficacy in vivo. Therefore, this study
was designed to evaluate the therapeutic effects of silver
nanoparticles alone and combined with albendazole against
E. granulosus infection in experimental mice.

The results of the present study revealed significant
reductions of hydatid cysts’ sizes and weights in all the

arrows) with mild inflammatory infiltrate (red circle) (x100).
¢ Showing area with steatosis and apoptosis (x200). d Showing
scattered inflammatory infiltrate (blue arrow). Notably, there is no
fibrosis, congestion, necrosis or steatosis (x 100) (color figure online)

treated groups; however, the smallest values with the
highest efficacy rate (63.9%) were detected in ABZ-loaded
nanoparticles-treated group (GV). Therefore, silver
nanoparticles showed antiparasitic effect against E. gran-
ulosus infection in experimental mice and ABZ-loaded on
nanoparticles was found more effective than the free drugs.
These results correlated with the results obtained by our
TEM study which revealed the occurrence of morpholog-
ical alterations in all the cysts obtained from all the treated
groups; however, those retrieved from ABZ-loaded
nanoparticles-treated group showed the most noticeable
changes (Figs. 5, 6).

Regarding TEM results obtained with albendazole in
this study, similar results were reported by Wang et al.
(2017). Our results could be attributed to the inhibition of
polymerization of cytoskeletal tubulin, which results in
suppression of cell division and disruption of secretory
transport systems that end in necrosis vacuolation of the
tegumental layer and death of the parasite (Palomares et al.
2006). Moreover, ABZ is known to inhibit glucose
absorption by the parasite leading to glycogen depletion
and degenerative changes in the parasite (Nunnari et al.
2012).

@ Springer



666

J Parasit Dis (Oct-Dec 2019) 43(4):658-671

% Fibrosis among the studied groups
120
100
80
Mild
60
| Moderate
a0 W Severe
20
o
a Gl Glll GIV GV
B Liver cell necrosis among the studied groups
80
70
60
50 Absent
40 Mild
30 m Moderate
m Severe
20
N |
(i}
c Gl Gl GIV GV

Fig. 5 Histopathological findings in the different studied groups.
Data are expressed as percentages and examined for significance by
Fisher exact test. a, b Showing significant improvement of fibrosis
(Chi square = 59.531, P =0.000) and inflammatory infiltrate (Chi
square = 45.003, P =0.000) in all treated groups, respectively;
however, the best results were obtained in GV (ABZ-loaded Ag
NPs-treated group). ¢, d Showing significant (P = 0.000) difference

In this study, ABZ showed treatment efficacy of 22.9%.
This result is in harmony with Moro and Schantz (2009)
who stated that about 30-50% of patients may show a
therapeutic response while 20-40% of patients with CE do
not respond to ABZ therapy which is linked to the poor
water solubility of ABZ which reduces its bioavailability
and absorption from the intestinal tract (Horton 2018).

On contrary, ABZ efficacy in this study was lower than
that obtained with Pensel et al. (2015) who reported 46.9%
efficacy of ABZ against CE in experimental mice. This
difference could be attributed to the different ABZ for-
mulations used, as they used albendazole sulphoxide which
is an active metabolite of ABZ that achieves high con-
centrations inside the cyst (Elissondo et al. 2013).

Concerning the mechanism of action of silver NPs, they
have been reported to interact with the cell membrane and
lead to the formation of pores and leakage of cellular
contents. Moreover, they increase reactive oxygen species
(ROS) formation which damages the mitochondrial mem-
branes that finally leads to the initiation of programmed
cell death “apoptosis” (Rai et al. 2017). Accordingly, the
combination of ABZ and silver NPs can inhibit tubulin

@ Springer

Inflammatory infiltrate among the studied

% groups
120
100
80
Mild
60
m Moderate
40 m Severe
0
b Gl Gl GIV GV
o Steatosis among the studied groups
70
60
50
40 Absent
30 Mild
m Moderate
20
10
0
d Gl Gl GIV GV

between groups regarding liver cell necrosis and steatosis, respec-
tively. ABZ treatment (GIII) resulted in obvious increase in necrosis
(Chi square = 207.266, P = 0.000) and steatosis (Chi square =
127.447, P =0.000), the combined treatment (GV) resulted in
improvement of both parameters while the best results are in
nanosilver-treated group (GIV)

polymerization, glycolysis and mitochondrial functions.
Moreover, the results obtained in our study could be linked
to the enhanced dispersion of ABZ from the nanoparticles
across the hydatid cyst layers (Jelowdar et al. 2017; Soltani
et al. 2017). This dispersion was proved through our TEM
study which revealed that silver nanoparticles had entered
inside the cells, stimulated apoptosis, and autophagy and
induced marked damage of hydatid cysts (Fig. 7). Inter-
estingly in a similar way of action, Liang et al. (2018)
found ABZ-Ag-NPs combination was effective against
tumour cells both in vitro and in vivo.

The results of the present study are in consistency with
several studies which have shown the efficacy of ABZ-
loaded on nanoparticles against hydatid disease in experi-
mental animals. For example, Ahmadnia et al. (2013)
found that treatment of mice with albendazole sulfoxide
and albendazole sulfoxide-loaded solid lipid nanoparticles
(SLN) resulted in the reduction of the cysts’ weights when
they were compared to the control groups; however, these
reductions were not statistically significant. Also, Liang
et al. (2014) found a significant reduction of hydatid cysts
weight with albendazole-loaded with chitosan. Similarly,
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Fig. 6 Transmission electron micrograph of hydatid cysts a, b from
an infected non treated mouse (GII) showing intact germinal layer
with microtriches (red arrow) projecting into the laminated layer (LL)
and distal cytoplasm (blue arrow). The germinal layer shows intact
non differentiated cells with intact nuclear membrane (pink arrow),
nucleus and nucleolus (yellow arrow). The cytoplasm is intact and

Jelowdar et al. (2017) demonstrated that ABZ and PZQ-
loaded with SLN were better than free ABZ or PZQ for the
chemoprophylaxis of CE in mice. Recently, Farhadi et al.
(2018) found that the weight of the cysts in flubendazole-
loaded nanoparticles-treated group was significantly lower
than those of the control and the free flubendazole-treated
groups.

Our histopathological study revealed the occurrence of
granulomatous reactions in association with liver conges-
tion, haemorrhage, fibrosis, liver cell necrosis, degenera-
tive changes and steatosis mainly in the infected control
group and to some extent in the treated groups. These
results are similar to the histopathological picture of the
liver of experimentally infected mice (Al-Kuraishi 2009)
and naturally infected sheep (Beigh et al. 2017).

In fact, the hydatid cyst stimulates a host’s inflammatory
reaction that ends in the formation of a fibrous capsule
(Solcan et al. 2010), and the areas in between cysts usually
show congestion, haemorrhage, liver cell necrosis together
with fibrosis and inflammatory infiltration (Singh et al.

rich in electron dense glycogen granules (x10,000). ¢, d TEM
micrograph of hydatid cysts from ABZ-treated group (GIII) showing
vacuolated cytoplasm (V), glycogen (G) depletion and
autophagolysosomes (green arrow) and heterochromatin (pyknosis)
in the nucleus (yellow arrow) with intact nuclear membrane (pink
arrow) (x10,000) (color figure online)

2014) with dilatation of the sinusoids and the central veins
(Beigh et al. 2017).

In the present work, the results revealed improvements
of the granuloma sizes, fibrosis, congestion and the
inflammatory infiltrates in all the treated groups. However,
free nanosilver was slightly better than free ABZ and the
best results were obtained with ABZ-loaded nanosilver
treatment. Moreover, liver cell necrosis and steatosis were
increased with free ABZ treatment denoting a hepatotoxic
effect of this drug. Conversely, improvements were
observed with nanosilver treatments indicating the poten-
tial safety of AgNPs in vivo. In the same context, the
highest serum levels of ALT, AST and ALP were found
with ABZ treatment when they were compared with nor-
mal control group and the infection control group. On the
other hand, improvements in liver enzymes were recorded
in ABZ-loaded with Ag NPs-treated group (GIV).

The hepatotoxic effect of albendazle was documented
before and it is known to be one of the drugs that may
cause acute hepatitis characterized by inflammation,
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Fig. 7 Transmission electron micrograph of hydatid cysts a from
nanosilver-treated mouse (GIV) showing destruction of the germinal
layer and microtriches (red arrow). The cytoplasm is vacuolated
(V) and shows distortion of the mitochondria (black arrows) with
depletion of glycogen granules (x8000). b TEM micrograph of
hydatid cysts from nanosilver-treated group (GIV) showing collec-
tions of Ag NPs appearing as electron-dense rods (red stars) inside the
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Fig. 8 Mean values of IFN-y among the different studied groups.
Data are expressed as mean & SD, I indicates significance
(P < 0.05) of the value versus GI (normal control), * indicates
significance versus GII (infected control), # indicates significance

necrosis, degenerative changes and may be accompanied

by cholestasis (Ramachandran and Kakar 2009). Moreover,
hepatotoxicity, neutropenia and nausea are common

@ Springer

ABZ-treated

nucleus which is fragmented into pieces (n). The cytoplasm is
vacuolated (V) and contains autophagosomes (green arrow)
(x10,000). ¢, d TEM micrograph of hydatid cysts from ABZ-loaded
NPs-treated group (GV) showing intense destruction of the germinal
layer (red arrows) with separation from the laminated layer (LL),
wide areas of vacuolated cytoplasm (V) with glycogen depletion and
distorted mitochondria (black arrows) (x8000) (color figure online)

Serum values of IFN-y

I+

fr#

Ag NPs-treated ~ ABZ+Ag NPs-treated

versus GIII (ABZ-treated) and f indicates significance versus GIV
(Ag NPs-treated) by Kruskal-Wallis test followed by a post hoc test

adverse effects of albendazole; therefore, ABZ is con-
traindicated with pregnancy and chronic liver diseases.
Moreover, regular follow-up of leukocytes counts and liver
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Fig. 9 Mean values of liver enzymes aspartate aminotransferase
(AST), alanine aminotransferase (ALT) and alkaline phosphatase
(ALP) among the studied groups. Data are expressed as mean £ SD,
1 indicates significance (P < 0.05) of the value versus GI (normal

enzymes is recommended for all patients during ABZ
treatment (Nunnari et al. 2012).

On the other hand, the safety and the anti-inflammatory
effect of silver nanoparticles were reported previously
when it was used against ulcerative colitis (Bhol and
Schechter 2007). This safety was also reported by
Loeschner et al. (2011). Similarly, Said et al. (2012) found
that accumulated silver NPs in different organs was within
the safe limits during their study on the efficacy of silver
NPs against Giardia lamblia in experimental rats.
Recently, the Food and Drug Administration (FDA) con-
firmed AgNPs as an effective agent against some bacterial
and viral diseases (Burdusel et al. 2018).

Based on our findings and the previous literature, we
assume that Ag NPs showed an anti-inflammatory effect
besides an antiparasitic effect. The former is responsible
for a protective effect against ABZ induced hepatotoxicity
and the second is responsible for a synergistic antiparasitic
action when it was combined with ABZ against CE;
therefore, this combination showed the best results.

Concerning the serum values of IFN-y in the present
study, there were significant increases of the serum IFN-y
in all groups when compared with the normal control group
(GI). The highest value was found in ABZ-treated group.
Interestingly, there were significant reductions in serum
IFN-y when Ag NPs were used either alone or combined
with ABZ. Moreover, the most significant decrease was in
ABZ-loaded nanoparticles-treated group (GV). However
these significant reductions, the values did not reach the
normal values.

These findings are in agreement with Rigano et al.
(1995) who found that after treatment or even the natural
death of a cyst, TH2 response quickly drops and THI1
response becomes predominant. Additionally, Touil-Bou-
koffa et al. (1998) and Rostami-Rad et al. (2018) reported
significant inductions of both TH1 and TH2 responses and

% i i
250 i
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150 I BALT
. : i i E 58 = i L mAST
i J e ALP
0 | |

ABZ-treated

Ag NPs-treated ABZ+Ag NPs-

treated

control), * indicates significance versus GII (infected control), #
indicates significance versus GIII (ABZ-treated) and 1 indicates
significance versus GIV (Ag NPs-treated) Kruskal-Wallis test
followed by a post hoc test

elevation of TH1 cytokines levels, especially IFN-y during
E. granulosus infection. Moreover, Siracusano et al. (2008)
found that the patients who responded to chemotherapy
produced high amounts of IFN-y.

In contrary, Rogan (1998) reported that during the late
stage of experimental infection with E. granulosus, TH2
response dominates with elevated IL-10 and reduced IFN-
v. However, they detected high levels of IFN-y in mice
where cysts died after implantation, whereas low levels of
IFN-y were measured in mice harbouring live cysts.
Accordingly, this is also consistent with our results as we
assume that the different treatments resulted in the killing
of the cysts, the release of E. granulosus antigens, stimu-
lation of TH1 immune response and increase of IFN-y
production and the reduction of the elevated values towards
the normal level seems to be dependent on the efficacy of
the treatment. We also assume that the anti-inflammatory
effect of Ag-NPs may be responsible for the most signifi-
cant reduction of the IFN-y toward the normal values when
it was combined with ABZ although this combination
showed the most significant antiparasitic effect against
hydatid cysts.

Conclusion

The results of this study demonstrated that ABZ-loaded
nanoparticles showed the best drug efficacy on experi-
mental echinococcosis when it was compared with free
nanosilver or ABZ treatments. ABZ-loaded on nanoparti-
cles showed significant reductions of hydatid cyst size,
weight and granuloma size with minimal histopathological
effects on the liver tissues. Therefore, it could be consid-
ered as a new potential therapeutic option against E.
granulosus infection; however, further studies should be
done to evaluate this treatment from other aspects.
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