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ABSTRACT

Background: Trichinella spiralis causes trichinosis through ingestion of pork contaminated by its infective
larvae, resulting in intestinal and muscular phases of infection in the same host. Stem cells (SCs) treat
some diseases due to their capacity for trans-differentiation and immunomodulation.

Objective: To assess the therapeutic impact of mesenchymal stem cells (MSCs) during intestinal and
muscular stages in T. spiralis-experimentally infected mice; used alone as monotherapy or combined with
mebendazole (MBZ).

Material and Methods: Forty albino mice were used to obtain bone marrow MSCs. Another 100 albino
mice were divided into 2 groups 50 mice each simulating intestinal (a) and muscular (b) phases. Each
group was further subdivided into 5 subgroups, 10 mice each as follows: Gla and G1b: negative non
infected control; G2a and G2b: positive infected control; G3a and G3b: infected and MBZ treated; G4a
and G4b: infected and MSCs tested; and G5a and G5b: infected and combined MBZ and MSCs therapy
tested. Mice of intestinal phase were sacrificed on 7* day post-infection (PI) while mice of muscular
phase were sacrificed on 49" day PI. Assessment was done by parasitological assessment (the number of
adult worms in the intestine in groups (a) and the number of encysted larvae in the diaphragm in groups
(b); histopathological and histochemical assessment of all groups using hematoxylin and eosin (H&E)
and Feulgen stains of different mice tissues and ultrastructural assessment using transmission electron
microscope (TEM).

Results: The combined therapy was potent; it showed the highest significant reduction in the number
of intestinal worms and encysted muscular larvae with preservation of the different tissues elements as
investigated by different stains and TEM.

Conclusion: MSCs can be used as additive/synergistic therapy in the treatment of trichinosis.
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INTRODUCTION
Trichinosis has a wide distribution all over the complications as myocarditis may precipitate death;

world. It infects nearly 10,000 individuals yearly with lung and central nervous system may be affected.

a mortality rate of 0.2%!". It is caused by ingestion of

the encysted larvae of the nematode genus Trichinella The specific anthelminthic, MBZ, is a synthetic
in raw or undercooked pork®. T. spiralis species is broad-spectrum benzimidazole anthelminthic, and is
the most virulent species and is the pathogenic one the primary drug used for trichinosis treatment?. It
to man®f. In human host, trichinosis has two phases, actsthroughselectivebindingtothe parasite monomer,
an intestinal and a muscular phase. After ingestion of beta-tubulin, while it has a minute influence on that
infected undercooked meat, the first larval stages are of the host resulting in microtubule polymerization
released by gastric digestion, reach the intestine, and inhibition®!. Disturbance of cytoplasmic microtubules
develop into adult worms. After mating, adult females results in blocking the uptake of glucose and other
shed larvae that migrate through lympho-vascular nutrients, leading to gradual immobilization and
system to other organs. Predicted larvae invade subsequent death of the helminths/®. However, it
skeletal muscles forming nurse cell complexes that has limited bioavailability; and a high degree of
initiate an inflammatory reaction in muscular tissues resistance by human hosts was recorded™, with
and other organs causing manifestations as high fever, a restricted impact on the encapsulated muscle
diarrhea, myalgia, and periorbital edemal?. Severe larvael®. Therefore, there is need to search for new
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substitutes/synergistic with better bioavailability to
cross the different biological barriers and tolerate the
host immune response; e.g., SCs treatment.

It is worth mentioning that SCs have the capacity
for indefinite discrimination into several specialized,
diverse cells in the body during life®®. Moreover, they
show plasticity or trans-differentiation™. Through SCs
treatment, new cells can be introduced into injured
sites aiding in the management of several diseases as
cancers, diabetes mellitus, parkinsonism, neurological,
cardiovascular disorders and many other diseases*.
Lately, SCs have improved some parasitic diseases as
S. mansoni through interleukin-10 production and
immunomodulation’®. They were used to treat malaria,
leishmaniasis and trypanosomiasis by improving
the function of the tissues of the involved organsZ.
Moreover, it was reported that the injured liver
tissue caused by hydatid cyst can be restored without
complete fading of the cyst by using SCs after treatment
with albendazole as SCs can modify the protective
immune reactions produced by the host[*3l. So, these
results motivated clinical trials in humans. In this work,
we aimed to evaluate the impact of bone marrow MSCs
therapy on experimental trichinosis in murine models.

MATERIAL AND METHODS

This experimental study lasted from June 2017
to May 2018. It was conducted in the postgraduate
research laboratory of Medical Parasitology
Department and Clinical Chemistry and Stem Cells
laboratories of Biochemistry Department, Faculty of
Medicine in co-operation with Zoology Department,
Faculty of Science, Zagazig University, Sharkia, Egypt.

Experimental animals and models: The study was
performed on 140 parasitic free, male, BALB/c mice,
25-30 gm weight and aging 6-8 weeks. They were
obtained from Theodore Bilharz Research Institute,
Giza, Egypt, and were kept under suitable temperature
and light in addition to the standard food and water
provisions. For evaluation of intestinal (50 mice) and
muscular stages (50 mice) of infection, a total of eighty
mice were infected orally with ~200 T. spiralis larvae/
mouse; 20 were kept as healthy non infected controls.
The remaining 40 mice were retained for procuring
bone marrow MSCs.

Parasite and infection: T. spiralis strain was extracted
from infected pig diaphragm muscles gained from
El-Bassatine Abattoir, Cairo. It was preserved by
consecutive passages through mice in the Animal
House of the Faculty of Medicine, Zagazig University,
Sharkia, Egypt according to Gamble**. Heavily infected
pigs' diaphragms were minced and digested in 1%
pepsin-hydrochloride overnight at 37°C. Free larvae
were collected by sedimentation, and washed many
times in physiological saline 0.85%. Live larvae/ml

were counted® and 80 mice were each infected orally
with ~200 motile and coiled larvae®.

Study design: In this work, one hundred male albino
mice were divided into 2 groups (G) of 50 mice each,
simulating intestinal (a) and muscular (b) phases.
Each group was further subdivided into 5 subgroups,
10 mice each: Gla and G1b as negative controls, G2a
and G2b as infected non-treated controls, G3a and G3b
infected then MBZ treated, G4a and G4b infected then
MSCs tested and G5a and G5b infected then received
both MSCs and MBZ.

For assessment during the intestinal phase, MBZ
(50 mg/ kg body weight) and MSCs (total of 1,000,000
MSCs in three divided doses) were orally administered
beginning from the second day PI for three consecutive
days. Mice of Gla, G2a, G3a, G4a and G5a were
sacrificed 7* day PI. During the muscular phase, mice
of G3b were given MBZ (50 mg/ kg body weight) orally
and those in G4b were given MSCs (total of 1,000,000
MSCs in three divided doses) by intraperitoneal (IP)
and intramuscular (IM) injection using 1 cm length
insulin syringe. Mice of G5b received MSCs by IP and IM
routes in combined therapy with oral MBZ. Therapies
were given on three successive days starting 14" day
PI. Mice of G1b, G2b, G3b, G4b and G5b were sacrificed
49* day PI.

For  parasitological, histopathological, and
histochemical assessments, intestinal specimens
were collected from mice sacrificed on the 7% day PI;
whereas muscular specimens were collected from mice
sacrificed on the 49" day PI. Diaphragms from mice
sacrificed on the 49" day PI were examined using TEM.

Preparation of MSCs: MSCs were collected by flushing
40 Swiss albino male mice femurs and tibias*’l. Testing
of the viability of SCs was by trypan blue stain, where
transparent cells which did not take blue color were
considered viablel®l, By the inverted microscope,
cultured live cells appeared adhesive and fusiform(*®l.,
Also, they exhibited positive CD105 and negative CD34
surface markers expression when analyzed by flow
cytometry according to Calabro et al.*? in the laboratory
of Clinical Pathology Department, Faculty of Medicine,
Zagazig University. Trypsin 0.25% was used to detach
the second passage of SCs by centrifugation for 5 min
at 2000 rpm followed by washing in phosphate buffer
saline. Cells were then incubated with monoclonal
antibody labeled with Endoglin-Phycoerythrin as a link,
to reveal CD105. Unbound antibody was washed from
the cells followed by fluorescein staining. The staining
strength was directly proportional to the CD105 protein
density. Flow cytometer analysis at 488 nm wavelength
laser excitation was used to measure the CD105 cell
surface expression?®. According to Louis and Siegel?!,
viable cells were counted by a hemocytometer and
calculated where the total number of viable cells/ml
= the number of viable cells counted/square X 10,000
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dilution factor; viable cells total number in a sample
= total number of viable cells/ml X sample volume in
ml. Accordingly, a dose of 1,000,000 MSCs/mouse was
given either orally (intestinal phase) or parenterally
(muscular phase) in three divided doses??.

Homing of SCs in tissues: SCs were labeled with
fluorescent PKH26 stain (Sigma, Aldrich, Egypt) then
visualized by a fluorescent microscope according to Li
et al®. It was reported that PKH26 is an excellent cell
linker dye for in vivo cells-following studies, precisely
when labeled cells need to be followed for long periods
because of its highly stable fluorescence.

Drug (MBZ) form and dose: The drug was purchased
from Pharco Co. (Cairo, Egypt) in 30 ml suspension
(100 mg/5 ml). It was administered orally using a 1 ml
syringe equipped with a blunt, curved, 18-gauge needle
for 3 successive days at a 50 mg/kg body weight dose.

Parasitological assessment

Intestinal adult worms count!®: The small intestine
was entirely divided into 4 equal lengths, each part was
opened, washed and held for 2 h in saline to permit exit
of worms, then followed by washing for many times
until the fluid became transparent. Worm suspension
was then centrifuged for 5 min at 1500 rpm to sediment
the worms. Worm burden was counted on a dissecting
microscope.

Muscular encysted larvae count!?*l; Proper dissection
of the whole diaphragm was followed by digestion then
centrifugation to sediment the larvae. Thereafter, viable
larva burden (i.e., motile, and coiled) was counted in
each mouse's diaphragm using McMaster Counting
Slide.

Assessment of therapeutic effects: Estimation was
through counting the mean number of live worms (G2a-
G5a) and that of viable larvae (G2b-G5b). Drug efficacy
(%) =[(A - B)/A] x100, where A = the counted worms
or larvae of infected control mice, and B = the counted
worms or larvae from tested micefl.

Histopathological assessment: Intestinal specimens
(~1 cm) were cut at the junction of the proximal 1/3
and distal 2/3, from mice sacrificed on the 7" day P12,
Muscle specimens were collected from mice sacrificed
on the 49" day PI from the diaphragm, tongue, and
hind legs?%?”l. The collected specimens were fixed
in 10% formalin. dehydrated in ascending grades of
alcohol, cleared in xylol, implanted in blocks of paraffin,
sectioned with 5 p thickness, stained by hematoxylin
and eosin (H&E) and examined microscopically®l.
Inflammatory grading was recorded as: score 0
indicated no lesion, while scores 1-4 indicated minimal,
mild, moderate, and severe lesions, respectively?.,

Histochemical assessment: Feulgen stain was used
to detect alterations resulting from hydrolysis of

nuclear DNA acid due to apoptosis. Stained tissues
were carefully fixed avoiding strong acid utilization
to prevent unnecessary de-staining. Ordinarily, DNA
stains bright red, and the background counterstains
green. Changes of nuclear DNA coloration were used
to classify apoptosis as: light red, slight red, and less
bright red representing extreme, moderate, and mild
apoptosis, respectively. In contrast, bright red nuclei
represent regular nuclei*?l,

Ultrastructural assessment: Sections of diaphragm
specimens collected from sacrificed mice on 49%
day PI, were fixed for 20 h in a mixture of 2.5%
glutaraldehyde, 2% paraformaldehyde and cacodylate
buffer 0.1 M (pH 7.4), and post-fixed in 1% osmium
tetroxide (0s04, Sigma-Aldrich) and 0.8% potassium
ferrocyanide (K4FeCN6, Sigma-Aldrich). The samples
were dehydrated in ethanol, permeated with propylene
oxide then embedded in Spurr resin. Ultrathin ~50 nm
sections were then examined by TEM (JEM 1200 EX), to
inspect and observe the nurse cell-larva complex and
surrounding tissue reactionl.

Statistical analysis: The collected data were evaluated
using Statistical Package for Social Sciences (SPSS),
windows version 20. Student (t) test and analysis of
variance (ANOVA) test were utilized to determine
probable differences among the sample groups. The P
value < 0.05 was considered significant.

Ethics approval: Approval was obtained from the
Institutional Animal Care and Use Committee of
Zagazig University (IACUC-ZU). The procedures used in
this study adhered to the principles of the Declaration
of Helsinki.

RESULTS

Parasitological results of the intestinal phase:
Tables (1 and 2) showed a significant reduction in
the mean number of adult T. spiralis worms in G5a
(combined therapy) followed by G3a (MBZ alone) with
percentage reductions of 85.6%, 84.5% respectively. In
contrast, the insignificant decline was noticed in G4a
(MSCs alone) with 2.4% percentage reduction relative
to infected control G2a.

Parasitological results of the muscular phase: Tables
(3 and 4) showed that combined therapy (G5b) was the
most successful treatment with significant decrease in
T. spiralis larvae number followed by G3b (MBZ only)
then G4b (MSCs only) with percentage reductions of
91.7%, 87.3% and 70.0%, respectively.

Histopathological reactions of the intestinal phase:
While G1a showed no pathological alterations, variable
histopathological observations were recorded in
infected mice ranging from mild inflammatory reaction
with affection of villi (G3a), and areas of hemorrhage
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Table 1. The mean number of adult worms of T. spiralis in the intestine in both control and tested groups.

Adult T. spiralis worm/mice

Study groups
Mean + SD Range Reduction%
Group 1a (Negative control) 00 -- --
Group 2a (Positive control) 119.4 + 38 70-180 -
Group 3a (MBZ treated) 18.2+4.3 10-25 84.5
Group 4a (MSCs treated) 116.5 £ 33.7 75-170 2.4
Group 5a (MBZ+MSCs treated) 17.3+4.99 13-30 85.5

F-test ANOVA

F: 80.575, critical F value: 2.9604, P < 0.001

SD: Standard deviation.

Table 2. Least significant difference (LSD) test for comparison of mean number of adult worms of T. spiralis/mice between

control and other studied groups.

Group 2a (Positive control) Group 3a (MBZ treated)  Group 4a (MSCs trated)
Group 5a (MBZ+MSCs treated) <0.001* > 0.05 (NS) <0.001*
Group 4a (MSCs treated) >0.05 (NS) <0.001*
Group 3a (MBZ treated) <0.001*

*: Significant; NS: Not significant.

Table 3. The mean number of T. spiralis encysted larvae in the muscular phase in both control group and tested groups.

T. spiralis larvae /mice

Study groups
Mean + SD Range Reduction%
Group 1b (Negative control) 00 -- --
Group 2b (Positive control) 1933.4 £ 841.7 850-3120 --
Group 3b (MBZ treated) 244.1+106.1 100-400 87.3
Group 4b (MSCs treated) 578.8 £ 250.1 200-920 70
Group 5b (MBZ+MSCs treated) 161.0 £97.5 70-350 91.7

F-test ANOVA

F: 44.61, critical F value: 2.960, P < 0.001

SD: Standard deviation.

Table 4. Least significant difference (LSD) test for comparison of mean number of encysted T. spiralis larvae between control

group and other studied groups.

Group 2b (Positive control)

Group 3b (MBZ treated)  Group 4b (MSCs trated)

Group 5b (MBZ+MSCs treated) <0.001*
Group 4b (MSCs treated) <0.001*
Group 3b (MBZ treated) <0.001*

> 0.05 (NS)
< 0.05*

< 0.05%

*: Significant; NS: Not significant.

(G4a). On the other hand, combined therapy (G5a)
showed obvious drop in inflammatory reaction with
intact villous structure in comparison with infected
non-treated group (G2a) (Fig. 1 A-E).

Histopathological results of the muscular phase:
Similarly, G1b showed no histopathological variations,
G2b showed severe inflammation with large number
of encysted larvae, G3b showed cracked vacuolated
capsules, G4b showed mild inflammation, and G5b
showed disintegrated larvae with destroyed capsules
(Fig. 2 A-E).

Histochemical reactions in the intestinal phase: No
histochemical changes were observed in cut sections of
small intestine of Gla. Severe apoptosis was observed
in G2a and G4a, while G3a showed mild apoptosis
evidenced by the faint red coloration of the cellular
nuclei of the intestinal mucosa and the different layers

of the intestinal wall. With dual therapy, G5a showed
normal circular shape of cellular nuclei of the intestinal
mucosa and the different layers of the intestinal wall
(Fig. 3 A-E).

Histochemical reactions in the muscular phase:
No histochemical changes were observed in GIb
as compared to severe apoptosis in Gb2. Moderate
apoptosis was detected in G3b, while G4b and G5b
showed mild apoptosis (Fig. 4 A-E).

Ultrastructural reactions: TEM study aimed to
detect and distinguish the ultrastructural changes in
the nurse cell-larva complex inside the diaphragms
of the different studied groups. Mice of non-infected
group (G1b) showed no ultrastructural changes (Fig.
5). Those infected and non-treated (G2b) showed
intact spiral larvae surrounded by nurse cells with
alteration of muscle fiber matrix encircling the larvae
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Fig. 1. Sections of the small intestine stained with H&E from the studied groups on 7% day PI. A:
No histopathological alterations were detected in the sections of non-infected control Gla (400X).
B: Intestinal sections of infected G2a showing cut section of adult worm detected in the lumen of
the small intestine (red arrows) (100X). C: Section of MBZ-tested G3a showing adult worms (black
arrow) inside the intestine wall with mild inflammation, villus atrophy and degeneration (400X). D:
Section of MSCs tested G4a showed areas of hemorrhage scattered among the layers of the intestinal
wall (blue arrows) up to the musculosa due to adult worm penetration of the intestinal wall (400X).
E: In G5a (MBZ + MSCs), there were no adult worms, villi were intact, no abnormality was detected
either in the lumen or within the intestine wall (100X).

(D)

Fig. 2. Sections of skeletal muscles stained with H&E of the studies groups on the 49" day PI. A: No
histopathological variations were noticed in sections of non-infected control G1b (400X). B: Infected
control G2b showed massive number of encysted larvae of T. spiralis (blue arrows) with severe
infiltration (100X). C: MBZ treated G3b showed homogenized larvae (blue arrow), vacuolated capsules,
cracked into thin layers. Intense inflammatory cellular diffusion (black arrows) encircle the capsule and
penetrate it, even adhering to the larva (orange arrow) (400X). D: MSCs tested G4b displayed encysted
larvae (blue arrows) encircled by dense intact capsule with mild inflammation and granulation tissue
infiltrate (red arrow) (400X). E: MBZ + MSCs tested G5b showed disintegrated T. spiralis larvae
(blue arrow), incomplete destruction of the capsule (black arrow) with encircling and penetrating
inflammatory cells (400X).
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Fig. 3. Intestinal sections of the studied groups stained by Feulgen stain on 7" day PI (1000X). A:
G1la showed no histochemical changes with appearance of brightly red normal nuclei of enterocytes.
B: Control infected G2a showed severe apoptosis (black arrows). C: MBZ tested G3a showed mild
apoptosis (black arrow) and areas of affected nuclei mixed with standard rounded nuclei (blue arrow)
of intestinal mucosa and the different layers of the intestinal wall. D: MSCs tested G4a showed severe
apoptosis (black arrows). E: MBZ + MSCs tested G5a showed red coloration and normal circular shape
of cellular nuclei of the intestinal mucosa and the different layers of the intestinal wall.

Fig. 4. Skeletal muscle sections of the studies groups stained by Feulgen stain on 49" day PI (X1000). A:
Non-infected G1b showed no histochemical changes. B: Faint red nuclei of muscle (black arrows) indicating
severe apoptosis in infected G2b. C: MBZ treated G3b showed areas of affected nuclei of myocytes (blue
arrow) mixed with nearly normal myocytes nuclei (black arrow); moderate apoptosis was detected by
light red coloration of the myocytes nuclei. D: MSCs tested G4b showed mild apoptosis (faint red coloration
of nuclei of myocytes), mild ballooning (black arrow), and intact myocytes nuclei (red arrows). E: MBZ +
MSCs tested group showed mild apoptosis (blue arrow) and faint red coloration of the myocytes nuclei (red
arrow) surround the encysted larvae (black arrow).
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(Fig. 6 A-D). Mice receiving MBZ alone (G3b) showed
calcification in the larval cuticle with reduced glycogen
content and appearance of mononuclear phagocytes
and eosinophils around the capsular layer (Fig. 7 A,
B). Those that received MSCs (G4b) showed marked
vacuolization with glycogen loss in the majority of

larvae with various degeneration signs and calcification
(Fig. 8 A-E). Finally, combined therapy (G5b) showed
normal ultrastructural organization of muscle cells
with the appearance of healing stage (restoration of the
normal muscle fibers) and mononuclear phagocytes
(Fig.9 A, B).

Fig. 5. TEM ultra-micrograph of diaphragm of healthy control G1b showing
no ultrastructural alterations. Nuclei presented a quiescent feature with tiny,
slender, commonly well united sarcomeres, mitochondria, and small areas of
thick glycogen granules in between (black arrows) (X5100)

® ‘ (0

Fig. 6. TEM ultra-micrograph of diaphragm of T. spiralis infected control G2b. A: Intact
spiral larva (L), surrounded by nurse cell (NC), without alterations of larval shape
(X5100). B: Details of the nurse cell area (NC) in direct connection to larva (L). A large
amount of smooth and rough reticulum (orange arrows), vesicles, and Golgi complexes,
hypertrophic nuclei (N) and excessive mitochondrial numbers were detected (blue
arrows). Near the larva surface is a bilayer membrane resembling the classic "unit
membrane" described as a railroad track with two thick lines nearly 1.98 pm in
thickness (green arrow) with an apparent space in between. Glycogen particles were
detected in big amount (red arrows) (X17000). C: Alteration of muscle fiber matrix
(Ma) encircling the larva (L) and enclosing a massive quantity of highly expanded and
disordered lamellar cytoplasm network (yellow arrows) with swollen mitochondria
(Mt) (X25500). D: Details in nurse cell-larvae complex showed that the structural
e integrity of sarcomeres was lost, with increased hypertrophy and hyperplasia of
(D) mitochondria (yellow arrows), rise in the nuclei (N) number and size and a distinct rise
in the content of glycogen (blue arrows) in the attacked muscle fiber, with membrane
systems hyperplasia (X10200).

D) ‘ (B)

Fig. 7. TEM ultra-micrograph of diaphragm of MBZ treated G3b (X6800). A: Some calcified spots (yellow arrows) were apparent as
evidence of calcification (Ca) in the larval cuticle. The matrix was partly faded and was substituted by granulomatous cells covering
the calcified larva. In addition to these modifications, the matrix cytoplasm (blue arrows) often showed a significant increase in
lysosomal bodies and complex cytolysomes, having loose myelin-like structures. In the muscular layer of larva (L), reduced glycogen
content (red arrows) in addition to early degenerative alterations such as vacuolization (orange arrow) were observed. Notching
(green arrow) was noticed in the cuticle of larva. B: Infection region appeared seriously changed. The larval edematous body (L)
comprised numerous necrotic cells (yellow arrow). Glycogen was absent. The larval cuticle (C) tended to be non-intact (disintegrated)
(red arrow). There was no longer a visible matrix; the necrotic residues (blue arrow) were possibly remnants of matrix structures.
Mononuclear phagocytes (Mnp) besides eosinophils (EO) piled up around the outer capsule layer (Cap).
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Fig. 8. TEM ultra-micrograph of diaphragm of MSCs tested G4b. A: Extremely marked
vacuolization (green arrow) besides partial to complete absence of glycogen was obvious in
the majority of larvae, with various degeneration signs. The cyst wall appeared separated by
a gap from the larva (as it was surrounded by a trench) that showed widening of the cyst wall
(red arrows), surrounded by the nurse cell (NC). Inflammatory cells settled around the capsule
(yellow arrows) (X5100). B: The capsule (cap) that surrounded the larva (yellow arrow) and
nurse cell (NC) (red arrow) was interrupted and disintegrated in some areas (blue arrow)
and invaded by different recruited inflammatory mononuclear phagocytes (Mnp) (white
arrows), lymphoid cells, eosinophils; also, to a minor degree, by mast cells and neutrophils
(X10200). C: Inflammatory cells settlement in and around the capsular material and the
process of inflammatory cells penetration across the capsule (cap) continued. Amongst the
granuloma cells, some extremely large mononuclear phagocytes (Mnp) (yellow arrows)
were found (X17000). D: Details of the nurse cell showed enormously edematous matrix that
included a significant number of heterogeneous dense bodies (yellow arrows), filled up with
lipid droplets (red arrows) and with disruption of mitochondria (blue arrow) (X20400). E:
Calcification (blue arrows) was very pronounced, beginning at the cuticle then later on, it
comprised the whole body of larva (L). Degenerative alterations such as vacuolization were
observed in the muscular layer besides the larval stichosomal cells. The disorganization of the
muscular layer was commonly detected in larval body (red arrow) (X8500).

(E)

Fig. 9. TEM ultra-micrograph of diaphragm of MBZ + MSCs tested
G5b. A: The mononuclear phagocytes were vigorously involved
in scavenging residues of matrix which was expressed by the
existence of several digestive vacuoles in the interior of these cells
(vellow arrows). The various constituents of both the inner and
outer larva cyst walls and capsule (cap) lost their circular structure
and developed a disordered fibrils network embedded inside a
loose background of muscular tissue (red arrows) (X10200). B: A
progressing healing stage of an infected zone evidenced by a small
number of mononuclear phagocytes (Mnp) (red arrows) persisting
in a region rich in collagen (col) and encircled by normal muscle
fibers (Mu); nearly normal ultrastructural organization of muscle
cells and interstitial space was observed (X6800).

(4)

DISCUSSION were successfully applied in treatment of parasitic

diseases like American trypanosomiasis®! and

T. spiralis is a viviparous nematode and is one
of the most widespread and clinically important
parasites in the world. It is responsible for the
disease trichinosis®2. The pathology is characterized
by inflammatory reaction in the tissues and organs,
manifested by high fever, diarrhea, myalgia,
periorbital edema, and serious complications as
myocarditis. Reported death was due to inflammatory
reaction in heart, lung and CNS™. Due to these adverse
complications, we aimed in this study to find a new
trend for treatment of T. spiralis, namely treatment
with MSCs.

It is well known that SCs are non-specialized
cells capable of indefinite differentiation to many
various specialized types of cells in the body during
lifel®); with the advantage of being characterized by
plasticity or trans-differentiation™°. Therapeutic SCs
is a form of intervention technique that integrates
new cells into damaged tissues, helping to cure
several diseases and injuries®34, Moreover, MSCs

experimental toxoplasmosist® after having been
tried experimentally in schistosomiasis for both
treatment® and vaccination®. Accordingly, we were
encouraged to test bone marrow MSCs as a potential
line for trichinosis treatment in murine models. The
delivery site of MSCs can influence the path of MSCs
to reach the aimed organ. Systemic administration
can be attained through IP, intravenous (IV), intra-
arterial, or intra-cardiac injections®. Braid et al.>”
stated that engineered MSCs that were given IM were
still noticeable at the insertion site more than 100 days
following transplantation because of the persistent
secretion of a functional antibody into circulation.
Therefore, IP and IM routes of administration were
chosen over IV infusion as MSCs are preserved in the
insulted tissues, e.g., muscular tissues.

In the current study, MSCs were labeled using
PKH26 fluorescent lipophilic dye which is referred
to as "membrane dyes" and is preferred for its
simplicity, and rapid effect. Also, it can be applied for
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almost any type of cells*®. So, in both SCs monotherapy
and combined therapy groups, the appearance of
fluorescent dots under the fluorescent microscope, in
muscular tissue sections confirmed homing of MSCs.
Our results were supported by Seyed-Jafari et al.[*!
who detected migration of PKH26-treated neural SCs
to the subjacent cerebral parenchyma and displayed
neuronal and astrocytic cell markers. Also, MSCs have
the capability of migration into the tissues from the
circulation, possibly responding to signals induced by
injuries. MSCs express in vitro chemotaxis towards a
diversity of wound healing cytokines such as tumor
necrosis factor-alpha (TNF-a), platelet derived growth
factor (PDGF), insulin-like growth factor-1 (IGF-1) in
addition to interleukin-8 (IL-8), which clarifies their
favored migration to injured sites™?.

The current results revealed a considerable
reduction in the average number of adults and larvae
with the maximum effect on both intestinal and
muscular phases in the combined therapy (MBZ +
MSCs) groups followed by MBZ monotherapy. However,
MSCs proved effective only against the muscular phase
of trichinosis. The SCs proved ineffective against adult
T. spiralis worms in the intestinal phase. This can be
clarified by the fact that when orally administered,
the SCs get digested like any other eaten cells. This
explanation is also confirmed by English*l.

During the intestinal phase, MBZ oral treatment
for three successive days at a dose of 50 mg/kg body
weight was effective in G3a (R% = 84.5%) and was
apparently more effective when combined with MSCs
(G5a) (R% =85.5%). There was a significant difference
amongst results of the two groups when compared to
untreated controls. Applying the same MBZ treatment
regimen, McCracken et al¥ similarly reported a
reduction of 78% in the average number of adult
worms as compared to the untreated controls.

Regarding the parasitological study results of
the muscular phase, there was significant decreased
number of T. spiralis larva in muscles of mice treated
with MBZ, MSCs and combined treatment when
compared to infected controls. The most successful
treatment with significant decrease in T. spiralis
larva number was in G5b (MBZ + MSCs) followed
by G3b (MBZ) then G4b (MSCs) with percentage
reductions of 91.7 %, 87.3 % and 70.0%, respectively.
This result confirms that MBZ is one of the most
useful anthelmintics in trichinosis treatment. Its
efficacy is due to its immunomodulatory actions and
its capability to inhibit glycolysis and reproductive
function processes in worms of T. spiralis. A
significant finding was recorded when it was used
alone (G3b) with the reduction percentage of 87.3%
in larvae, supporting that MBZ is also effective in the
muscular phase. This result agreed with Fernando and
Denham® who reported that MBZ 50 mg/kg daily for
seven successive days was more effective on encysted

muscle larvae than flubendazole, with reduction
percentage of 99.7%; while flubendazole had no
effect with a reduction percentage of 3.3%.

Considering the route of MSCs administration
in our study, there was a significant decrease in the
number of T. spiralis larvae in muscles of mice treated
with IM infusion of MSCs, more than when delivered
by IP injection. These results can be explained by
presence of retained MSCs at the IM insertion sites,
indicating that this route presents chances for
regulated MSC dosing, as opposed to dynamic cell
delivery as a result of IP injection amongst organs and
visceral tissues. Braid et al.*” reinforced our findings
byreportingthatthe IM route supported elongated cell
persistence of neonatal as well as adult-derived MSCs.
Therefore, IM injection offers a valuable alternative
to attain clinical profits from extended MSCs settling
time at a homeostatic insertion site, besides being
a slightly invasive route appropriate for several
applications. These results can also be clarified by
the immunomodulatory effects of MSCs since Ren et
al.*® declared that MSCs have the capacity to control
inflammatory progress and restore injured cells and
tissues by adhering to areas of inflammation.

As previously reported™, histopathological
examination of mice small intestines in the control
infected G2a showed the adult worms in the lumen
of the intestine, atrophied villi, minor hyperplasia
of crypts, interrupted epithelial lining as well as the
presence of inflammatory infiltrate in some areas.
The improvements were found in MBZ treated
G3a and MBZ + MSCs treated G5a that showed no
adult worms, limited number of ulcers and acute
inflammatory cells in the intestinal mucosa. These
findings emphasized that MBZ is highly active
against the intestinal phase when used alone or
combined with MSCs. The current results were also
partially supported by McCracken®. Regarding
the histopathological examination of muscle tissue
in infected control mice G2b, the result showed
a huge number of T. spiralis encysted larvae that
were typical in size and were firmly coiled between
muscle fibers inside well-developed cysts. Muscle
tissue of MBZ treated G3b showed a fewer number
of T. spiralis larvae that were of below-average size,
lightly coiled, or arc-like. The capsule was encircled
and penetrated by diffuse infiltrate of inflammatory
cells. Similar findings were reported by Hess et al.l>%,
An improvement was found in MBZ and MSCs treated
G5b that showed the highest rates of decline in the
number of larvae in muscle sections.

Apoptosis is a planned cell death mechanism that
stabilizes the proliferation of cells®?. Parasites can
provoke apoptosis by two means; either directly via
active mediators or indirectly through the mediators
of inflammation®5%. Previous studies explained
apoptosis caused by Trichinella in infected muscle
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cellsB>%¢), The histochemical assessment in our study
confirms these studies where the greatest intestinal
cells' DNA defense with the slightest apoptotic
alterations was demonstrated as bright red coloration
in the combined therapy (G5a) followed by MBZ (G3a)
compared to the infected control group (G2a). The latter
revealed severe apoptosis evidenced by the very faint
red coloration of the nuclei. On the other hand, result
of G4a showed severe apoptosis in the intestinal phase
although treated with MSCs, and these results were
similar to the control infected G2a. These findings may
be explained by Karmanska et al.’”! who reported that
T. spiralis provoked apoptosis in the small intestine's
lamina propria in striated muscle.

In the present study, stained nuclei of muscle
tissue of the infected control group showed marked
apoptosis with a mild red coloration of the muscle cells
nuclei adjacent to larval and nuclear fragmentation.
These results agreed with Etewa et al.®® who reported
degenerative changes in experimental trichinosis
with marked apoptosis in the infected control group,
demonstrating the destructive influence of the parasite
on muscle cells. The MBZ-treated G3b exhibited pale
red coloration of muscle cells' nuclear DNA, i.e., the
apoptosis was moderate since MBZ improved the
majority of apoptotic alterations early. Regarding G4b
and G5b, both groups revealed normal circular nuclei,
and the color of their DNA was less than bright red,
indicating that apoptosis was mild.

The complex "nurse cell-T. spiralis larva" is made of
a changed part of a skeletal muscle cell and the larva
wall. The pathological mechanism accountable for
this complex formation was identified as basophilic
transformation, necessary for larvae development.
The alterations in the morphological structure of nurse
cell-larva complex is a strong indication of immune
responses elicited by tested drugst®. TEM images of
a transformed part of T. spiralis infected muscle cell
in mice revealed the loss of normal structures of the
sarcomere besides contractile function disorganization.
The filaments of actin and myosin began to fade,
and the expanded smooth endoplasmic reticulum
presented more or less condensed membranes
structures amongst which abundant mitochondria,
free ribosomes as well as vesicles of various electron
density and sizes were found. Hypertrophic nuclei
with nucleoli in the transcriptional phase were evident.
These notifications were in agreement with Dabrowska
et al.’®, MBZ treated G3b showed the edematous body
of a larva that included different necrotic cells. The
larva cuticle appeared non-intact and glycogen was no
longer identified. The familiar matrix was no longer
perceived, the necrotic traces were likely remains
of matrix structures containing a large amount of
highly expanded and disordered lamellar cytoplasm
network with swollen mitochondria. Mononuclear
phagocytes and eosinophils accumulated along the
outer capsular layer. Regarding glycogen depletion,

the present results were highlighted by De Nollin
and Van den Bosschel®” who stated that MBZ
induced inhibition of the glucose uptake followed
by increased glycogen depletion which may be the
origin of its activity against the encysting phase of T.
spiralis. In addition to the change in its structure, the
capsule was attacked by mononuclear phagocytes,
lymphoid cells, eosinophils, and to a minor degree,
by neutrophils and mast cells. The mononuclear
phagocytes were vigorously involved in scavenging
matrix residues, and this was manifested by the
existence of several digestive vacuoles inside those
cells.

The most interesting observations regarding
morphological changes of nurse cell-larva complex
were noted in the combined MBZ and MSCs treated
G5b where the progressive stages of healing were
detected in the infected region. The granulomatous
lesions vanished in parts, leaving only a small
number of mononuclear phagocytes behind. The
normal ultrastructural composition of the muscle
cells and of the interstitial space was observed. The
larvae had vanished totally, but some bundles of
collagen persisted among the well-organized muscle
fibers and calcification spots. The importance of our
findings was highlighted by Nollin et al.l®l.

In conclusion, methods used for evaluation and
assessment together with the present outcomes
raised our interest in MSCs use as a new therapeutic
line of anti-trichinosis treatment, either alone or
combined with approved drugs. Additional work is
needed with altered doses, routes of administration
as well as various anti-trichinosis drug formulations
and combinations in order to include MSCs in the
anti-trichinosis therapeutic line. More work and
further assessment are still needed in this aspect.
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