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ABSTRACT

Introduction: Skeletal muscle injuries are common in athletes, however, no effective treatment is available. Platelet rich
plasma (PRP) and mesenchymal stem cells (MSCs) have been used in treatment of different musculoskeletal disorders.
However, a hot debate has been raised regarding the deleterious effect of PRP injection following muscle injury.

Aim of the Work: To compare the therapeutic effect of PRP versus bone marrow derived-MSCs in the treatment of acute
injury in rats' skeletal muscle.

Materials and Methods: 52 adult rats were utilized for the whole study, 32 rats as experimental groups, 10 rats for PRP
production, and 10 rats for MSCs isolation. MSCs were characterized morphologically and by flow cytometer. The 32 rats
were divided into: group I (control), the other 3 groups underwent induced quadriceps femoris muscle injuries without further
treatment in group II (untreated injured) or followed 2 hours later on by a single intramuscular injection of either PRP in group
IIT or BM-MSC:s in group IV respectively. After 21 days, the rats were sacrificed. The muscles were obtained for biochemical
and histological investigations. Tissue homogenates were used to measure the levels of myoblast determination protein 1
(MyoD), skeletal troponin I (sTnl), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione reductase (GSH)
and total antioxidant capacity (TAC). Muscle specimens were processed and examined by light and electron microscopies.
Masson’s trichrome-stained sections were subjected to morphometric analysis. Statistical analyses were done.

Results: Induced muscle injuries resulted in damage to the myofibers, vacuolation, cellular infiltration, damaged sarcolemma,
abnormal nuclei, pleomorphic mitochondria, distorted triads, a significant increase in collagen deposition, sTnl, and MDA
together with reduction in MyoD and antioxidant enzymes. The PRP-treated group showed a mixture of muscle damage and
regeneration. Meanwhile, MSCs revealed better regeneration apart from a few degenerative foci.

Conclusion: BM-MSCs injection showed superb muscle regeneration with less fibrosis compared to PRP.
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INTRODUCTION

Skeletal muscle injuries are very prevalent in athletes,
particularly during vigorous exercise. Such injuries result
from contusion, strain or even laceration'!. The pattern of
these injuries can happen in an acute manner or as a result
of repetitive traumas over a period of time?!. Following an
injury, muscle tissue undergoes a process of healing which
is the same in the majority of muscle injuries. Nonetheless,
this process is incomplete due to the development of non-
contractile fibrotic tissue, two weeks following the injury.
The formed scar tissue is structurally and functionally
inferior to normal muscle fibre and thus, susceptible to re-
injury?®). Eventually, substantial morbidity like mechanical
deficit, atrophy or contracture often happens after such
injuries™!,

The regular management applied for muscle injuries
includes bed rest, protection, ice compression and elevation,
in addition to medications such as analgesics or even
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corticosteroids. The aim of these modalities is symptomatic
control, limitation of muscle damage and stimulation of
the own muscle regenerative response. Nevertheless, their
efficacies are not proven in the treatment of acute muscle
injuriest.

Accordingly, there has been a growing concern in the
application of regenerative medicine techniques such as
platelet rich plasma (PRP) and stem cells in the treatment
of different musculoskeletal disorders!®”. PRP is obtained
from autologous blood and has been recommended for
treatments of sports injuries as it promotes tissue repair.
Owing to its high contents of different beneficial growth
factors, PRP is documented to have a tremendous healing
potential when injected locally into the injured tissue.
These growth factors enhance the process of tissue repair
via recruiting different types of cells participating in the
healing mechanism, promoting their proliferation and
differentiation with the subsequent acceleration of the
reparative process with better resultst®.
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Even with the widespread use of PRP in acute muscle
injury, a hot debate has been raised regarding the deleterious
effect of PRP injection following muscle injury®!%. PRP
treatment was reported to increase considerably the
levels of other pro-inflammatory cytokines particularly
transforming growth factor-p1 (TGF-B1) which has been
associated with inhibition of myogenic differentiation and
enhancement of fibrous tissue formation". However, in
vivo studies validate that the effect of TGF-B1 on satellite
cells is variable determined by the simultaneous existence
of other growth factors®!. Consequently, more caution has
to be considered when recommending PRP treatment for
muscular injuries.

Currently, stem cell therapies appear to attract a wider
range of attention as regenerative medicine tools and
promise to hold the potential for the treatment of muscle
injuries'?. Particularly, mesenchymal stem cells (MSCs)
can revive damaged tissue through different mechanisms
including paracrine effect, myogenic differentiation
potential, and immunomodulation with the net result of
suppressing tissue damage and fibrosis, promoting growth
and activating, recruiting as well as increasing resident
population of tissue stem cells!'*.

Therefore, the present study was conducted to compare
the therapeutic effect of PRP versus bone marrow-derived
MSCs (BM-MSCs) in the treatment of acute injury in adult
male albino rats’ skeletal muscles.

MATERIAL AND METHODS

This study was conducted on fifty-two male Sprague
Dawley rats, aged 6-8 weeks, weighing about 150- 200 g.
Thirty-two rats served as the experimental groups while
the other twenty rats were divided equally for obtainment
of PRP and BM-MSCs respectively. The experimental
rats were raised at the Animal House of the Physiology
department, Alexandria Faculty of Medicine. A controlled
environment was prepared including temperature of 22 +
3°C, 12-h light/dark cycles, and air humidity of 55 + 10%.
They were freely fed on regular laboratory food and water.
All procedures were approved by the Local Medical Ethics
Committee (IBN NO: 00012098, FWA NO; 00018699,
Serial Number: 0201543), Faculty of Medicine, Alexandria
University, and in line with the criteria of care and use of
laboratory animals.

The thirty-two experimental rats were randomized into
four equal groups (n=8):

Group I (Control): Uninjured rats served as a control
group for obtaining quadriceps femoris muscle specimens
from the same anatomical area as the injured one.

The rest of the animals (24 rats) received a single
intramuscular (IM) injection of 80 mg/Kg phenobarbital!'¥
and then underwent non penetrating traumatic events at
multiple successive levels in a transverse direction along
the length of the quadriceps femoris muscle of both hind
limbs using a curved artery forceps (Aesculap, Tuttlingen,

Germany) with jaws protected by polyethylene tubes and
closed for 20 seconds!'3!.

The injured animals were distributed into:

Group IT (Untreated injured): The injured rats of this
group didn’t receive any treatment.

Group III (PRP-treated): Each rat received a single
IM injection of PRP solution (100 pL) two hours after
injuryt'®,

Group IV (BM-MSCs-treated): Each rat received
a single IM injection of 1x106 BM-MSCs in 1 ml of
complete culture medium (CCM) two hours after injury!”.

Production of PRP

This procedure was done at The Clinical Pathology
department, Faculty of Medicine, Alexandria University.
The whole blood was drawn from ten rats via an ocular
vein under general anaesthesia (IM injection of 100 mg/Kg
phenobarbital )" and collected in blood tubes containing
citrate phosphate dextrose. Centrifugation of the blood at
1000 rpm at 4°C for 15 minutes, then a rest period of 5
minutes, and finally re-centrifugation at 1000 rpm at 4°C for
15 minutes were performed. After the first centrifugation,
separation of the plasma from the red blood cell cells was
achieved. During the second centrifugation, discarding of
the supernatant portion was done to obtain a small fraction
which is about 1 ml of the remained heavier centrifuged
material which was the platelet concentrate or PRP. Using
a pipette, aspiration of the platelet-rich fraction of the
supernatant was done and maintained at room temperature.
Determination of the final platelets’ concentration in the
PRP was performed by an automated cell counter. The
concentration must be at a minimum of 4 times the whole
blood levell™..

Isolation and culture of BM-MSCs

This procedure was done at the Center for Excellence
for Research in Regenerative Medicine and its Applications
(CERRMA). Ten animals were euthanized by a single IM
injection of 100 mg/Kg phenobarbital™®. Both tibia and
femur were exteriorized for flushing the bone marrow
using 5 ml of CCM; composed of low glucose Dulbecco's
modified Eagle's medium (LG-DMEM, Sigma-Aldrich)
supplemented with 20% foetal bovine serum (FBS, Sigma-
Aldrich), 2 mM L-glutamine (Lonza) and 1% penicillin/
streptomycin (P/S, Lonza). Flushed bone marrow was
centrifuged for 5 minutes at 1200 rpm. The resultant
pellets were cultured in CCM onto a 25 cm 2 tissue culture
flask and finally incubated in the CO, incubator at 370 C
with 5% CO, and 95% O?. Every three days, the growth
medium was changed and replaced with a fresh one after
washing the cells three times with phosphate buffer saline
(PBS, Lonza). Daily examination of the cultured cells
was done using phase contrast inverted microscopy till
reaching sufficient confluency (80% at day 10 of primary
culture; passage 0; p0). Subsequent passages were done till
passage 3 (p3)?°.
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Colony forming unit-fibroblast (CFU-F) assays

About one hundred cells at p3 were plated in six-
well plates in CCM. The cells were kept in CCM for two
weeks at the CO, incubator, with the media changed twice
weekly. On day 14, washing of the cells with PBS was
done followed by fixation in 100% methanol for 5 minutes.
In order to distinguish colonies, the cells were incubated
in 3% crystal violet solution (Sigma-Aldrich) in 100%
methanol for 30 minutes at room temperature, followed
by washing the plates twice with distilled water and then
left to dry. Counting the number of colonies was done to
calculate plating efficiency (CFU potential) as follows:
Plating efficiency = (Number of colonies / Number of
cells plated) X 100. Using the phase contrast inverted
microscopy, the number of colonies exhibiting five or more
cells was scored. A CFU potential of over 40% indicates a
good culture of BM-MSCs?!,

Immunophenotyping characterization of BM-MSCs
using the flow cytometer

The cells were characterized using cell surface markers
by staining the cells with different fluorescent-labeled
monoclonal antibodies. BM-MSCs characterized for
CD44 and CD90 as positive markers, in addition to CD45
(hematopoietic surface marker), as a negative marker.
Detachment of the cultured cells was done with 0.25%
trypsin-EDTA solution (Thermo Fisher Scientific). The
cultured cells were washed with PBS and then incubated
for 30 minutes in the dark at room temperature, with
monoclonal  Allophycocyanin-conjugated antibody
for CD44 and CD90 (Anti-Thyl.1) (Abcam, UK) and
monoclonal phycoerythrin (PE)-conjugated antibody for
CD45 (Abcam, UK). Analysis of the immunofluorescence
on the viable cells was performed using Becton Dickinson,
fluorescent activated cell sorting (FACS) calibre flow
cytometer equipped with cell Quest softwarel*2.

Injection of PRP

Two hours after injury, each rat of the PRP-treated
group (group I1I) was injected once with 100 ul of PRP into
the site of injury using an insulin syringe. Each dose was
injected respectively into each limb. Activation of PRP by
calcium gluconate was done before the injection!'¢l.

Injection of BM-MSCs

Two hours after injury, each rat of the BM-MSCs-
treated group (group IV) was locally injected once with
a single dose of 1x106 BM-MSCs suspended in 1 ml
CCM using an insulin syringe. Each dose was respectively
injected into the right and the left limbs!'7,

The whole experiment was terminated 3 weeks from
the day of injury (day 0), and all the rats were sacrificed
by IM injection of 100 mg/Kg phenobarbital®. The right
quadriceps femoris muscles were processed for the light
microscopic examination, while small specimens were
excised from the left sides and processed to obtain tissue

homogenate for biochemical study and the remaining parts
were processed for electron microscopic examination.

Biochemical study

Tissue homogenates were prepared for biochemical
analysis®). All the procedures were done at the
Biochemistry department, Faculty of Medicine, Alexandria
University.

Measurement of biochemical markers for muscle
damage and regeneration

The tissue levels of Myoblast determination protein
1 (MyoD); a marker for muscle regeneration and skeletal
troponin I (sTnl); a biomarker for muscle damage were
measured using Enzyme-linked immunosorbent assay
(ELIZA) according to the manufacture’s protocol.

Measurement of lipid peroxidation and antioxidants
markers

Colorimetric assay was used to measure the tissue levels
of lipid peroxidation using a malondialdehyde (MDA)
assay kit as well as the antioxidant markers including
superoxide dismutase (SOD), reduced glutathione (GSH)
and the total antioxidant capacity (TAC) using assay kits
according to the manufacture’s protocol.

Histological examination

a-Light microscopy (LM): The right quadriceps
femoris muscles were immersed in 10% formol saline
and then processed to obtain 5-6 pm thick paraffin
sections stained with Haematoxylin and Eosin (H&E) and
Masson’s trichrome?¥. The obtained stained sections were
examined by LM and photographed. To measure the area
percentage of collagen, six random images were manually
selected from Masson's trichrome-stained sections and
imaged using a 10x objective lens. Using Image J software
(version 1.51k, Wayne Rasband, National Institutes of
Health, USA), images were viewed and the colour was
analysed by the colour threshold tool and the pixels were
measured®.

b-Transmission electron microscopy (TEM): Specimens
from the left quadriceps femoris muscles were cut into
small pieces (about 1/2- 1 mm3), fixed in 3% phosphate
buffer glutaraldehyde at pH 7.4 and temperature 4°C for
24 hours and processed to get semithin sections stained
with toluidine blue and examined by the light microscopy
and ultra-thin sections®® examined by TEM (JEM-1400
plus, Tokyo, Japan) respectively at the Faculty of Science,
Alexandria University.

Statistical analysis

Data were fed to the computer and analysed using IBM
SPSS software package version 20 (Armonk, NY: IBM
Corp). For normally distributed quantitative variables and
to compare more than two groups, ANOVA test was used.
On the other hand, a Post Hoc test (Tukey) was performed
for pairwise comparisons. The obtained results were
considered significant at p value <0.0577.
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RESULTS
Characterization of the isolated rat BM-MSCs

Morphological characterization of BM-MSCs by
phase contrast inverted microscope

Two to three days after the initial seeding (p0), the
cells were adherent and spindle in shape. At day 10 of
p0, the spindle-shaped cells increased in number until
they reached 80% confluency. Further passages at pl, p2
&p3 resulted eventually in cells with 85%, 90% & 95%
confluency respectively with more homogenous fibroblast-
like cells (Figures 1 A,B,C).

Colony forming unit-fibroblast (CFU-F) assay of
BM-MSC:s stained with crystal violet

Using the phase contrast inverted microscope, small
stained colonies appeared on day 14 of p3. Each well
that contained 100 cells gave about 92%+ 1.04 colonies
(Figure 1D).

Immunophenotyping of BM-MSCs

cytometer

by flow

Analysis of cell surface markers of BM-MSCs at
p3, using monoclonal antibodies against MSC markers
(CD44-PE and CD90-FITC) and another antibody against
hemopoietic marker (CD45-PE), revealed that 92.02% of
cells were positive for anti-CD44 and 96.11% of cells were
positive for anti-CD90, while only 0.17% of cells were
positive for anti-CD45 (Figures 1 E,F).

Biochemical results
MyoD and sTnl

An insignificant difference was detected in the mean
levels of tissue MyoD in the control and the untreated
injured groups (»p=>0.05). On the other hand, the mean levels
of tissue MyoD revealed significant increases in the PRP
and the BM-MSCs-treated groups compared to the control
and the untreated injured groups (p < 0.05). However, this
elevation was significantly higher in the BM-MSCs-treated
group than in the PRP group as p< 0.05 (Table 1, Figure
2A). On the other hand, there was a significant increase
in the tissue level of sTnl in the untreated injured group
compared to the other experimental groups (p< 0.05).
Although treatment with PRP resulted in significantly
lower level of sTnl than the untreated injured group, the
reduction was still significantly higher than the control and
BM-MSCs-treated groups (p< 0.05). In comparing the BM-
MSCs-treated group and the control one, no significant
difference was detected as p> 0.05 (Table 1, Figure 2B).

Oxidant and antioxidant markers

A significantly higher tissue MDA level was measured
in the untreated injured group in comparison with all other
experimental groups (p< 0.05). Even though treatment
with PRP resulted in a significant reduction in the MDA
level compared to the untreated injured group, the level
was still significantly higher than the control and the BM-

MSCs-treated groups. Meanwhile, a significantly higher
level of MDA was detected in BM-MSCs-treated groups
compared to the control one (Table 1, Figure 2C). On the
other hand, a significantly lower levels of SOD, GSH and
TAC were detected in the untreated injured group compared
to all other experimental groups (p< 0.05). Although
significantly higher levels of SOD, GSH and TAC were
measured in the BM-MSCs-treated group than the PRP-
treated group (p< 0.05), the levels in the BM-MSCs-
treated group were still significantly lower than the control
(< 0.05) (Table 1, Figures 2 D-F).

Histological results
H&E stain

Group I (Control): Examination of longitudinal
sections of the rat quadriceps femoris muscle of this group
showed parallel cylindrical muscle fibers with acidophilic
sarcoplasm and evident regular striations. Their nuclei
were multiple, flattened, and peripherally situated beneath
the sarcolemma (Figure 3).

Group II (Untreated injured group): Examination
of the adult rats’ quadriceps femoris muscles of this group
revealed obvious structural changes. Most of the skeletal
muscle fibers appeared disorganized. They exhibited
disruption, discontinuity, and rupture. Others displayed a
wavy pattern with dark peripheral nuclei. Some myofibers
showed splitting and branching. Cellular infiltration was
seen together with variable degrees of migrating pale-
stained nuclei toward the site of injury. Centrally situated
pale nuclei were encountered. Subsarcolemmal pyknotic
nuclei were also detected. Extravasation of the red blood
corpuscles as well as congested blood vessels with
evident perivascular thickening and cellular infiltration
was observed. A widened endomysium was noticed
(Figures 4A-D).

Group III (PRP-treated): Examination of the rat
quadriceps femoris muscle of this group revealed areas of
apparently normal muscle fibers with peripheral flattened
nuclei together with areas of interrupted myofibers and
damaged sarcolemma. Split and branched fibers were
observed. Some Myofibers were pale stained while others
showed loss of the normal sarcoplasmic morphology. Some
fibers displayed sarcoplasmic vacuolation. Rows of pale
staining oval nuclei were seen traversing the muscle fibers
towards the site of injury. Multiple nuclei were noticed
accumulating in between as well as within the muscle
fibers together with centrally situated nuclei. Widening
of the endomysium was also encountered in some areas
(Figures 5A-D).

Group IV (BM-MSCs-treated): The rat quadriceps
femoris of this group showed mostly normal parallel
cylinders of muscle fibers with acidophilic sarcoplasm
and peripheral flattened nuclei. A narrow endomysium
was also noticed. Split and branched muscle fibers were
still encountered. Centrally situated nuclei were observed
within some muscle fibers. On the other hand, some
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myofibers depicted a mass of cellular proliferation together
with rows of pale nuclei. Some fibers showed areas of
pale sarcoplasm while a few fibers were still disrupted.
(Figures 6A-D).

Masson’s trichrome stain

Examination of Masson’s trichrome-stained sections
of the control rat quadriceps femoris muscles (group
I) displayed a normal pattern of distribution of collagen
fibers in the endomysium as well as in the perimysium.
Meanwhile, the untreated injured group (group II) showed
a deposition of an excessive amount of collagen fibers in
between the injured myofibers. The PRP-treated group
(group III) exhibited thick bundles of collagen fibers
deposited in between the damaged skeletal muscle fibers
and around the congested blood vessels. On the other hand,
BM-MSCs treatment in group IV resulted in an almost
normal pattern of collagen deposition where apparent
minimal collagen fibers were depicted in the endomysium
and the perimysium (Figures 7 A-D).

Morphometric analysis of Masson’s trichrome-stained
sections showed that the percentage area occupied by
collagen was significantly higher in the untreated injured
group than in the control group (p< 0.05). Treatment with
PRP resulted in an insignificant reduction in the percentage
area of collagen in comparison to the untreated injured
group II (p> 0.05). Meanwhile, a significantly higher
percentage area of collagen was detected in the PRP group
compared to the control (p< 0.05). On the other hand, BM-
MSCs injection in group IV led to a significant reduction
in the percentage area covered by collagen compared to
the PRP-treated as well as the untreated injured groups (p<
0.05), nevertheless, it was still significantly higher than
that of the control group (Table 1, Figure 2G).

Semithin sections stained with toluidine blue stain

Examination of semithin sections of the control rat
quadriceps femoris muscle (group I) showed parallel
cylindrical muscle fibers, invested by a sarcolemma with
sub-sarcolemmal flattened nuclei and evident pattern of
cross striations consisting of alternating dark and light
bands occurring in register to each other. Each muscle
fiber is surrounded by a narrow endomysium containing
blood capillaries. On the other hand, the untreated injured
group (group II) exhibited distorted muscle fibers with
ill-defined or even lost striations, disrupted sarcolemma,
vacuolations, some abnormal nuclei or centrally located
pale nuclei, in addition to the deposition of fibrous tissue
in the wide endomysium. In the PRP-treated group, most
of the skeletal muscle fibers of this group displayed quietly
apparent alternating dark and light bands, even though
the striations were faint in some areas while they were
interrupted in others. Sarcoplasmic vacuolations were also
encountered. In contrast, the BM-MSCs-treated group
showed apparently normal muscle fibers with obvious
striations apart from the existence of some vacuolations
(Figures 8 A-G).

Electron microscopic results

Group I (Control): Examination of the ultra-
thin sections of the control quadriceps femoris muscle
by electron microscopy revealed parallel myofibrils
consisting of myofilaments that showed transverse cross
striations. These striations consisted of alternating dark (A)
and light (I) bands that were almost perfectly in register
with each other. The A band was bisected by a pale band
(H band), which in turn was bisected by a dense line (M
line). The I band was bisected by a dense line (Z line).
Normal sarcomere was seen between two successive Z
lines. The muscle fiber was invested by a sarcolemma
with subsarcolemmal elongated nuclei. The sarcoplasm
appeared at the nuclear poles as well as in between the
myofibrils. It contained mitochondria, glycogen granules,
and profiles of sarcoplasmic reticulum. The triads were
encountered at the junction between the A and I bands. Each
one consisted of a transverse tubule (T-tubule) surrounded
bilaterally by two terminal cisternae of the sarcoplasmic
reticulum (Figures 9 A-C).

Group II (Untreated injured group): Ultrastructure
examination of specimens of the rats’ quadriceps femoris
muscles of this group showed areas of normally striated
myofibrils alternating with areas of myofibrillar loss,
fibril disintegration, and fibrinolysis. Some myofibrils
were not in register with each other. The subsarcolemmal
nuclei appeared irregular in shape while centrally situated
and euchromatic nuclei were also encountered. Some
mitochondria exhibited disintegrated matrix while others
depicted variable shapes and sizes. The sarcoplasm showed
dilated profiles of sarcoplasmic reticulum together with
some triads that were distorted or displayed dilated terminal
cisternae. The endomysium revealed excessive deposition
of collagen fibers. Eosinophils with their characteristic
shape and granules were encountered (Figures 10A-G).

Group III (PRP-treated): The quadriceps femoris
muscles of adult albino rats in this group exhibited mostly
regularly arranged myofibrils with normal transverse
striated patterns alternating with areas of myofibrillar
loss and interrupted myofibrils together with loss of the
normal alignment of the Z lines. Some irregular nuclei
were seen. Large mitochondria were encountered both
subsarcolemmal and in the interfibrillar spaces. Deposition
of collagen fibers was observed in the endomysium.
Migratory cells were found in the vicinity of the fibers
(Figures 11 A-D).

Group 1V (BM-MSCs-treated): The skeletal muscle
fibers of adult albino rats in this group displayed apparent
normal structure compared to the control group with a
normal pattern of striations except for some degenerative
foci. Few myofibrils were interrupted with fibrillar loss
while others depicted myofibrillar disarrangement and
splitting. The nuclei appeared euchromatic, flat, and
subsarcolemmal. Mitochondria were found at the nuclear
pole as well as in between the myofibrils. Triads were seen
at the A- I junction. (Figures 12 A-C)
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Fig. 1: A-F: A-D; Phase contrast inverted microscope of cultured BM-MSCs x100: A) Day 10 of p0 reveals 80% confluent cultured cells. B) p2 with 90%
confluency. C) p3 with 95% confluency. D) CFU-F assay for p3 cultured cells with crystal violet stain, presenting colonies formation. E&F; A representative
flow cytometric analysis of cell surface markers of BM-MSCs at p3: E) 92.02% of the cultured cells express the MSC marker (CD44) (upper left quadrant).
F) 96.11% of the cultured cells express the MSC marker (CD90) (lower right quadrant), whereas only about 0.17% of the cultured cells are positive for the
hemopoietic marker (CD45) (upper left quadrant).

£ w .
0 §
1 w 3 .
e i -
10 =
! ” N K 4 ,
: " i i ..
o 200 b 210 -
H wl o ¢ H g ‘
4 ¢ i L g
g 1w rm T H 1500
¢ : H jw § ‘
: 5 " é 5 10w
Hid H : i
; N e
z 0
m " »
0
0
! ! nje Control PRP BMAMSCs. Control  Untreated injuried PRP BM-MSCs
2A Control ~ Unireated injuried R BMMSCs Couol ~ Untratedisjuried PR BMRMSCs Untreated inuried
2B 2C 2D
* B 100
H a
b b H .
n " ) § .
- . A i b
;, 1 % 1 : 10
15 Es
i : :
H r 5
v : ¢
e iw g
H
é v 1 «
&
5 i $
i
z
' injori w 01
2E o e 2F Coml ol P e 2G Contrl ~ Untreatedinjuried ~~~ PRP BMNSCs
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Fig. 3: A photomicrograph of a longitudinal section of a control rat quadriceps femoris muscle (group I) revealing parallel cylindrical muscle fibres with
evident regular striations, acidophilic sarcoplasm, and multiple peripheral flattened nuclei (N). H&E X400
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Fig. 4: A-D: Photomicrographs of longitudinal sections of a rat quadriceps femoris of the untreated injured group (group II). A) Disruption of the skeletal muscle
fibres (arrows) with widened spaces between the muscle fibers occupied by dense cellular infiltration (thick arrow). Migratory cells with pale-stained nuclei (*)
at the injured site, centrally situated pale nuclei (curved arrows) within the muscle fibers, and small dark nuclei (elbow arrows) beneath the sarcolemma, are all
observed. B) Disruption and discontinuity of some muscle fibers (arrows), central pale-stained nuclei (curved arrows) within the muscle fibers together with
migratory cells (*) toward the injured site. A widened endomysium (E) is noted. C) Discontinuity and rupture of the muscle fiber with ruptured sarcolemma
(black arrows) together with disorganised wavy muscle bundles (blue arrows) that show faintly stained sarcoplasm with peripheral dark nuclei and complete
loss of striations. D) Splitting and branching of the muscle fibres (yellow arrows), extravasation of red blood corpuscles (yellow elbow arrow) inside an injured
muscle fiber, a congested blood vessel (BV) with perivascular thickening and infiltration (thick arrow). E; a widened endomysium. H&E X400
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muscle fibers with peripheral flattened nuclei (N) while other muscle fibers are injured and interrupted (arrows) together with a large number of migrating
cells toward the site of injury (*). E; a widened endomysium. B) Some apparently normal myofibers with subsarcolemmal flattened nuclei (N) together with
discontinuity of other myofibers (arrows). Accumulation of cells with pale oval nuclei (thick arrow) and vacuolation (arrowheads) are noticed within some
fibers. Curved arrows; centrally located pale nuclei. E; a widened endomysium. C) Areas of pale stained muscle fibers, some fibers are injured with damaged
sarcolemma (black arrows) while others are split (yellow arrows) with loss of the normal sarcoplasmic morphology (thick white arrow). Rows of circular and
flat nuclei (thick black arrows) in between the muscle fibers together with centrally situated pale nuclei (curved arrows) within the muscle fibers can be seen.
D) Interruption of the muscle fibre (arrow) which shows pale homogenous sarcoplasm (thick white arrow) with a dense accumulation of cells within the site of
injury (thick black arrows). Curved arrow; a centrally situated pale nucleus. H&E X400

Fig. 6: A-D: Photomicrographs of rat quadriceps femoris muscles of the BM-MSCs-treated group (group IV). A) Area of normally appearing cylindrical
muscle fibers with acidophilic sarcoplasm and peripheral flat nuclei (N). Each muscle fiber is surrounded by a narrow endomysium (E), while the bundles of
muscle fibers are separated by the perimysium (P). Centrally situated pale nuclei (curved arrows) are encountered. B) Parallel cylinders of acidophilic muscle
fibers with peripheral flattened nuclei (N). A mass of cellular proliferation (thick black arrow) and rows of pale staining nuclei (*) as well as areas of pale
sarcoplasm with lost striations (thick white arrow) within some muscle fibers are noticed. C) Apparently normal muscle fibers with acidophilic sarcoplasm
together with foci of disrupted muscle fibers (black arrows) as well as split and branched fibers (yellow arrows) can be seen. Accumulation of different types of
cells (thick arrows) either in between or within the muscle fibers. Curved arrows; central pale nuclei within the muscle fibers. D) Parallel cylinders of apparently
normal skeletal muscle fibers together with areas of disrupted myofibers (black arrows) are observed. Splitting and branching of the myofibers (yellow arrows)
and areas with pale sarcoplasm (thick white arrows) are encountered. H&E X400
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50 um

Fig. 7: A-D: Photomicrographs of longitudinal sections of rats” quadriceps femoris muscles. A) Control group (group 1) shows parallel cylindrical muscle fibers
with a minimum amount of collagen fibers (arrows) appear in the endomysium (E) and in the perimysium (P). B) Untreated injured group (group II) reveals
excessive deposition of collagen fibers (arrows) in between the damaged muscle fibers. C) PRP-treated group (group III) exhibits deposition of thick bundles
of collagen fibers (arrows) in between the injured muscle fibers and around the congested blood vessels (BV). D) BM-MSCs-treated group (group IV) shows a
scanty amount of collagen fibers (arrows) deposited in the perimysium (P) as well as in the endomysium (E). Masson’s trichrome X400
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Fig. 8: A-G: Photomicrographs of semithin sections of the adult albino rats’ quadriceps femoris muscles. A) Control group shows closely packed cylindrical
muscle fibers with flattened and pale nuclei (N) situated underneath the sarcolemma (1SL). The muscle fibers depict evident transverse striations consisting
of alternating dark and light bands with multiple blood capillaries (BC) are seen in the endomysium (E). B-E; Untreated injured group: B) Distorted muscle
fibers with areas of dissolution (arrows), irregularly shaped nuclei (N), and multiple vacuoles (V). The endomysium (E) reveals excess deposition of fibrous
tissue (curved right arrow). BC, blood capillary. C) Muscle fibers with almost complete loss of striations with areas of dissolution (arrow) and vacuolations
(V). N; subsarcolemmal nucleus, BC; blood capillaries. D) Disrupted muscle fibers (arrows), with complete loss of striations and injured sarcolemma (1SL). E;
a widened endomysium, N; nucleus. E) A centrally situated pale nucleus (curved arrow) within a muscle fiber that shows lost striations. F) PRP-treated group
reveals striated muscle fibers with faint transverse striations in one area (white arrow) while they are interrupted in another one (black arrow) with sarcoplasmic
vacuolations (V). N; nucleus. G) BM-MSCs-treated group shows cylinders of parallel muscle fibers with the normal pattern of striations and peripherally
situated flattened nuclei (N). Irregularity of the sarcolemma in some areas (arrow) and vacuolations (V) can be seen in the sarcoplasm. E; endomysium contains
blood capillaries (BC). Toluidine blue X1000
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peripheral flat nucleus (N) is noticed under the sarcolemma and mitochondria (m) are depicted at the nuclear pole as well as in between the myofibrils. B) The
myofibrils display alternating dark bands (A) and light bands (I). The A band is bisected by the H zone (H) which in turn is bisected by the M line (M). The I
band is bisected by the Z line (Z). The sarcomere (S) occupies the distance between two successive Z lines. Evident triads (T) are noticed at the A-I junctions.
Arrowhead; sarcoplasmic reticulum. C) A characteristic sarcomere (S) with multiple glycogen granules (g) are detected in between the myofibrils. T; a triad
(T) at the A-I junction. A&B X 8000 & C X20.000

Fig. 10: A-G: Electron micrographs of rats’ quadriceps femoris muscles of the untreated injured group (group II). A) A striated myofiber with focal areas of
myofibrillar loss (arrows) occupied by mitochondria (m) with disintegrated matrix. An irregular nucleus (N) is seen under the sarcolemma. B) A part of a
deeply situated euchromatic nucleus (N) surrounded with areas of myofibrillar lysis (arrows) that are occupied by mitochondria (m). C) Areas of myofibrillar
disintegration (arrows) occupied by disorganized triads (T) with encountered dilated profiles of sarcoplasmic reticulum (arrowhead). D) Disorganized myofibrils
with fibrillar disintegration (arrows). The mitochondria (m) acquire variable shapes and sizes, some show abnormal fusion (m1). E) A part of a myofiber with
irregular nucleus (N) and focal lysis of the myofibrils (arrow). Pleomorphic mitochondria (m) are aggregated at the nuclear poles and in between the myofibrils
together with excess deposition of collagen fibers (C) in the endomysium. F) Unregistered Z line (Z) with dilated profile of sarcoplasmic reticulum (arrowhead).
The myofibrils are lost in some areas (white arrow) which are occupied by distorted triads (red arrow) while other triads exhibited dilated terminal cisternae
(circle). G) A part of an injured myofiber with myofibrillar loss (arrow) and unregistered Z lines (Z). E; eosinophil with its characteristic nucleus and granules.
BC; a blood capillary. A, B, C&E X5000, D&F X8000& G X3000
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Fig. 11: A-D: Electron micrographs of rats’ quadriceps femoris muscles of the PRP-treated group (group III). A) Areas of myofibrils with apparent normal
transverse striation pattern, while others depict fibrillar loss (arrows) with subsarcolemmal irregular nucleus (N). m; multiple mitochondria beneath the
sarcolemma. B) Interrupted myofibrils (arrows) with loss of the normal alignment of Z lines (Z). N; a part of a nucleus. C) Almost regularly arranged myofibrils
with areas of myofibrillar loss and fibrinolysis (arrows). Large mitochondria (m) are noticed in the interfibrillar spaces as well as subsarcolemmal. T; triads. D)
A migratory cell (arrow) in the vicinity of a part of a striated muscle fiber. C in B-D; collagen fibers in the endomysium. A&B X5000, CX8000& D X12.000

Fig. 12: A-C: Electron micrographs of rats’ quadriceps femoris muscles of the BM-MSCs-treated group (group IV). A) Regularly arranged myofibrils with a
normal pattern of cross striations and a part of an euchromatic flattened nucleus (N) is situated under the sarcolemma. Mitochondria (m) are seen at the nuclear
poles and in between the myofibrils. Areas of interrupted myofibrils with myofibrillar loss (arrows) are depicted. BC; a blood capillary in the endomysium. S;
sarcomere, A; dark band, I; light band, Z; Z line, H; H band & M; M line. B) Apparently normal myofibrils apart from a few foci of myofibrillar disarrangement
(white arrow) and splitting (yellow arrow). C) Regularly arranged myofibrils with areas of myofibrillar splitting (yellow arrows) and disintegration (white
arrow). Triads (T) are evident at A-I junctions. g; glycogen granules. AX5000, BX8000 & CX12.000
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Table 1: Mean with Common letters are not significant (i.e. Means with Different letters are significant)

Control Injured-Untreated PRP treated group BM-MSCs treated group F p
MyoD (Pg/mg protein)
Min. — Max. 504.0 - 1357.0 535.0 - 1453.0 890.0 — 2250.0 1573.0 —2578.0
16917 <0.001"
Mean + SD. 915.8<+£291.2 1102.9¢ £ 348.0 1631.6° = 550.1 2158.5°+291.1
sTroponinl (Pg/ml)
Min. — Max. 338.8 -454.0 455.6 — 690.90 489.3-517.2 335.0 - 468.3
31.423°  <0.001
Mean + SD. 393.4°+55.63 599.9°+ 68.18 504.9°+9.01 399.1¢ + 44.60
MDAI\(AT:‘T{\%[;(““‘?) 84.0 - 100.0 115.0-135.0 103.0 - 127.0 95.0 - 110.0 By <0001
) ' 92.88¢+4.70 124.25* + 6.65 112.88"+ 8.90 103.50¢ + 5.21 ' ’
Mean £ SD.
SOD activity (U/g tissue)
Min. — Max. 1563.0 —2461.0 790.0 — 1188.0 1125.0 - 1900.0 1360.0 - 2170.0 28.712°  <0.001*
Mean =+ SD. 2116.1* £ 300.2 952.9¢ £ 130.1 1315.1¢£253.2 1679.8°+324.6
GSH (mg/g tissue)
Min. — Max. 18.40 —22.50 9.80 - 16.90 12.80 - 18.50 14.80 —20.80 26.337°  <0.001
Mean + SD. 20.89*+1.39 12.514+2.29 15.30°+1.79 18.10°+2.33
TAC (mM/L)
Min. — Max. 2.10-2.17 1.22 - 1.66 1.40 - 1.96 1.69 -2.22
29.712"  <0.001"
Mean + SD. 2.14*+£0.02 1.42¢+0.19 1.64°+0.19 1.89°+0.18
Area % covered by collagen
Min. — Max. 0.07 -0.67 14.23 -31.83 11.66 —19.80 5.99 - 10.44 44.723*  <0.001"
Mean + SD. 0.34°+0.30 21.87°+6.93 16.65* £ 3.65 8.94°+1.27

8 replica for each group SD: Standard deviation

F: F for One way ANOVA test, Pairwise comparison bet. each 2 groups was done using Post Hoc Test (Tukey)

p: p value for comparing between the different studied groups
*: Statistically significant at p < 0.05

DISCUSSION

In sports, muscle injuries are considered one of the
most common injuries with over 90% of all these injuries
are either contusions or strains®®!. The healing of a skeletal
muscle injury tracks a properly consistent pattern, firstly;
the inflammatory phase, secondly; the repair phase, and
thirdly; the remodelling phase®’. It is worth mentioning
that the previous pattern of muscle regeneration is
mainly reported in muscles subjected to low levels of
strain. Nevertheless, severe injury, manifested by intense
inflammatory response can disrupt this paradigm, resulting
in excessive fibrosis formation with muscle dysfunction*°!,

Regenerative medicine has recently emerged as a
promising field in medical sciences that can repair tissue
or organs damage caused by diseases or traumasP!. So
far, there are two competing technologies, specifically
platelet-rich plasma (PRP) and stem cell therapies, which
can restore the injured tissues®”. In such a context, the
present study aimed to compare the therapeutic effect of
PRP versus BM-MSCs on the healing of an induced acute
skeletal muscle injury in a rat model.

The chosen period of the whole experiment was three
weeks, a period advocated by many previous studies for
two reasons; firstly, it permits a sufficient time for the
subsidence of the acute inflammatory phase and start of
repair process,*** and secondly, to allow recognition of
any accelerated healing that would happen due to the used
therapiest*..

In the current work, the light microscopic examination
of the untreated injured group revealed obvious structural
changes consistent with the muscle damage with limited
signs of regeneration. In H&E stained sections, most of
the skeletal myofibers appeared injured and interrupted
with pyknotic nuclei. Other fibers appeared wavy with
pale acidophilic sarcoplasm. Some displayed splitting and
branching. Cellular infiltration, migratory cells with pale-
stained nuclei together with deeply situated pale nuclei
were encountered. Congested blood vessels and widened
endomysium were depicted. Moreover, semithin sections
revealed dissolution and vacuolation of the muscle fibers
with lost striations and damaged sarcolemma.

The detected degenerative changes of the myofibers
in this group were documented by various previous
studiest>3, Ground et al®*"! ascribed these changes to the
direct mechanical force applied to the muscle that can lead
to tearing the sarcolemma with subsequent sarcoplasmic
affection resulting in the pale vacuolated appearance of
the necrotic myofibers and the subsarcolemmal pyknotic
nuclei. In addition, the sarcolemmal damage increases
the sarcoplasmic calcium beyond the uptake capacity of
the sarcoplasmic reticulum, ultimately destroying the
excitation-coupling mechanism and causing activation of
several proteolytic enzymes causing not only excessive
muscle damage and lysis but also activation of various
pathways of the complement system that results in
formation of membrane attack complexes, eventually,
inevitable membrane damage and cell death occurt®®!.
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Subsequently, the damage-associated molecular
pattern and the activated complement system elicit local
macrophages and mast cells to release elevated levels of
cytokines that act as inflammatory mediators recruiting
other inflammatory cells®”. In agreement with our study,
perivascular and perimyseal cellular infiltration was
detected in the untreated injured group. A similar finding
was also reported by Sakuma et a/** where a mixture of
cellular infiltrate was encountered in injured rat muscles
at weeks 2 and 3 respectively. On the other hand, the
other unusual cellular infiltrate noticed in the untreated
injured group, in the current work, was in the form of
migrating cells with pale nuclei seen towards the site
of fibers damage. These cells could represent reviving
satellite cells that migrate under the influence of stromal-
derived factor-1; a chemokine released by various nearby
inflammatory cells to promote homing of the satellite cells
at the site of injury.,

Noteworthy, the encountered congested blood vessels in
the untreated injured group could be attributed to ischemia
caused by the injury that resulted in capillary dilatation,
damage and release of multiple chemotactic factors that
led to further vasodilation and damage culminating in
necrosis of the muscle fibers*!. Consequently, restoration
of the blood flow to the muscle triggers the accumulation
of fluid in the peri-fibrillary region causing the widening of
the endomysium, which was noticed in the present study.
This ischemia as well, is the leading cause of dispersed
appearance, pale sarcoplasm, and contracture of the
myofiberst637),

Meanwhile, the results shown by the light microscopic
examination in the untreated injured group came in line
with the electron microscopic one which revealed abnormal
myofibrils in the form of fibrinolysis, myofibrillar loss,
and disorganization. In addition, the sarcoplasm displayed
pleomorphic mitochondria with disintegrated matrix.
The appearance of pleomorphic mitochondria occurs in
response to cellular stress, in which mitochondria undergo
morphological transitions regulated by dynamic processes
of membrane fusion and fission and these transitions
directly modify the mitochondrial function, involving
the release of reactive oxygen species (ROS) following
acute muscle injury*?. Moreover, the observed distorted
and dilated triads in our results could be attributed to
either mechanical stress exerted upon the muscle or to an
increase in the calcium influx following damage of the
sarcolemmat*’!,

In the current study, Masson's trichrome-stained
sections revealed excessive deposition of collagen fibers
in between the injured muscle fibers in the untreated
injured group, which was further confirmed by the electron
microscopic examination and the morphometric analysis.
Multiple growth factors are implicated in the occurrence
of fibrosis following muscle injury,™ particularly
transforming growth factor-beta one (TGF-B1) released
from infiltrating cells!"!), which has been nominated as the
leader factor in the fibrotic process. TGF-B1 has a direct

effect on myoblasts, triggering their transformation to
myofibroblasts™. Even though myoblasts primarily act
to repair damaged muscle fibers, they will also synthesize
a substantial amount of collagen contributing to muscle
fibrosist®l.

Generally, alteration in the biochemical environment
of the damaged sarcolemma could be reflected upon the
muscle integrity®®]. On the molecular level, it has been
shown that damaged muscle cell sarcolemma could be
an additional source of producing ROS. The uncontrolled
production of ROS in turn leads to more attacks of the
lipid-based cell membrane producing a cycle of more
free radical productions*’. Accordingly, oxidative stress
generated following muscle injury was assessed in the
present work by measuring the tissue levels of oxidative
stress products and antioxidant parameters. The results
revealed that the level of MDA was significantly raised
accompanied with significant reduction in SOD, GSH and
TAC levels in the untreated injured group compared to the
other experimental groups.

It has been postulated that MyoD is the earliest marker
of myogenic commitment™®. In quiescent satellite cells, its
expression occurs at tremendously low levels, however,
in response to muscle injury, the damaged muscle fibers
together with the recruited inflammatory cells send signals
that activate dormant satellite cells causing their migration
to the injury site, where they proliferate and up-regulate
MyoD expression which in turn directs satellite cells
towards proliferation and differentiation**>%. In the same
context, the tissue level of MyoD in the current work,
although elevated in the untreated injured group as a result
of muscle damage, it was significantly lower than the PRP
and the BM-MSCs-treated groups, with an insignificant
difference with the control one. This could be explained by
the low generation potential of severely damaged muscle
myofibers or due to a natural down-regulation of MyoD
which occurs due to subsiding the inflammation after 3
weeksP. Additionally, in the present study, sTnl was also
measured as a biomarker for detecting musculoskeletal
injuries®!!. The results showed a statistically significant
elevation in sTnl level in the untreated injured group
compared to the other three experimental groups. Our
results aligned with the evidence in the literature that even
minor muscle fibre injuries, that were not associated with
an elevation in creatine kinase activity, were obviously
supported by 10-fold increases in sTnl recommending that
sTnl is a valuable marker for early detection of skeletal
muscle damagel®?.

Owing to the limited ability of skeletal muscle to
regenerate in severe injuries®®, other convenient and
applicable alternatives have emerged in an attempt to achieve
the maximum healing response with minimum side effects.
The choice of platelet-rich plasma (PRP) as a potential
therapy stems from basic science evidence on the use of
PRP in muscle diseases on account of its ability to increase
leukocyte recruitment, growth factor release, angiogenesis,
and satellite cells proliferation in muscle injury modelst.
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Histological examination of the PRP-treated group
in the present study showed a mixed pattern of muscle
regeneration, damage, and fibrosis. The H&E-stained
sections showed normal muscle fibers alternating with
interrupted ones. Split and branched myofibers, pale-
stained fibers, and fibers with vacuolations were still
encountered. Cellular infiltration, migrating cells, and
centrally situated nuclei within the myofibers were also
observed. Moreover, semithin sections showed areas of
apparently normal fibers, although, faint striations and
fiber dissolution were depicted. Ultrastructure examination
showed mostly regular myofibrils together with areas
of persistent degenerative foci of myofibrillar loss and
interruption. Some large mitochondria, irregular nuclei and
collagen deposition were depicted.

Similar histologic findings with a mixed picture
of regeneration and damage were also encountered by
many researchers in studying the effect of PRP on rats
with induced skeletal muscle injury. Rtail et a/'® found
that 28 days following injury in the PRP-treated rats,
areas of necrosis and massive fibrosis were still noticed
alternating with regenerating fibers. They credited the
existence of regenerating fibers to the capacity of PRP
to induce angiogenesis, which is one of the cornerstones
for the occurrence of muscle regeneration. They also
reported heavy infiltration of the endomysium with various
inflammatory cells. Furthermore, Kunze ef a/ and Dimauro
et al’**) documented a similar picture of regenerating
muscle fibers with rows of pale stained nuclei. They
related this regeneration of muscle fibers to PRP activation
of the quiescent satellite cells as proved by an increase in
the amount of multiple transcription factors like MyoD and
PAX.

In fact, PRP contains various growth factors!®>¢
which stimulate the mitogenesis of mesenchymal cells,
chemotaxis, and angiogenesis in injured skeletal muscle,
subsequently, enhancing the regenerative process in the
muscle fibers®”. On the other hand, PRP also contains
significantly higher concentrations of TGF-f which can
limit the efficacy of the other beneficial growth factorstl.
Thus, in the present work, although the percentage area
covered by collagen was reduced in the PRP-treated group,
the value was insignificant compared to the untreated
injured one, and significantly higher in comparison to the
control and the BM-MSCs-treated groups. In a published
study by Tonogai et a/*® on muscle fibrosis following
skeletal trauma in rat models, the PRP group revealed a
higher percentage of fibrotic tissue when compared to the
untreated group, nonetheless, the difference between these
two groups was insignificant.

In the current study, biochemical analysis further
confirmed the histological results in the PRP-treated
group. It showed significant elevation in MyoD level
compared to the control and the untreated injured groups
but this elevation was still significantly lower than the BM-
MSCs-treated group. It was documented that treatment
with PRP induces myoblasts to proceed into the myogenic

differentiation by activating MyoD owing to its content
of the vascular endothelial growth factor (VEGF); an
angiogenic-stimulating factor, which has been reported
to increase myoblast proliferation, while influencing
differentiation through MyoD up-regulation®!.

Alternatively, the present study showed a significantly
lower sTnl in the PRP-treated group than the untreated
injured one, yet, this level was still significantly higher than
the control and the BM-MSCs-treated groups indicating
incomplete recovery of tissue damage. Similarly, MDA
level revealed a significantly lower level in the PRP-
treated group than in the untreated injured group, though,
this reduction was significantly higher than the other two
groups. On the other hand, the tissue levels of SOD, GSH,
and TAC in the PRP-treated group showed a significant
elevation compared to the untreated injured groups, yet,
this level was still significantly lower than the control
and the BM-MSCs-treated groups. PRP was documented
to lessen the oxidative damage through modulation of
mitochondrial dysfunctions and activation of nuclear factor
erythroid 2-related factor 2 (Nrf2) antioxidant response
signaling pathway which can reduce ROS production and
raise the level of resistance to oxidation!*®.

Noteworthy, the local injection of PRP delivery can
lead to complications related to the injection site other than
the fibrotic effect!!?. Also the great variability during PRP
preparation leads to a lack of standardized protocol with
inconsistency among its preparation in different labst®!.
These concerns have pushed the need for another more
efficient therapeutic tool.

Stem cells owing to their capacity for indefinite cell
renewal and differentiation to different cell lines have
made them an attractive field in therapy for replacement
and regeneration of lost tissues. In particular, bone marrow-
mesenchymal stem cells (BM-MSCs) own a vast potential
for multi-directional differentiation including myogenic
and angiogenic differentiation, both required for muscle
regeneration!'.

Consistent with the previous finding, histological
examination of the BM-MSCs-treated group in the current
work showed appreciable muscle regeneration with
apparent normal restoration of muscle architecture apart
from the existence of few degenerative foci. The H&E-
stained sections displayed noticeable regenerating muscle
fibers. Few fibers exhibited pale sarcoplasm. Rows of pale
migrating nuclei, centrally situated pale nuclei, and masses
of cellular proliferation were also encountered. In addition,
semithin sections revealed normal muscle fibers albeit
some vacuolations and sarcolemmal irregularity were still
observed. Ultrastructure examination showed an apparent
normal structure of the myofibrils with the normal pattern
of striations. However, a few interrupted myofibrils and
myofibrillar loss were quietly noticed.

The observed regeneration in the skeletal muscle
fibers in the BM-MSCs-treated group was consistence
with multiple studies!'>!”. Notably, the splitting and
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branching of the myofibers together with the centrally
located nuclei that were observed in the present study,
are considered diagnostic features of muscle regeneration
and characterize the process of myogenesis. Short and
long-term regenerated muscle fibers undergo splitting
and branching either following necrosis of mature muscle
fibers; as an outcome of incomplete lateral fusion of the
newly formed myotubes within the same basal lamina or
due to cleavage of mature uninjured muscle fibers. On
the other hand, the centrally located nuclei indicate the
formation of myotubes during the reparative process of the
skeletal muscles. Interestingly, split and branched muscle
fibers persist along with the centrally situated nuclei during
the process of muscle regeneration®”’,

It was established that BM-MSCs undergo their
regenerative capacity in skeletal muscle either by
stimulating differentiation of the satellite cells that then
cause regeneration of the muscle fibers or directly by
fusing to the muscle fibers or that both mechanisms co-
existl? Accumulating evidence shows that BM-MSCs
exert their effect on muscle regeneration mainly via
paracrine effect. BM-MSCs can secrete different trophic
factors into the damaged muscle microenvironment to
enhance the endogenous repairing mechanism of satellite
cells and promote their myogenic differentiation('?.

Moreover, the capability of transplanted stem cells
to reduce excessive muscle fibrosis could be explained
by their ability to decrease the tissue level of TGF-1131,
Hence, the present study revealed a significantly lower
percentage area of collagen in the BM-MSC-treated group
compared to the untreated injured and the PRP-treated
groups, although, this percentage was still significantly
higher than the control. In agreement with our result, Jiang
et al'® documented that MSCs effectively reduced skeletal
muscle fibrosis after acute compartment muscle injury in
rats with an increased number and diameter of regenerated
muscle fibers.

In addition, the biochemical results in the current work
showed overall improvement in regenerative markers
and reduction in oxidative stress in the BM-MSC-treated
group. MyoD levels were significantly elevated in this
group in comparison to all other groups indicating the
regenerative potential of BM-MSCs. In parallel, the sTnl
level was not significantly elevated in this group compared
to the control group, reflecting the waning of the muscle
damage following injection of MSC.

Concurrently, MSCs have been reported to lessen
oxidative stress by various mechanisms including
scavenging free oxygen radicals, increasing antioxidant
defences, moderating the inflammatory response, and
enhancing cellular respiration or even donating their
mitochondria to defend injured cells. Moreover, MSCs can
up-regulate glutathione reductase leading to improving the
GSH-to total glutathione ratio. Surprisingly, glutathione
reductase was found to be secreted by MSCs themselves
via exosomes!®!. This came in agreement with the current

work in which the MDA level was significantly lower in
the BM-MSCs-treated group compared to the untreated
injured and the PRP-treated groups, meanwhile, this value
was still significantly higher compared to the control. In
tandem, the levels of antioxidant enzymes of this group
(SOD, GSH, and TAC) were significantly higher in
comparison to the untreated injured and the PRP-treated
groups, yet, the level in the BM-MSCs group was still
significantly lower than the control. These results reflect
an attempt to normalize the oxidative stress level in the
milieu of injured muscle by MSCs!®,

Taking all these results from the present study into
consideration, local injection of BM-MSCs showed
improved muscle regeneration with less fibrosis, reduced
oxidative stresses, and improved antioxidant capacity
compared to the untreated injured and the PRP-treated
muscle groups. These results indicated that BM-MSCs
could be a better choice for use in skeletal muscle
regeneration following a contusion injury than PRP
injection.

CONCLUSION

BM-MSCs posses a superb regenerative effect than
PRP in treatment of acute skeletal muscle injuries.
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