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Light microscopical and parasitological analyses revealed the
beneficial effects of silver nanoparticles and various myrrh
extracts against Trichinella spiralis infection in mice
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Trichinella spiralis infection is a food-borne zoonotic disease caused by nematodes

aimed to evaluate the effectiveness of different treatments including silver nanoparti-
Review Editor: Mingying Yang cles (AgNPs), myrrh biosynthesized AgNPs “AgNPs synthesized using plant-based
green technologies”, myrrh extract, and myrrh essential oil, as alternative treatments
against T. spiralis infection. Parasitological, histopathological, and cytotoxicity assess-
ments were conducted to investigate the effects of various concentrations of these
treatments in reducing the populations of adult worms and larvae during both the
intestinal and muscular phases of T. spiralis-infected mice. The results showed that
the highest antihelminthic efficacy against the intestinal phase of T. spiralis was
achieved by myrrh extract (86.66%), followed closely by AgNPs (84.96%) and myrrh
AgNPs (82.51%) at higher concentrations (800 mg/kg for myrrh extract, 40 pug/mL
for AgNPs, and 40 ug/mL for myrrh AgNPs). While the group treated with myrrh
essential oil showed the lowest percentage of adult reduction (78.14%). However, all
treatments demonstrated comparable effects in reducing the larvae population in the
muscle phase. Histopathological examination of the tissues revealed compelling evi-
dence of the effectiveness of AgNPs, particularly when prepared with myrrh. Addi-
tionally, a comprehensive assessment of the cytotoxicity of AgNPs indicated low
toxicity levels. This study supports that AgNPs synthesized using plant-based green

technologies hold therapeutic potential for the treatment of T. spiralis infection.
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of T. spiralis.
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1 | INTRODUCTION

Trichinella spiralis is a tissue-dwelling cylindrical worm that causes a
food-borne zoonotic disease termed Trichinellosis (Lopez-Cauce
et al, 2022). Many host species are vulnerable to Trichinella
sp. infection, with humans being the most susceptible (Gomez-
Morales et al., 2022). The majority of human infections are caused by
eating meat (most commonly pig meat), either raw or improperly
cooked, that contains infectious larvae (Gabriél et al., 2023). The
World Health Organization (WHO) and the Food and Agriculture
Organization (FAO) have identified T. spiralis infection as the sixth
most serious food-borne parasite of global concern (Lupse
et al., 2023).

T. spiralis undergoes three distinct clinical phases within the host:
enteral, migratory, and muscular (Abou Rayia et al., 2022). The life
cycle commences with ingesting larvae encysted in muscle tissue by
an infected host, typically a carnivorous mammal, pig, or wild game
animal. Following ingestion, the larvae are released in the stomach
due to digestive enzymes, where they mature into adult worms in the
small intestine. After mating, females release larvae that traverse the
intestinal wall, enter the bloodstream, and reach various muscles. In
the muscular phase, larvae penetrate skeletal muscle fibers establish-
ing a specialized environment by transforming infected myocytes into
nursing cells (Duignan, 2023). This shelter, comprising host-origin
components, effectively shields the larvae from the host's immune
response (Guo et al., 2020). Consequently, patients may undergo
myositis and muscular dysfunction, induced by larval growth in skele-
tal muscles, leading to severe and prolonged pain (Abou Rayia
et al,, 2022; Ahmad et al., 2023).

The therapeutic options for T. spiralis infection are notably
restricted, and the existing drugs employed against Trichinella, such as
mebendazole and albendazole, possess limited water solubility. Con-
sequently, their absorption from the intestinal lumen is diminished,

necessitating high doses that lead to a multitude of adverse effects

the brain, and lung.

These findings present a promising avenue for the development of novel antiparasitic

drugs that are both effective and safe.

o Myrrh extract has the highest antihelminthic efficacy against the intestinal phase

e Histopathological examination of the tissues revealed compelling evidence of the
effectiveness of AgNPs, particularly when prepared with myrrh.

e During intestinal phase of T. spiralis, varying levels of nanoparticle precipitation
were detected in the liver, brain, lung, and intestine. During the muscular phase,

the highest amount of AgNPs precipitation was detected in the liver, followed by

AgNPs, cytotoxicity, skeletal muscle, T. spiralis, volatile oil of myrrh

and contribute to the development of drug resistance. Furthermore,
these drugs exhibit limited efficacy in combating the encapsulated lar-
vae (Allam et al., 2021).

Hence, the development of new anti-Trichinella drugs that are
both safe and efficacious against the muscular phase of the infection
is imperative. In the realm of medical applications, silver stands out as
the most extensively employed engineered nanomaterial. Silver nano-
particles (AgNPs), in particular, exhibit potent antimicrobial properties
owing to their expansive surface area, facilitating enhanced interac-
tion with microorganisms when compared with other salts (Dara
et al., 2020; Salleh et al., 2020). Consequently, AgNPs have exhibited
a growing ability to penetrate various human body tissues, cells, and
biological molecules (Mehwish et al., 2021). Notably, AgNPs have
demonstrated promising therapeutic potential in parasitic diseases
that specifically target certain cells or organs (Ayipo et al., 2022). For
instance, in vitro studies have revealed significant interactions
between different concentrations of AgNPs and T. spiralis adults and
larvae, leading to cuticle degeneration, which could potentially impede
their in vivo binding ability to host cells (Khalifa et al., 2023).

Nonetheless, evidence suggests that AgNPs can have adverse
effects on human health and the environment (Tortella et al., 2020).
Consequently, extensive research has been conducted to mitigate the
toxic effects of AgNPs while enhancing their potential (Bruna
et al., 2021). Among the various production processes, biological or
green synthesis of AgNPs has garnered significant attention due to its
nontoxic, environmentally friendly nature (Chouhan & Guleria, 2020).
Therefore, the utilization of plant extracts for the mediated synthesis
(green synthesis) of nanoparticles is preferred, given that plants pos-
sess the inherent ability to reduce silver ions into AgNPs (Bergal
et al., 2022). Myrrh is a natural remedy, being an oleo-gum resin from
Commiphora species, which has been employed as a reducing and cap-
ping agent for the synthesis of AgNPs demonstrating a high degree of
effectiveness against both the intestinal and muscular phases of
T. spiralis (Abd-Elrahman et al., 2020).
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The primary objective of this experimental study was to investigate
the effectiveness of AgNPs as a potential therapeutic agent against both
the intestinal and muscular phases of T. spiralis infection by assessing
their impact on the host. Furthermore, the study aimed to explore the
host-parasite interaction under the treatment protocols, which involved
evaluating parasitological and histopathological parameters, as well as

assessing the cytotoxicity of the nanoparticle combination.

2 | MATERIALS AND METHODS

The national and international ethical guidelines were followed in the
present study. The work was approved (Approval number: 17300257)
by the research ethical committee of the Faculty of Veterinary Medi-
cine, Assiut University, under ARRIVE guidelines. Mice were eutha-

nized by cervical dislocation under anesthesia.

21 | Experimental animals and T. spiralis strain

The current study was carried out on 120 BALB/c mice, aged 7-
8 weeks and weighing 20-25 g. The animals were purchased and
housed at the animal house of Assiut University (Assiut, Egypt).
Throughout the whole period of study, the mice were kept under spe-
cific pathogen-free conditions with free access to tap water and a
standard diet that contained 7% simple sugars, 3% fat, 50% polysac-
charide, 15% protein, and energy 3.5 kcal/g (Longo et al., 2014).

T. spiralis strain was isolated from a naturally infected pig slaugh-
tered at El-Bassatine Abattoir, Cairo, Egypt. The larvae were isolated
from the skeletal muscle and then maintained in vivo in BALB/c mice
(Abd-Elrahman et al., 2021).

2.2 | Experimental design

This study involved a total of 120 mice, divided into two main groups;

to assess the effectiveness of various treatments. Each main group,

TABLE 1 The therapeutic
concentrations of all groups.
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comprising 60 mice, was subdivided into six subgroups, each receiving
distinct treatments. For each treatment group, two concentrations
were utilized, except for the infected untreated group and the Alben-
dazole® group (only one concentration was utilized, Table 1). The
treatments encompassed AgNPs, AgNPs prepared with myrrh, myrrh
(extract and essential oil), and Albendazole®. During the study, the
treatment for the intestinal phase commenced on the third day post-
infection and continued for three consecutive days. During this treat-
ment phase, the objective is to impede the maturation of adult worms
and prevent the subsequent migration of larvae, effectively hindering
the progression of the life cycle (Ding et al., 2017). All treatments dur-
ing this phase were administered orally. In contrast, the muscular
phase was addressed through two administration routes. AgNPs and
myrrh AgNPs were administered via intraperitoneal injections. Addi-
tionally, myrrh (extract and essential oil) and Albendazole® were
administered orally. These treatment regimens were administered for
seven consecutive days, commencing on the 31st day postinfection.
Administering drugs on day 31 strategically aligns with the matured
state of encapsulation, aiming to disrupt this crucial phase in the para-
site's life cycle. Targeting this encapsulation phase intends to hinder
the completion of the life cycle, minimizing the potential for sustained
infection and transmission (Marian et al, 2020). Albendazole®
(Alzental) was obtained from the Egyptian International Pharmaceuti-
cal Industries. The mice have received 50 mg/kg orally (Sawatdee
etal, 2019).

2.3 | Preparation of methanolic myrrh extract and
AgNPs using myrrh extracts

The myrrh exudate was sourced from the stems of Commiphora myr-
rha and was acquired from a reputable herbal market in Assiut, Egypt.
To validate its authenticity, the exudate underwent a comprehensive
analysis utilizing a combination of physical features and established
chemical testing protocols (Evans, 2002). The powdered myrrh (125 g)
was macerated in 1 L of methanol for 24 h. The material was soni-
cated for an hour the following day in a Crest CP2600HT Ultrasonic

Intestinal phase Muscular phase

Groups Subgroups Concentration

I. Infected Untreated group | (=) (-)

II. Infected treated with AgNPs Ila 30 pg/mL 30 pg/mL
Ilb 40 pg/mL 40 pg/mL

Ill. Infected treated with myrrh AgNPs Ila 30 pg/mL 30 pg/mL
b 40 pg/mL 40 pg/mL

IV. Infected treated with myrrh crude extract IVa 500 mg/kg 800 mg/kg
IV b 800 mg/kg 1000 mg/kg

V. Infected treated with myrrh essential oil Va 500 mg/kg 800 mg/kg
Vb 800 mg/kg 1000 mg/kg

VI. Infected treated with Albendazole® Vi 50 mg/kg 50 mg/kg

Abbreviation: AgNPs, silver nanoparticles.
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Cleaner to speed up the extraction process. This process was done
five times, and the resultant filtrate was vacuum concentrated at 40°C
using a rotary evaporator each time. The dried residues were mixed to
obtain 28 g of crude extract.

Myrrh essential oil was obtained through hydrodistillation by placing
250 g of finely powdered myrrh in a 2 L glass flask with 1 L of distilled
water and using a Clevenger apparatus to condense the water vapor
containing the essential oil. The resultant extract was then used to create
AgNPs through a green synthesis method (Abd-Elrahman et al., 2020).

The process of preparing AgNPs involved the utilization of a
green biosynthetic technique (Salaheldin et al., 2019). In this method,
a solution of AgNO;3 (0.95 mM) in distilled water (20 mL) was com-
bined with a portion of myrrh extract and stirred vigorously for an
hour using a magnetic stirrer. The formation of AgNPs was indicated
by the change in color from faint yellow to dark yellow and eventually
green (Abd-Elrahman et al., 2021).

AgNPs were synthesized by reducing AgNO; solution with
sodium borohydride (NaBH,) in an aqueous solution, both purchased
from Sigma-Aldrich (MO, USA). A large excess of NaBH4 was used to
stabilize the formed AgNPs, and an ice bath was employed to slow
down the reaction and control particle size/shape. Polyvinyl pyrroli-
done (PVP, M.wt 25 K) from Fisher Scientific (NJ, USA) was also used
as a stabilizer to prevent AgNPs aggregation. The reaction resulted in
the formation of spherical AgNPs (Abd-Elrahman et al., 2021).

24 |
efficacy

Parasitological assessment of the treatment

Six days after infection, mice were sacrificed to assess the effects of vari-
ous treatments on adult worms during the intestinal phase. The count of
adult worms present in the gut was identified and tallied (Attia
et al,, 2015). Similarly, mice belonging to group Il were sacrificed on the
49th day after infection to evaluate the effects of these agents on larvae
(Yadav, 2012). The mice carcass was minced, digested with artificial diges-
tive fluid, sieved, and washed by repeated sedimentation in phosphate-
buffered saline (PBS). These larvae were then counted using a stereomi-
croscope at a magnification of 40. The larval quantity was determined by
multiplying the number of larvae found in 50 pL by 8000, resulting in the
total number of larvae found in the carcass (Gottstein et al., 2009). The
formula for determining the number of larvae per carcass is given as lar-
vae/carcass = mean larvae in 50 pL x 8000 (Shoheib et al., 2013).

The efficiency of treatment was calculated using the following
equation:

The efficacy of treatment (%) = 100 x (mean number recovered
in controls — mean number recovered in treated mice)/mean number

recovered in controls.

2.5 | Histological examination

To evaluate the histopathological changes, skeletal muscle samples

were obtained from the diaphragm of mice that were sacrificed on the

49th-day postinfection in both control and treated groups. The spe-
cific choice of day 49 ensures a thorough evaluation of the treat-
ment's effectiveness and its consequences on the host's muscular
tissues (Park et al., 2018). This time point allows for a comprehensive
examination of the histopathological alterations in the muscles, pro-
viding insights into the persistence or resolution of the infection and
the potential impact of the treatment on the later stages of the para-
site's life cycle (Fahmy & Diab, 2021).

Following collection, the samples were subjected to fixation in
10% neutral buffered formalin and dehydration in ascending concen-
trations of ethyl alcohol series. The tissue specimens were then
embedded in paraffin and cut into 5 um sections using a rotatory
microtome (Slaoui & Fiette, 2011). The resulting sections were placed
on glass slides, which were subsequently stained with hematoxylin
and eosin before being analyzed for morphological changes using a
light microscope (Olympus CX31, Tokyo, Japan) and captured on
a camera (Olympus, Camedia C-5060, Tokyo, Japan) in the Photomi-
crograph Lab of the Department of Pathology and Clinical Pathology,
Faculty of Veterinary Medicine, Assiut University.

2.6 | Evaluation of nanoparticle combinations
cytotoxicity

The toxicity of combinations of nanoparticles was previously evalu-
ated (Lee et al., 2018; Said et al., 2012). To conduct the evaluation,
the liver, brain, lungs, and intestine were extracted from mice that
were sacrificed on the 6th day for the intestinal phase and the 49th
day for the muscular phase. The organs were weighed and preserved
in a 10% formalin solution with a few drops of PBS. Tissue samples
weighing 0.3 g were digested using a microwave digestion system
with 3 mL of concentrated nitric acid. The oven temperature was
increased from 20 to 150°C within 5 min, maintained at 150°C for
5 min, increased from 150 to 200°C within 3 min, and then main-
tained at 200°C for an hour. The concentrations of Ag in the digested
fluid were analyzed using an atomic absorption spectrophotometer
through a flameless method. The concentration of silver in the tissue

was expressed as nanograms per gram of wet weight.

2.7 | Statistical analysis

Data coding and analysis were performed using the Social Sciences
Statistical Analysis Software Package (SPSS) version 20 from IBM
Corp. in Armonk, NY, USA. Mean and standard deviation were used
to express quantitative variables, while frequencies (number of cases)
and relative frequencies (percentages) were used for categorical vari-
ables. To compare groups, ANOVA with post hoc tests were con-
ducted for normally distributed quantitative variables, and the
percentage of reduction between treated and control groups was cal-
culated. The independent t-test was used to determine the signifi-
cance of differences between groups, with statistical significance set
atp < .05.
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3 | RESULTS
3.1 | Parasitological assessment of different
treatment agents

Regarding the effect of different treatments on the intestinal phase
compared to the infected untreated group, the results showed that
the crude extract of myrrh had the highest anthelmintic activity
against T. spiralis adult worms, followed by AgNPs. Moreover, the
AgNPs prepared with myrrh had a closely similar effect to that
detected by crude extract of myrrh and AgNPs. However, albendazole
exhibited a mortality rate of 80.31% at a concentration of 50 mg/kg.
The lowest percentage of adult worms reduction was observed in the
group treated with myrrh essential oil. All treated groups showed a
significant reduction in the mean number of adult worms compared
with the control group (p < .001), which had an average number of
adult worm of 215 + 12.2. Importantly, no significant differences were
detected between different concentrations of AgNPs (p =.102),
AgNPs prepared with myrrh (p =.089), and myrrh crude extract
(p =.091). However, a significant difference was found between
doses of 500 and 800 mg/kg of myrrh essential oil (p < .001; Table 2).
The outcome indicates that there is no notable contrast among
the high concentrations of treatments, but a significant difference
exists between 40 u/mL AgNPs, myrrh crud extract of 800 mg/kg,
and essential oil of myrrh at 800 mg/kg with (p < .001; Table 3).
Regarding their impact on the muscular phase, AgNPs, AgNPs

combined with myrrh, myrrh, and albendazole revealed similar results,

RESEARCH & TECHNIQUE

with the essential oil of myrrh following closely behind. Compared to
the mean number of Trichinella sp. observed in the untreated group of
infected individuals (269.3 + 35.9 x 10%), the highest percentage
of adult worms reduction was observed in larval population with
AgNPs combined with myrrh at concentrations of 30 and 40 p/mL,
which is almost identical to the reduction seen with AgNPs at concen-
trations of 30 and 40 p/mL. Albendazole produced a reduction of
89.1% at a concentration of 50 mg/kg, followed by crude extract of
myrrh at concentrations of 800 and 1000 mg/kg. The lowest reduc-
tion percentage was observed in the larval population treated with
volatile oils of myrrh at concentrations of 800 and 1000 mg/kg. All
treated groups showed a significant decrease in the mean number of
larvae compared to the control group (p < .001). No significant differ-
ence was observed between varying concentrations of each treat-
ment. Moreover, high concentrations of each treatment also did not

exhibit any significant difference (Table 4).

3.2 |
effect

Histopathological assessment of therapeutic

In the examined muscles, Subgroup | (infected untreated mice;
Figure 1a) showed a large number of encysted T. spiralis larvae dif-
fused throughout the sarcoplasm, accompanied by a significant pres-
ence of chronic inflammatory cells such as lymphocytes, plasma cells,
eosinophils, and histiocytes. These inflammatory cells infiltrated the

muscle bundles and surrounded the encysted larvae, resulting in

TABLE 2 Percentages of adult worms' reduction in the intestinal phase of all infected treated groups, compared to the infected untreated
group.
I} 1 \"% \" Vi
Subgroup (@) (b) (@) (b) (@) (b) (@) (b)
Treatment 30 40 30 40 500 800 500 800 50
Concentration w/ml w/ml w/ml wml mg/kg mg/kg mg/kg mg/kg mg/kg
No. of adult 36.30 32.33 42.33 37.60 33.00 28.67 71.60 47.00 42.33
worm +19.4* +2.1% +12.2* +16.2* +13.4* +15.6* +16.8* +25.8* +17.8*
(Mean + SEM)
Reduction (%) 83.12 84.96 80.31 82.51 84.65 86.66 66.69 78.14 80.31

p-value lla versus llb = .102 Illa versus llIb = .089

*Statistically significant (p < .001) compared to the control group “Subgroup 1.

IVa versus IVb = .091 Va versus Vb <.001

TABLE 3 Comparison between high concentrations of each treatment in the intestinal phase.

Subgroup 1lb 1llb
Treatment 40 p/mL 40 p/mL
Concentration

No. of adult worm 32.33+21 37.60 + 16.2
(Mean + SEM)

Reduction (%) 84.96 82.51

p-value

IIb versus lllb = .068
lllb versus Vb = .001

IIb versus IVb = .041
Illb versus VI = .003

IVb Vb VI

800 mg/kg 800 mg/kg 50 mg/kg
28.67 £ 15.6 47.00 + 25.8 42.33+17.8
86.66 78.14 80.31

IIb versus Vb <.001
IVb versus Vb <.001

IVb versus Vb <.001
IVb versus VI = .048

Illb versus IVb = .044
Vb versus VI = .231
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TABLE 4 Percentages of reduction of larvae in the muscular phase of all infected treated groups, compared to the infected untreated group.
I} 1 \'% \"% Vi
Subgroup (a) (b) (a) (b) (a) (b) (a) (b)
Treatment 30 p/mL 40 p/mL 30 p/mL 40 p/mL 800 mg/kg 1000 mg/kg 800 mg/kg 1000 mg/kg 50 mg/kg
Concentration
No. of larva 21.3 20 20 17.3 61.3 38.7 65.3 48 29.3
(Mean + SEM) +1.9* +3.3* +3.3* +1.9* +15.1* +9.9* +222* +4.9* +13.1*
x 10°
Reduction (%) 92.07 92.57 92.57 93.5 77.22 85.64 75.74 82.18 89.1
p-value lla versus llb = .687 Illa versus llIb = .234 IVa versus IVb = .003 Va versus Vb = .034

*Statistically significant (p < .001) compared to the control group “Subgroup I«

FIGURE 1

muscle fiber necrosis. Subgroup V (Figure 1b), which received volatile
oils of myrrh, was the least effective in reducing the larval burden. It
exhibited multiple encysted larvae of T. spiralis located between the
muscle fibers, along with degenerative changes and increased infiltra-
tion of inflammatory cells. The capsules of most larvae in this sub-
group appeared thick and intact, with a smaller area of muscle fiber
necrosis.

In  contrast, the muscular sections from Subgroup Il
(Figure 2a), which received AgNPs, and Subgroup IV (Figure 2b),
which received AgNPs prepared with myrrh, showed a signifi-
cantly lower number of encysted larvae. These sections exhibited
degenerative changes, thinning, and splitting of the capsules into
thin layers, breakdown areas, vacuolization, and less lymphocytic
infiltration around the larvae. There was also a smaller area of
muscle fiber necrosis.

Muscle sections from Subgroup IV (Figure 3a) treated with myrrh,
and Subgroup VI (Figure 3b) treated with albendazole, had similar
results. However, albendazole appeared to be more effective in caus-
ing larval death, as evidenced by the precipitation of calcium bodies
around the deceased larvae.

Histopathological assessment of Trichinella spiralis infection in skeletal muscle in response to volatile oil stained with H&E.

(a) Skeletal muscle section from the diaphragm of infected, non-treated group showing a T. spiralis larva (arrows) associated with massive
inflammatory cellular infiltration (arrow heads; bar = 100 um). (b) Skeletal muscle section from the infected group treated with volatile oil showed
the highest number of T. spiralis larva among all treated ones (arrows), with increased infiltration of inflammatory cells (arrow heads;

bar = 100 um).

3.3 | Evaluation of nanoparticle-associated
cytotoxicity

On the third day of treatment, organs were collected and analyzed for
the presence of AgNPs. The liver, brain, lung, and intestine were
found to have varying levels of nanoparticle precipitation. A signifi-
cant difference was observed between myrrh-prepared AgNPs and
regular AgNPs in the liver and brain (p < .001), but not in the lung and
intestine during the intestinal phase of the study (Table 5).

During the muscular phase, organs were gathered on the 4%9th day,
10 days after the end of the treatment. The highest amount of AgNPs
precipitation was detected in the liver, followed by the brain, and lung. A
significant difference (p < .001) was observed between AgNPs prepared
with myrrh and those without in the liver, brain, and lung (Table 6).

4 | DISCUSSION

This study revealed that both AgNPs and AgNPs prepared with myrrh
were successful in treating both the intestinal and muscular stages of
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FIGURE 2 Histopathological assessment of Trichinella spiralis infection in skeletal muscle in response to silver nanoparticles (AgNPs) and
AgNPs with myrrh stained with H&E. (a) Skeletal muscle section from the infected group, treated with AgNPs showed much fewer numbers of
encysted larvae (arrow) and less lymphocytic infiltration (arrow head; bar = 100 um). (b) Skeletal muscle section from the infected group treated
with AgNPs prepared with myrrh, showed much fewer numbers of encysted larvae (arrow), and most of them showed degenerative changes (star;

bar = 100 um).

FIGURE 3 Histopathological assessment of Trichinella spiralis infection in skeletal muscle in response to myrrh and albendazole stained with
H&E. (a) Skeletal muscle section obtained from the infected group treated with myrrh showed a lower number of T. spiralis larvae (arrows;

bar = 100 pm). (b) Skeletal muscle section from the infected group treated with albendazole showed the same effect observed in the infected
group treated with myrrh, with precipitation of calcium bodies around the deceased larvae (arrows; bar = 100 pum).

TABLE 5 Concentration of silver
nanoparticles (AgNPs) in tissue during

intestinal phase.

T. spiralis. These results were similar to the effects of albendazole,
while myrrh volatile oil showed less effectiveness against the parasite.

All groups that received treatment experienced a significant decrease

Conc. Of AgNPs (ppm)

Conc. of myrrh-AgNPs (ppm) p value
0.32 +0.01 <.001
0.305 + 0.08 <.001
0.095 £ 0.01 =.003
0.055 = 0.001 =.011

Note: p-value <.001, statistically significant compared to the corresponding value in the infected
untreated group (Subgroup I).

in the average number of adults and larvae compared with the control
group (p < .001). The efficacy of AgNPs was observed at concentra-
tions of 30 and 40 pg/mL, with no notable difference between them.
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TABLE 6 Concentration of Silver

Organ Conc. of AgNPs (ppm) Conc. of myrrh-AgNPs (ppm) p value . T R
nanoparticles (AgNPs) in tissue during

Liver 0.285 + 0.02 1.225+0.05 <.001 muscular phase.

Brain 0.015 + 0.001 0.885 + 0.03 <.001

Lung 0.0 0.1 £ 0.002 <.001

Note: p-value <.001, statistically significant compared to the corresponding value in the infected

untreated group (Subgroup I).

At a concentration of 40 pg/mL, there was an 84.96% reduction in
adults and a 92.57% reduction in larvae. These findings contradict the
results reported in a previous study (EI-Melegy et al., 2019), which
showed low efficacy (38.46%) against the muscular phase. Regarding
AgNPs prepared with myrrh, this study verified that, at a concentra-
tion of 40 pg/mL yielded an 82.51% reduction in adult worm count
and a 93.5% reduction in larvae count, another study proved complete
healing of lesions in BALB mice infected with Leishmania major after
applying AgNPs from myrrh for 21 days (Al Olayan et al., 2017). Addi-
tionally, El-Sherbiny et al. (2013) demonstrated high antibacterial
activity of AgNPs prepared with myrrh against Bacillus thuringiensis
and Pseudomonas aeruginosa bacteria compared with myrrh extract.

In this study, the effectiveness of myrrh extract against T. spiralis
was demonstrated. At a concentration of 800 mg/kg, it resulted in an
86.66% reduction in the adult stage of the worms. Additionally, at a
concentration of 1000 mg/kg, it showed 85.64% reduction in the lar-
val stage of the worms. These results were consistent with findings
from another study (Attia et al., 2015). However, results of the follow-
ing research (Basyoni & El-Sabaa, 2013) recorded a lower reduction
rate, which may be due to differences in dosages and schedules used
in the study. Treating with myrrh volatile oil exhibited lower efficacy
against T. spiralis, with a percent of adult reduction of 78.14% and a
percent of larva reduction of 82.18%. There was a significant differ-
ence between the effectiveness of myrrh volatile oil at concentrations
of 500 and 800 mg/kg (p < .001). Albendazole had good antiparasitic
activity producing 80.31% and 89.1% reduction in the count of adult
worms and larvae, respectively. The study found an increase in the
percentage reduction of the muscular stage compared with the adult
stage in all treated groups.

AgNPs prepared with myrrh were found to be effective against
encysted larvae of T. spiralis in muscular sections, as indicated by a
lower number of larvae. This finding is consistent with a previous
study (EI-Melegy et al., 2019), that reported a reduction in larvae
count and thinning of larvae capsule, as well as increased necrosis of
larvae internal structure. Similarly, myrrh and albendazole showed
similar results, with albendazole also causing the precipitation of cal-
cium bodies, which aligns with findings from another study (Attia
et al., 2015) that reported degeneration and damage to the capsule of
encysted larvae. Additionally, Basyoni & El-Sabaa (2013) reported sim-
ilar results. The least effect was observed in the group that received
myrrh volatile oil, where multiple encysted larvae were seen between
muscle fibers with degenerative changes and heavier inflammatory
cellular infiltration surrounding them. This finding contradicts the

results presented in a previous study (Aboulaila et al., 2020), which

demonstrated that myrrh oil effectively inhibits the growth of bovine
and equine piroplasm.

A concentration of 40 ug/mL of AgNPs (1.6 mg/kg) was utilized
for 3 days in the intestinal phase and 7 days in the muscular phase.
This concentration is similar to that used by Said et al. (2012), who
treated Giardia lamblia with 50 pg/mL per mouse. All silver values
detected in different tissues were found to be within the safe range,
which is consistent with the previous findings (Kim et al., 2010; Said
et al., 2012), where no observable adverse effects were reported
when using AgNPs at a dose of 30 mg/kg, which is several times
higher than the dose used in this study. The concentration of AgNPs
in the organs of the muscular group (sacrificed 10 days after treat-
ment cessation) was slightly higher than that of the intestinal phase
group (sacrificed 1 day after treatment cessation), indicating continu-
ous accumulation of Ag even after exposure termination. This finding
is consistent with observation of Lee et al. (2018) who reported that
Ag concentration in the brain of the recovery group was slightly
higher than that of the 4-week administration group. Our study
revealed that nanoparticles produced through green methods are
more toxic than those obtained through nongreen methods (p < .001).
However, their toxicities were generally within safe limits, implying
that toxicity increases with increasing nanoparticle concentration and
prolonged exposure.

Cytotoxicity assessments of AgNPs precipitation were highest in
the liver, followed by the brain, lungs, and intestine. This aligns with
previous researches (Lee et al., 2018; Loeschner et al., 2011), which
also found high levels of silver distribution in the liver and intestine.
However, another study (Kim et al., 2010) identified higher concentra-
tions of silver in the liver, lungs, and brain. These findings contradict
those of Said et al. (2012), who observed that silver distribution was
highest in the intestine, followed by the kidneys, liver, and lungs; no

silver was detected in the brain.

5 | CONCLUSION

In conclusion, the present study's findings suggest that AgNPs, partic-
ularly those prepared with myrrh, have therapeutic potential in treat-
ing T. spiralis infection, both in the intestinal and muscular phases. The
antiparasitic effect was evidenced by a significant reduction in
the number of larvae and adults, as well as histopathological improve-
ments, with no significant toxicity detected in the organs examined.
Plant-based green synthesis of nanoparticles appears to be a promis-

ing approach for increasing efficacy and minimizing adverse effects in
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the treatment of parasitic infections. Further research, particularly
clinical trials, is required to confirm the safety and efficacy of these

nanoparticles in the treatment of T. spiralis infection.
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