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ABSTRACT

Toxocariasis is a zoonosis that represents a serious threat to public health particularly in
tropical and subtropical areas. Currently, albendazole, the most effective drug for treating
visceral toxocariasis, shows moderate efficacy against the larvae in tissues and has some
adverse effects. Artemether is an antiparasitic drug mainly used in the treatment of malaria
and showed effectiveness against numerous helminthic infections. Besides, it possesses potent
anti-inflammatory, antiapoptotic, antifibrotic, and neuroprotective properties. Thus, the study’s
aim was to investigate artemether’s effects in comparison with albendazole on the therapeutic
outcome of experimental toxocariasis. For this aim, 140 laboratory-bred mice were divided into
four main groups: uninfected control, treatment control, albendazole-treated, and artemether-
treated groups. The treatment regimens were started at the 15th dpi (early treatment), and at
the 35™ dpi (late treatment). The effectiveness of treatment was determined by brain larval
count, histopathological, immunohistochemical, and biochemical examination. Artemether
showed more effectiveness than albendazole in reducing brain larval counts, markers of
brain injury including NF-kB, GFAP, and caspase-3, the diameter and number of hepatic
granulomas, hepatic oxidative stress, hepatic IL-6, and TG2 mRNA, and pulmonary inflamma-
tion and fibrosis. The efficacy of artemether was the same when administered early or late in
the infection. Finally, our findings illustrated that artemether might be a promising therapy for
T. canis infection and it could be a good substitution for albendazole in toxocariasis treatment.
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Introduction In the CNS, larval migration and persistence can

Toxocariasis is a zoonosis chiefly caused by Toxocara  cause serious CNS insults such as eosinophilic menin-

canis, which is a frequently occurring intestinal nema-
tode of dogs [1]. It may affect large-scale paratenic
hosts including humans. The disease represents
a serious threat to public health, particularly in tropi-
cal and subtropical areas where its prevalence rate
may reach 40% [2]. Human toxocariasis seropreva-
lence in Egypt was estimated to range from 4.2% to
18.5% [3-5]. Multiple factors involving inflammation,
apoptosis, and oxidative stress play a significant role
in the pathogenesis of toxocariasis [6-8].

Human toxocariasis includes three distinct clinical
syndromes: visceral larva migrans, ocular larva migrans,
and covert toxocariasis. The severity of the disease is
dependent on the parasite load, the duration of larval
migration, age, and patient’s immune-mediated reac-
tions [9,10]. The manifestations differ extensively from
asymptomatic cases to severe health problems present-
ing with fever, eosinophilia, gastrointestinal manifesta-
tions, hepatosplenomegaly, central nervous system
affection, and pulmonary manifestations [11,12].

gitis, encephalitis, myelitis, cerebral vasculitis, or beha-
vioral problems [13-16]. Additionally, there is growing
evidence in the literature that neurotoxocariasis may
be linked to several neurodegenerative conditions,
such as idiopathic Parkinson’s disease, Alzheimer’s dis-
ease, and depression [15,17].

The management of human toxocariasis is challen-
ging because of the limited number of available drugs
for its treatment including albendazole, tinidazole,
thiabendazole, and diethylcarbamazine [18]. These
drugs show moderate efficacy against the larvae in
tissues. Unfortunately, anthelmintics used for the treat-
ment of intestinal helminthiasis are generally less
effective against tissue parasites including visceral tox-
ocariasis [19]. Albendazole, the preferred medication
for treating visceral toxocariasis, has low water solubi-
lity, resulting in a low and/or variable bioavailability
following its oral administration [20-22]. Besides, it
should be administered with fatty meals [23]. It
showed moderate efficacy against T. canis infection in
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mice with therapeutic efficacy rates (45-70%) [24,25].
Moreover, in the treatment of human toxocariasis, it
has limited efficacy [26,27]. Additionally, it can cause
headache, nausea, dizziness, constipation, alopecia,
occasionally abnormal liver function tests, and acute
and granulomatous hepatitis [28-32]. Consequently, it
is important to find safer and more effective alterna-
tives for the treatment of this serious infection.

Artemether is a lipid-soluble derivative of artemisi-
nin [33], abundant in the remedy plant Artemisia annua
[34]. It is a well-tolerated antimalarial drug with no
significant adverse effects on humans [35-37]. It also
showed effectiveness against Schistosoma species
both in vitro and in vivo [38]. Moreover, artemisinin
and its derivatives have antiparasitic effects on other
parasites such as Leishmania spp., Acanthamoeba spp.,
and Taenia spp. [39, 40]. Besides, it possesses potent
anti-inflammatory, antifibrotic, immunomodaulatory,
and neuroprotective effects [41-44]. Recently, the
action of artemisinin on some roundworms began to
attract attention [45]. It was tested in vitro on the adult
of T. canis, the results were found promising [39].
However, artemether was never investigated in the
treatment of toxocariasis in experimental animals.
Curiously, artemether could be a promising candidate
for drug repurposing against toxocariasis. Therefore,
this work aims to explore the therapeutic effects of
artemether in experimental toxocariasis, in comparison
with albendazole.

Material and methods
Type of the study

An experimental study was conducted in the Medical
Parasitology, Pathology, and Biochemistry
Departments, Faculty of Medicine, Tanta University,
and the Zoology Department, Faculty of Science,
Tanta University.

Ethical considerations

The authors affirm that all methods used in this study
adhered to the ethical guidelines of the relevant
national and institutional guides on the care and use
of laboratory animals. This research work was
approved by the Laboratory Animal Centre for
Research Ethics Committee, Faculty of Medicine,
Tanta University (Approval code number 36,087/
11/22).

Drugs

Albendazole: (Alzental; suspension of 100 mg/5 ml,
Eipico Pharm Co., Egypt). It is soluble in water. After
appropriate dilution with sterile distilled water, a dose
of 100 mg/kg was given to each mouse once daily for 5

consecutive days [46]. Artemether: (Hepalin; 100 mg
tablet, Well care pharmaceutical company, U.S.A.) was
dissolved, just before treatment, in a mixture of 3%
ethanol, 7% Tween 80, and diluted with distilled water.
It was administered to each mouse in two doses of 400
mg/kg each and two weeks apart [45]. The required
dose of each drug was adjusted to be in a volume not
exceeding 0.25 ml. The fine suspension of each drug
was administered by oral gavages to each mouse.

Experimental animals

Seventy male Swiss albino mice, 6-8 weeks old, weigh-
ing 20-25g were obtained from Theodore Bilharz
Research Institute (Giza, Egypt). They were kept in
accordance with institutional and national guidelines.
These mice were used in the experiment after a 7-day
acclimatization period.

Toxocara canis infection

T. canis eggs were retrieved from the uteri of gravid
females collected from naturally infected puppies.
After that, the eggs were cultivated in 0.1N H,SO, for
embryonation and storage. Infection was performed
utilizing eggs from cultures that were no older than
8 weeks [47]. The eggs were rinsed three times in
physiological saline to remove the physiological
saline/H,S0O, solution before the mice were infected.
The eggs were suspended in distilled water with
a concentration of 1000 viable embryonated eggs per
0.25ml. Each mouse in the infected groups was
infected with 1000 embryonated eggs by intragastric
injection [48].

Experimental design

Mice were divided into four groups:

Group | (uninfected control) (10 mice): served as the
uninfected untreated control.

Group Il (treatment control) (20 mice): T. canis-
infected untreated mice. They were split into two
equal subgroups; lla (early treatment control). The
mice of this group were sacrificed on the 30th dpi,
and llb (late treatment control). The mice of this
group were sacrificed on the 50th dpi.

Group Il (albendazole treated) (20 mice): T. canis-
infected mice that received albendazole treatment.
This group was split into two subgroups (10 mice
each); group llla was treated with albendazole starting
on the 15t dpi. (early albendazole), and group lllb was
treated with albendazole starting on the 35" dpi (late
albendazole).

Group IV (artemether treated) (20 mice): T. canis-
infected mice that received artemether treatment.
This group was also split into two subgroups (10
mice each); group IVa was treated with artemether



starting on the 15™ dpi (early artemether), and group
IVb was treated with artemether starting on the 35
dpi (late artemether).

On the 30" dpi., 5 mice from each of the groups (|,
lla, llla, and IVa) were sacrificed. Their brains, livers, and
lungs were taken and a similar piece from each sample
was used for histopathological study, immunohisto-
chemical study, and biochemical analysis. The brain
was divided longitudinally into two halves the left
side of the brain was used for histopathological and
immunohistochemical studies. The right side of the
brain was used for biochemical analysis by ELISA.
Another five mice from each of the groups (lla, llla,
and IVa) were sacrificed and their whole brains were
used for brain larval counting. On the 50t dpi, the
same steps were done with the remaining groups.

Parasitological study

Total brain larval counts

After the infected mice were sacrificed, the entire brain
of each mouse was removed in a clean Petri dish. The
cerebrum and the cerebellum’s two halves were split,
and each half was squeezed between two microscopic
slides before being examined under a light microscope
(low power). The larvae were counted immediately by
direct microscopic counting. Their motility was
observed in each half then we added the numbers of
larvae detected in both halves together to calculate
the total number of larvae per brain [47].

Histopathological and immunohistochemical
assessment

Hematoxylin and eosin staining

Tissue samples obtained from the brains, livers, and
lungs of the studied groups were in the form of for-
malin-fixed paraffin-embedded tissue blocks. Blocks
were cut into sections by microtome and then stained
with (H&E). The slides were examined for histopatho-
logical changes in the treatment control group in
comparison with the treated groups. For brain speci-
mens, the detection of larvae in the parenchymal tis-
sue of the brain sections from the infected and treated
animals was done and the inflammatory reaction was
assessed. For liver specimens, remains of larvae in
hepatic parenchyma and granulomatous reaction
were determined. For assessment of granuloma num-
ber, examination of 5 histological sections per mouse,
an inspection of 10 high-power fields (x400) in each
section was done and followed by calculation of the
average number. Furthermore, the widest diameter of
the granulomas was measured using the Image
J software (Image J bundled with plugins) (http://fiji.
sc), and then the mean diameter of the granulomas
was calculated.
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For lung specimens, histopathological evaluation
of the degree of inflammation, cellular infiltration
around bronchi, alveoli, or blood vessels, formation
of lymphoid follicles, patchy fibrosis, and fibroblas-
tic foci was done. Histopathological changes were
graded from 0 to + 3. The criteria of grading were 0
for normal lung, +1 for mild inflammation with
minimal fibrous thickening, +2 for moderate inflam-
mation with moderate fibrous thickening, and +3
for severe inflammation with marked fibrosis [49].
The examination of all tissue sections and scoring
were carried out blindly.

Masson'’s trichrome staining of lung sections
Masson’s trichrome staining was utilized to high-
light connective tissue formation. Paraffin-
embedded tissue blocks were cut into 4-uym sec-
tions. Staining was done using an automated tissue
stain according to staining protocol. Finally, the
slides were dehydrated in ascending series of
ethyl alcohol, cleared in Xylol and mounted in D.P.
X [50].

GFAP and caspase-3 immunohistochemical staining
Paraffin blocks sections of 3 um thickness, were
mounted on positively charged slides. Antigen retrie-
val in Dako PT Link unit using high pH EnVisionTM
FLEX  antigen retrieval solutions reaching
a temperature of 97 °C for 20 min was performed.
Slides were transferred to Dako Autostainer Link 48.
The internal peroxidase activity was blocked, followed
by incubation with primary antibodies for 30 min with
subsequent addition of detection system for 20 min,
chromogen (Diaminobenzidine, DAB) for 10 min. At
the end of the staining run, slides were flooded with
distilled water and counterstained with hematoxylin.
Later, an overnight incubation was done with rabbit
polyclonal anti-GFAP antibody (Cat. No. Z0334, 1: 100
dilution, Dako, U.S.A.), and rabbit polyclonal anti-
caspase-3 (Cat. No ab4051, 1:50 dilution, Abcam, U.S.
A.). Negative controls were prepared by replacing the
primary antibody with PBS. Finally, slides for visualiza-
tion were prepared using DPX mount and analyzed
using Olympus Bx 50 microscope [51].

Interpretation of GFAP positivity

GFAP staining reaction was predominantly cytoplas-
mic. The extent of positivity was scored according to
the number of the stained cells and the intensity of
the staining as follows: negative (0), scattered with
weakly positive staining; (+1), a cluster of cells (20%
—50%) with moderately positive staining (+2), and
(50%-90%) of cells with strongly positive staining
(+3) [52].
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Interpretation of caspase-3 positivity

Caspase-3 positivity was diagnosed in the cytoplasm
by a brownish stain. The score was calculated by multi-
plying the intensity score by the percentage of stained
cells. The caspase-3 intensity was assessed semi-
quantitatively as the following: negative (0), weak
staining (+1), moderate staining (+2), or strong stain-
ing (+3). The stained cell percentages were determined
as follows: 0 (<5% of cells); +1 (5-20% of cells); +2 (21-
50% of cells), and + 3 (>50% of cells). The final scoring
was: Negative (0 points), +1 (1-3 points), +2 (4, 6
points), and + 3 (9 points) [53].

Biochemical assessment

Preparation of tissue homogenates

Brain and liver tissue samples from the study groups
were removed, cleaned with ice-cold saline, sliced into
numerous tiny pieces, weighed, and then homoge-
nized with 50 mM phosphate buffer (pH 7.4). After
centrifuging the mixture at 12,000 g for 20 min at 4°C,
the insoluble materials were removed from the mix-
ture, and the clear supernatant was then frozen at
—80°C for use in biochemical tests.

Oxidative stress assessment in liver tissue
homogenates

Malondialdehyde (MDA) (CAT# MD 25 29), superoxide
dismutase (SOD) (CAT# SD 25 21), and catalase (CAT#
CA 25 17) commercial kits were used to spectrophoto-
metrically measure the levels of MDA (a biomarker to
assess the level of oxidative stress), SOD (a powerful
antioxidants defense in almost all living cells), and
catalase (an important enzyme in defending the cell
against oxidative damage).

Assay of IL-6 in liver tissue homogenates and NF-kB
in brain tissue homogenates by ELISA

IL-6 level in liver homogenate was measured using an
ELISA kit provided by Abcam company, U.S.A. (CAT#
ab222503). Brain homogenate NF-kB was evaluated
using commercially available ELISA kits from the
Abcam company, U.S.A. (CAT# ab176648). All ELISA
techniques were read using a microplate ELISA reader
(Stat Fax®2100, Fisher Bioblock Scientific, France) at
450 nm with a correction wavelength set at 570 nm
in accordance with the manufacturer’s guidelines.

qRT-PCR analysis of relative TG2 mRNA expression
in liver homogenates

Total RNA was isolated from the frozen liver homoge-
nate using a Qiagen RNeasy Total RNA isolation kit
(Qiagen, Hilden, Germany), as directed by the manu-
facturer. In line with the instructions of the manufac-
turer, PCR reactions were carried out using the Power
SYBR Green PCR Master Mix (Life Technologies,

Carlsbad, California, U.S.A.). The amount of TG2 mRNA
transcript was quantified using the housekeeping gene
GAPDH as an internal control. These sequence-specific
primers were made in the manner described below:
mice TG2 (Gene Bank accession NM_001323317): up-
stream: 5- CACTTTGAGGGCCGCAACTA-3’, down-
stream: 5’- GTACACAGCATCCGCGGTC-3' with ampli-
con size 75 bp, mice GAPDH (Gene Bank accession
NM 002046.7): up-stream: 5'- CTCTCTGCTCCTCCCTG
TTCTA -3’ and down-stream: 5- GCCAAATCCGTTCA
CACCGA -3’ with amplicon size 112 bp. The thermal
cycling conditions were as follows: The first denatura-
tion at 95 °C for 10 minutes was followed by 40 cycles
of initial denaturation at 95 °C for 15 seconds, anneal-
ing at 60 °C for 30 seconds, and extension at 72 °C for
30 seconds. At the end of the preceding cycle, the
temperature was increased from 60 to 95 °C for melt-
ing curve analysis. The values of the target and refer-
ence genes were used to compute relative gene
expression automatically using the comparative
threshold (Ct) method and the 2-AACT formula [54].

Statistical analysis

Data were demonstrated as arithmetic mean = stan-
dard deviation (SD). Analysis of variance (ANOVA) was
used to analyze the difference among the means of
more than two groups and Post hock test to determine
the probability of significant differences among these
groups (for biochemical indices), and Monte Carlo
exact test for chi-square (for histopathological and
immunohistochemical scores). When (P < 0.05), differ-
ences were considered significant. Statistical analysis
was performed using SPSS 21.0 software (SPSS, Inc.,
Chicago, IL, US.A.). The percentage of reduction was
calculated by the equation: Reduction % = (A - BY' A x
100, where A is the mean number of detected larvae
from mice of the treatment control group and B is the
mean number of detected larvae from treated mice at
the same time point post-infection.

Results
Parasitological results

Total brain larval counts

As shown in Table 1, the mean larval counts in the
brains of the early albendazole group and early arte-
mether group were significantly lower than that of the
early treatment control group (P =0.001) with percen-
tages of reduction 35.5 % and 43.9%, respectively.
Similarly, our results revealed a significant reduction
in total brain larval counts in the late albendazole
group and late artemether group compared to the
late treatment control group (P=0.001) with percen-
tages of reduction 33.6% and 37.7%, respectively.
Moreover, the groups that received artemether
showed significantly lower brain larval counts than



Table 1. Brain larval counts in the infected groups (n =5).
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Early Treatment Early Early Late Treatment Late Late
control Albendazole  Artemether control Albendazole Artemether
(G lla) (G llla) (G IVa) (G lib) (G llib) (G IVb)
Larval count in the 137.00+7.31 88.40 +8.05° 76.80 £421 2 190.00 + 6.40% ™ 126,20+ 327 % 11840 +241* P c ¢
brain €
% Of Reduction 355 % 43.9% 33.6% 37.7%
F test 249.543
P value 0.001*

*P < 0.05(Significant).
n= number of studied mice in each group.

a: Significant compared with early treatment control, b: Significant compared with early albendazole, c: Significant compared with early artemether, d:
Significant compared with late treatment control, & e: Significant compared with late albendazole.
% Of Reduction: % Of Reduction of each group compared to the treatment control group at the same time point post-infection.

the corresponding groups that received albendazole at
both time points post-infection. All the larvae found in
the brains of the treatment control animals were
actively moving through the tissue. They were clus-
tered rather than dispersed randomly throughout the
brain tissue. The larvae found in the brains of the
treated animals showed reduced motility compared
to the treatment control group.

Histopathological findings

Histopathological study of the brain sections
stained with H&E

Larvae of T. canis were distinguished inside the brain
tissue of the treatment control group at both studied
times after infection, but there was no cellular inflam-
matory infiltrate around them (Figure 1 a& b). In com-
parison to the treatment control group, fewer larvae
were found in the brain sections of the treated groups
(Figure 1c-f).

Histopathological study of the liver sections stained
with H&E

According to the mean number and diameter of gran-
ulomas per hepatic section of different studied groups,
there was a statistically significant reduction (P =0.001)
in the groups that received albendazole and arte-
mether treatment in comparison to the treatment con-
trol group. (Figure 2g, h).

Histopathological examination of the liver sections
from the early treatment control group (Figure 2a)
showed multiple  cellular-type  granulomas.
Furthermore, granulomas from the early albendazole
group (Figure 2c), the early artemether group
(Figure 2e), and the late artemether group (Figure 2f)
were mainly of the cellular type while granulomas from
the late treatment control group (Figure 2b), and the
late albendazole group (Figure 2d) were mainly of the
fibro-cellular type.

Histopathological study of the lung sections stained
by H&E and Masson’s trichrome

Lung sections from the treatment control group
underwent histopathological evaluation, and it was

observed that there was a dense inflammatory cel-
lular infiltrate. Besides, patchy fibrosis and fibroblas-
tic foci were detected (grade +3) (Figure 3a, b).
According to the results of the examination of
lung sections obtained from all treated groups, an
apparent decrease in the intensity of the inflamma-
tion was noticed with a reduction in fibrosis in
comparison to the treatment control group
(Figure 3c—f) (Table 2).

Masson'’s trichrome staining helped in the detection
of collagen deposition in lung sections of all studied
groups. Sections from the treatment control group
showed a thick deposition of collagen around the
alveoli and bronchi (Figure 4a, b). There was
a significant decrease in the percentage area of col-
lagen fibers in both albendazole treated and arte-
mether treated groups in comparison with the
treatment control group (Figure 4c-q).

Immunohistochemical expression of GFAP and
caspase-3 in the brain sections of the studied groups
The immunoreactivity of GFAP (Figure 5) and caspase 3
(Figure 6) in brain tissues were evaluated in all studied
groups. The treatment control group showed the high-
est positivity of the stains (grade +3) compared to the
expression in all treated groups. The weakest staining
intensity was detected in the groups that received
artemether (grade +1) (Figure 5e, f and 6e &amp; 6f).
The scores of both markers in different groups are
illustrated in Table 3.

Biochemical assessment

Assay of oxidant\antioxidant markers

The late treatment control group showed a greater
increment in levels of MDA than the early-treatment
control as compared to the uninfected control group.
In contrast, early artemether showed a greater decre-
ment in levels of MDA as compared to late artemether
and albendazole-treated groups. MDA levels
decreased in early albendazole as compared to late
albendazole. A significant difference was observed in
MDA levels among all groups of the study (P < 0.001) as
shown in (Figure 7a).
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Figure 1. Histopathological findings of brain sections (H&E x 400, a-f) and the levels of NF-kB in the brain homogenates (g): (a)
early treatment control group showing multiple tangential and transverse sections in T. canis larvae (red arrow) without any
inflammatory cellular infiltrate surrounding them. (b) late treatment control group showing tangential sections in T. canis larvae
(red arrow) with no inflammatory reaction. (c) early albendazole group showing a tangential section in T. canis larva. (d) late
albendazole group showing multiple tangential and transverse sections in T. canis larvae (red arrow). (e) early artemether group
showing no T. canis larvae. (f) late artemether group showing transverse sections in T. canis larvae (red arrow). (g) bar chart
showing the means of levels of NF-kB in the brain homogenates in all studied groups. * significant with G |, # significant with Gl a,
p significant with G Ill a, & significant with G IV a, A significant with G Il b and A significant with G Il b.

The early treatment control showed a greater decre-
ment in SOD and catalase levels than the late treat-
ment control as compared to the uninfected control.
However, the late artemether showed a greater incre-
ment in levels of SOD and catalase as compared to the
early artemether group. SOD and catalase levels
increased in the late albendazole as compared to
early albendazole.Significant differences were
observed in SOD levels between all studied groups
(Figure 7b). Non-significant differences were observed
for catalase levels between early artemether and late
albendazole groups as well as between uninfected
control and late artemether groups as shown in
(Figure 7¢).

IL-6 in the liver homogenates and NF-kB in the brain
homogenates

The early treatment control group showed a greater
increment in levels of IL-6 and NF-kB than the late
treatment control group as compared to the unin-
fected control. Nevertheless, as compared to early
artemether and albendazole-treated groups, late

artemether showed a greater decrement in levels of
IL-6 and NF-kB. The IL-6 and NF-kB levels decreased in
late albendazole as compared to early albendazole as
shown in(Figure 7d) and (Figure 1g) respectively.

Assay of liver homogenate relative TG2 mRNA
expression

The relative liver TG2 mRNA expression increased sig-
nificantly between the infected and uninfected control
groups. When compared to the treatment control
groups, the treated groups showed statistically signifi-
cant downregulation in relative liver TG2 mRNA
expression (P<0.001). The late artemether group
showed the greatest downregulation in liver TG2
mMRNA expression when compared to the other treat-
ment groups as demonstrated in Figure 7e.

Discussion

In paratenic hosts including humans and mice, T. canis
larvae migrate throughout the body for extensive per-
iods [55]. Their migration pathway has been detected
in a varity of laboratory animals and mice are the most
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Figure 2. Histopathological findings of liver sections (H&E x 200) (a) early treatment control group showing multiple cellular
granulomas consisting of eosinophils, histiocytes, and epithelioid cells (red arrow). (b) late treatment control group showing
fibrocellular consisting of fibroblasts and few histiocytes around larvae (c) early albendazole group showing a granuloma of
cellular type with scanty fibrous tissue and decrease in granuloma size (red arrow). (d) late albendazole group showing
fibrocellular granulomas (red arrow). (e) early artemether group showing reduction of the size of cellular granuloma (red
arrow). (f) late artemether group showing cellular granuloma consisting of eosinophils, histiocytes, and epithelioid cells around
larvae (red arrow). (g) bar chart showing the means of hepatic granulomas’ numbers in infected mice. (h) bar chart showing the
means of hepatic granulomas’ diameters in infected mice. # significant compared with G Il a, p significant compared with G Il a, &
significant compared with G IV a, A significant compared with G Il b, and A significant compared with G Il b.

dominant animal model [56]. In mice, after piercing the
intestinal wall, larvae spread to the liver, lungs, and
throughout the body, finally settling in the brain and
muscles [57]. In the present work, we investigated the
different effects of T. canis infection on the livers, lungs,
and brains of infected animals and studied the efficacy
of artemether in comparison with albendazole in alle-
viating these effects.

T. canis larvae exhibit a strong neuroaffinity with
a preference for the cerebrum [58]. So, the parasite
burden in the brain indicates the drug efficacy. In this
work, the brain larval counts in the late treatment
control group were significantly higher than in the
early treatment control group. These observations
agree with the findings of [59,60]. Because the brain
is believed to be an immune-privileged area where the
larvae are sheltered from the immune reaction of the
host, the growing accumulation of larvae there may be
due to the environment that is most suitable for their
survival [61].

Additionally, our  findings  demonstrated
a significantly lower number of brain larvae in treated
animals compared to the treatment control animals.
Furthermore, in comparison to mice given albenda-
zole, mice that received artemether had significantly
lower brain larval counts. This decrease in larval counts
could be attributed to the effect of artemether on
larval structure, particularly the tegument, or because
it inhibits or destroys larval protein activity. These
results are consistent with the in vitro investigation
by [39] who found that artemether had a significantly
direct effect on the cuticle of adult T. canis than alben-
dazole. It induced lips swallowing with disruption of
some sensory papillae. Consequently, these tegumen-
tal changes could be considered as an indicator of the
probable effects of artemether on T. canis larvae. As far
as we know, it is the first time to assess the efficacy of
artemether against T. canis infection in vivo. Regarding
nematocidal activity of artemether, the preceding
study by [45] reported its ability to induce damage to
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Figure 3. Histopathological findings of lung sections (H&E x 200) (a) early treatment control group showing dense inflammatory
cellular infiltrate observed around alveoli (red arrow). (b) late treatment control group showing heavy cellular infiltration around
alveoli with granulomatous reaction (red arrow). (c) early albendazole group showing moderate inflammatory infiltrate around
alveoli and bronchi. (d) late albendazole group showing a decrease in the inflammatory cellular infiltrate (red arrow). (e) early
artemether group showing the reduction in the intensity of the inflammatory cellular infiltrate (red arrow). (f) late artemether
group showing more reduction in the intensity of the inflammatory infiltrate (red arrow).

Table 2. Histopathological findings in lung sections of studied
groups (n=15).

Histopathological changes in the lung
(score)

Groups +1 +2 +3
Early treatment control (G lla) 0 4 6
Early albendazole (G Illa) 7 2 1
Early artemether (G IVa) 7 3 0
late treatment control (G llb) 0 2 8
Late albendazole (G lllb) 4 4 2
Late artemether (G IVb) 6 4 0

X2 35.089

P value 0.001*

*P < 0.05 (Significant).
n= number of studied mice in each group.
Chi-square (X2) test of significance.

the cuticle of adult Trichinella spiralis with a significant
reduction in adult worm and total larval counts in the
tissues of infected mice. In the same context, artemisi-
nin and its derivatives were found to have a powerful
antiparasitic effect on adult worms of Schistosoma
mansoni and S. japonicum and their larval stages, caus-
ing a reduction in both adult worm and egg counts
[62,63]. Furthermore, artemisinin is thought to kill
parasites by causing protein destruction and interfer-
ing with parasite proteasome activity [64-66].
Histopathological examination of the brain tissues
of the infected control group showed the absence of

inflammatory cellular infiltration around the larvae.
These results match the findings of preceding studies
on T. canis-infected outbred mouse strains [60,67,68].
Nevertheless [69], noticed perivascular cuffs compris-
ing of eosinophils and neutrophils in T. canis-infected
C57BI/6 mice. This could be attributed to the variation
in immunological responses to T. canis infection
between inbred and outbred mice.

T. canis larvae mechanisms to invade and harm the
brain parenchyma have not yet been fully understood
[70]. In this context, specific markers may have a role in
the migration of larvae as well as the production of
degenerative CNS alterations. Therefore, we investi-
gated the alterations in the expression of GFAP, cas-
pase-3, and NF-kB in the brain of T. canis-infected mice.
These markers are highly implicated in the pathogen-
esis of neuroinflammation, neurodegenerative, and
traumatic brain injury [71-74].

Astrocytes play a crucial role in the CNS’s metabolic
processes, neurotransmitter levels regulation, blood-
brain barrier maintenance, immunological defense,
and other processes that support neuronal homeosta-
sis [75]. Additionally, they have a major role in scar
formation, synaptic degeneration and inflammatory
mediators secretion. In addition, reactive astrocytes
have an essential role in restricting the spread of brain-
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Figure 4. Lung section (Masson’s trichrome x 200) (a) early treatment control group showing dense collagen deposition observed
around alveoli (red arrows). (b) late treatment control group showing heavy collagen deposition around the alveoli and bronchi
(red arrows). (c) early albendazole group showing reduction of collagen formation. (d) late albendazole group showing a decrease
in collagen formation (red arrows). (e) early artemether group showing more reduction in collagen deposition (red arrows). (f) late
artemether group showing more reduction in collagen deposition (red arrows). (g) bar chart showing the means of percentage
areas of collagen fibers in lung sections of studied groups. # significant compared with G Il a, p significant compared with G Il 3, &
significant compared with G IV a, A significant compared with G Il b, and A significant compared with G IIl b.

invading microbes and neurophilic HIV-1 [76,77].
However, they may undergo functional changes upon
inflammation or brain injury [78,79].

GFAP is a well-established indicator of astrocyte
injury and astrogliosis in different CNS diseases [73].
Astrocytes may respond by rapidly producing extra
GFAP in response to blood-brain barrier damage, and
excessive GFAP expression states for the maintenance
of the blood-brain barrier integrity after being
damaged by invading microbial pathogens [80].
Recently, the FDA authorized GFAP as one of the
blood-derived brain protein biomarkers in the diagno-
sis of neurological diseases [81].

In the present work, there was a significant increase
in GFAP staining intensity in the brain tissues of treat-
ment control mice with significant upregulation in the
late treatment control group compared to the early
treatment control group. In line with our findings
[67], detected enhanced GFAP mRNA expressions in
mice infected with T. canis from the 4th to 8th weeks
post-infection. Additionally, our results showed signifi-
cant downregulation in the expression of GFAP in all

treated groups in comparison to the treatment control
group. The weakest staining intensity was detected in
the groups that received artemether. These results
align with [82] who reported that artemether down-
regulated the expression of neuroinflammatory marker
GFAP in Plasmodium berghei-infected mice.

NF-kB is a main component in almost all kinds of
brain cells [83]. Within astrocytes, the activation and
enhanced expression of NF-kB had been stated to
significantly augment the degeneration of neurons
[84,85]. Our results showed a significant increment in
the levels of NF-kB in the brains of the treatment
control mice through the duration of the infection.
Similarly [86], reported parallel results in a mouse
model of neurotoxocariasis. Likewise [87], denoted
that excretory/secretory proteins of adult worms of
T. canis stimulated the transcriptional and translational
levels of NF-kB expression in mouse macrophages after
9h of in vitro incubation. In the present work, arte-
mether was superior on albendazole in the reduction
of NF-kB levels in the brain tissues of infected mice. The
effects of artemether on the levels of NF-kB in this
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Figure 5. GFAP immunohistochemical staining of brain sections (immunoperoxidase x 400): (a) early treatment control group
showing moderate cytoplasmic expression in activated astrocytic cells in brain parenchyma around T canis larva (red arrow) (+2).
(b) late treatment control group showing strong cytoplasmic expression in activated astrocytic cells in the brain parenchyma (+3).
(c) early albendazole group showing moderate cytoplasmic astrocytic expression (+2). (d) late albendazole group showing
moderate cytoplasmic expression (+2). (e) early artemether group showing weak expression in activated astrocytes (+1) (f) late
artemether group showing weak cytoplasmic expression in activated astrocytes (+1).

Figure 6. Caspase 3 immunohistochemical staining of brain sections (immunoperoxidase x 400): (a) early treatment control group
showing strong cytoplasmic expression in neuroglial cells (+3). (b) late treatment control group showing strong cytoplasmic
expression in neuroglial cells (+3). (c) early albendazole group showing moderate cytoplasmic expression (+2). (d) late
albendazole group showing moderate cytoplasmic expression (+2). (e) early artemether group showing weak expression in
neuroglial cells (+1). (f) late artemether group showing weak expression in neuroglial cells (+1).
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Table 3. Immunohistochemical expression of GFAP and caspase-3 in brain sections of studied groups. (n =5).

GFAP Caspase-3

Groups 0 +1 +2 +3 0 +1 +2 +3
Early treatment control (G lla) 0 0 3 7 0 2 0 8
Early albendazole (G llla) 2 3 2 3 3 3 0 4
Early artemether (G IVa) 6 3 1 0 3 6 1 0
late treatment control (G Ilb) 0 0 1 9 0 0 2 8
Late albendazole (G lllb) 2 2 1 5 0 4 0 6
Late artemether (G IVb) 4 4 2 0 1 6 2 1

X2 37.706 36.172

P vaule 0.001* 0.002*

*P < 0.05 (Significant).
n = number of studied mice in each group.
Chi-square (X2) test of significance.
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Figure 7. Bar charts showing comparisons between the studied groups as regards (a) the levels of MDA in the liver homogenates.
(b) the levels of SOD in the liver homogenates. (c) the levels of catalase in the liver homogenates. (d) the levels of IL-6 in the liver
homogenates. (e) relative gene expression of TG2 in liver tissue homogenates. * significant compared with G |, # significant
compared with G Il a, p significant compared with G Ill a, & significant compared with G IV a, A significant compared with G Il b,

and A significant compared with G IIl b.

study run consistently with the results of the earlier
study by [88] who demonstrated that artemether pos-
sesses inhibitory actions against the NF-kB signaling
pathway.

Apoptosis physiologically contributes to the equili-
brium of neuronal cell development and cell death
along with the regulation of neuroinflammation [89].
Substantial research has indicated the presence of
a strong correlation between upregulated apoptosis
and many neuroinflammatory or neurodegenerative
diseases [89,90]. Furthermore, apoptosis is involved in
the pathogenesis and sequelae of neurotoxocariasis
[8]. Caspase-3 is most likely the best understood of
the mammalian caspases in terms of its specificity
and roles in apoptosis [91]. So as to assess the

apoptotic-signaling pathway of neuroglial cells, cas-
pase-3 was evaluated. In this work, we detected that
T. canis infection induced strong expression of cas-
pase-3 in the brains of treatment control mice whether
early or late. These results coincide with those of [92]
who demonstrated that treatment of astrocytes with
T. canis larval excretory-secretory antigens greatly
enhanced caspase-3 activity. Additionally, we have
shown that the administration of artemether treat-
ment weakened the expression of caspase-3. Also,
artemether outperformed albendazole at both time
points post-infection in lowering caspase-3 expression.
The results herein are coherent with those of [93] who
demonstrated that the neuroprotective effects of arte-
mether on cerebral ischemia injury are achieved
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through reducing caspase-3 activation and the rate of
cell apoptosis.

In light of the presented results, it may be assumed
that in spite of the absence of inflammatory cellular
infiltration in the brain of infected mice, the deleterious
effects of T. canis infection appeared in the form of
elevation of astrogliosis marker (GFAP), apoptosis mar-
ker (caspase-3) and mediator of inflammatory
responses (NF-kB). When comparing the outcomes of
albendazole and artemether treatment in alleviating
these effects, artemether was more effective than
albendazole.

Regarding the effects of T. canis infection on the
liver, the changes in the inflammatory status, oxidative
stress, IL-6 and TG2 mRNA expression were explored. In
the current research, histopathological examination of
the livers of infected untreated mice showed the exis-
tence of granulomatous reactions around T. canis lar-
vae. Granulomas were composed of aggregations of
epithelioid cells, histiocytes, and eosinophils with
deposition of fibrous tissue, especially in the late
infected group. Similar findings were detected by
[94]. They observed the presence of inflammatory
responses in the form of eosinophils, neutrophils, poly-
morphonuclear cells, and lymphocytes in the liver par-
enchyma and around central veins.

In contrast, all treated groups demonstrated
a diminished number and size of hepatic granulomas
in early and late stages. Considering these findings, we
supposed the potential anti-inflammatory mechanism
of action of artemether. In a similar way, the results of
the reduction in size and number of granulomas in the
liver under the effect of artemether treatment were
consistent with those reported by [95,96] who denoted
reduction in both number and size of granulomas in
hepatic schistosomiasis mansoni in artemether treated
mice.

During T. canis infection, both the parasite and the
host create an excessive amount of free radicals and
reactive oxygen species [6,97]. Results of the oxidative
stress biomarkers in this work showed significant
increase of oxidative stress in the liver tissues of the
treatment control group compared to the uninfected
control group. Several previous studies agree with
these findings [97-99]. The oxidative stress was down-
regulated in all treated groups as demonstrated by the
increase in the SOD and catalase levels and the
decrease in the MDA levels. However, it didn’t return
to normal levels. The decrease in the oxidative stress in
artemether treated groups than the treatment control
group could be explained by the antiparasitic effect of
artemether that led to reduction of the number of
larvae reaching the tissues and consequently the
resulting oxidative stress. However, the oxidative stress
didn’t reach the normal levels due to the well-known
oxidative properties of artemether that share in its
mechanism of action in killing parasites. These findings

are in line with those of [100-103] who reported that
artemether possesses oxidative properties that help in
killing adult and juvenile S. japonicum and S. mansoni
wormes.

In this study, we detected significant up-regulation
in levels of IL-6 in the liver of the treatment control
groups compared to the uninfected control group.
Numerous earlier studies reported upregulation of IL-
6 levels in T. canis infection [70,103-107]. IL-6 is
a proinflammatory cytokine. In the liver, it is crucial
for hepatocyte homeostasis, infection defense?. It
also plays a role in metabolic function and liver regen-
eration [108]. Nevertheless, its persistent activation is
detrimental to the liver [109]. In our study, levels of IL-6
decreased significantly in treated mice compared to
the infected untreated control at both time points
post-infection. Artemether treated groups showed sig-
nificantly lower levels of IL-6 than albendazole treated
groups. In line with our results [110], described
decreased levels of IL-6 in the mice liver after arte-
mether administration.

To provide insights into the underlying molecular
host defense mechanisms against invading T. canis
larvae, we investigated the effect of T. canis infection
on the expression of TG2 gene in the liver.
Transglutaminase 2 has a role in the control of inflam-
matory reactions and fibrosis in chronic hepatic dis-
eases [111,112]. Furthermore, its activity is increased in
response to several types of hepatic injury [113,114].
On the other hand, pharmacological inhibition of TG2
activity alleviated the resulting liver injury in lipopoly-
saccharides-induced sepsis mice [114]. Our study
demonstrates for the first time, far as we can tell,
a significant increase in TG2 gene expression in the
livers of T. canis infected mice in comparison with the
uninfected mice. A previous study by [60] recorded the
role of the elevation of TG2 in neurodegenerative
changes in the brain in the course of neurotoxocariasis.
Our results showed that the expression of TG2 gene in
the liver was significantly decreased in all the treated
groups. Artemether treated mice showed the lowest
relative TG2 mRNA expression. Also, this is the first
time to report the reduction in TG2 expression in the
liver tissues under the effect of artemether treatment.

Astonishingly, a probable link between TG2 and IL-6
was proposed. It was shown that TG2 activation is the
way by which noninfectious stimuli activate the IL-6
signaling pathway leading to pulmonary epithelial cells
fibrosis [115]. Depending on the findings described in
the current study, pathological changes in the liver of
T. canis-infected mice could be returned to the increased
oxidative stress and the increased expression of both
TG2 and IL-6. Also, it may be assumed that the effects of
artemether in the reduction of expression of both TG2
and IL-6 could be the possible mechanisms by which it
was able to reduce the pathological changes in the liver
in response to T. canis infection.



Substantial research pointed to the probable rela-
tion between toxocariasis and bronchial asthma [116-
118]. A previous study analyzed 17 studies utilizing
a meta-analysis and systematic review and concluded
that there was an upregulated risk of bronchial asthma
in Toxocara seropositive children [119]. In the present
work, we investigated the effects of T. canis infection
on the lungs using histopathological examination with
hematoxylin and eosin, and Masson’s trichrome stains.
The infected untreated mice exhibited dense inflam-
matory cellular infiltrate with patchy fibrosis. These
findings increased in intensity in the late treatment
control group than the early treatment control group.
Similarly, a previous study by [120] found that Toxocara
larvae in the lungs of infected mice induced insistent
pulmonary inflammation, and airway hyperreactivity.

In contrast, in the current study, lung sections from
the treated groups showed an evident reduction in the
intensity of the inflammatory infiltration and fibrosis in
comparison with the treatment control group. The
best results were detected in sections from artemether
treated groups. The ability of artemisinin derivatives to
alleviate inflammation in different models of lung dis-
eases was reported by many authors [121-125].
Additionally, our results demonstrated a significantly
lower percentage area of collagen fibers in the groups
that received artemether than the groups that received
albendazole at both time points post-infection. These
results concur with those of [126] who reported that
artesunate attenuated bleomycin-induced pulmonary
fibrosis. The antifibrotic effects of artemether were
investigated by many researchers and they found
numerous underlying mechanisms for these effects.
Artemether has the ability to inhibit the proliferation
and differentiation of myofibroblasts, extracellular
matrix deposition, proangiogenic signaling, and angio-
genesis, and downregulate profibrotic genes [127,128].

Conclusion

For the first time, this study demonstrated, novel pro-
mising effects of artemether against the pathological
changes produced by T. canis infection in the brain,
liver, and lungs of infected mice. Artemether suc-
ceeded in reducing T. canis larvae counts in the brain.
The reduction in GFAP, caspase-3, and NF-kB levels in
the treated mice could be the possible mechanisms of
artemether in alleviating brain injury. Besides, liver
inflammation and fibrosis in the groups that received
artemether were substantially reduced with a possible
role of suppression of IL-6 and TG2 mRNA expression in
these effects. Anti-inflammatory and anti-fibrotic prop-
erties of artemether appeared obviously in its effects
on the lungs of infected animals. The effects of arte-
mether were better than those achieved with albenda-
zole. There was no obvious difference in the efficacy of
artemether when administered either early or late in
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the infection. Finally, our findings highlighted that
artemether might be a promising therapy for T. canis
infection and it could be a good substitution for alben-
dazole. Consideration should be given to more
research and controlled human trials of artemether in
toxocariasis treatment.
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