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ABSTRACT

Introduction: Minimization of the disability after skeletal muscle injuries is still a challenge. Understanding of the contribution
of growth factors has sparked a lot of interest in platelet-rich plasma therapy (PRP).Another line of treatment is the usage of
anti-fibrotic agents as losartan.

Aim of the Work: Was to test the therapeutic effect of PRP, losartan and their combined treatment on skeletal muscle injury.
Materials and Methods: Forty two adult male albino rats were distributed into 2 groups: Group I (Control uninjured group)
and Group II (Treated injured rats’ group). The latter was further subdivided into 4 equal subgroups and received: no treatment,
single intramuscular injection of 100 puL PRP, single dose of 10 mg/kg/day losartan by oral gavage, and combined treatment
of PRP and losartan respectively. The rats were sacrificed and light and electron microscopy were performed to examine the
specimens of gastrocnemius muscle. In addition, immunohistochemical staining for CD 34 was performed.

Results: Subgroup I1A showed interrupted muscle fibers with focal areas of myofibrillar loss. Meanwhile, subgroups I11B and
IIC revealed more regenerative changes. Evident hypercellularity with variable migrating cells were detected. In addition,
neovascularization in some areas of subgroup IIC was noticed. Subgroup IID showed renewed muscle fibers in different
stages with few structural changes. The results of the immuno-stained samples showed a positive reaction along the boundaries
of some muscle fibers in subgroup IIA. Whereas the positive reaction in IIB, IIC and IID subgroups extended to the lateral
borders and within some affected fibers and around the new pale nuclei, expressing advanced muscle regeneration.
Conclusions: After a muscle contusion, a combination of PRP and losartan treatment may enhance overall skeletal muscle
recovery.
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INTRODUCTION

The most prevalent sports-related injuries are skeletal
muscle injuries, which provide a problem for primary care
and sports medicine. Athletes experience muscle injuries
from a variety of sources, including direct damage (e.g.
strains, lacerations, and contusions) and indirect injuries
(related to ischemia and neurological dysfunctions)!!.
Among which, muscle contusions are the most frequently
encountered in athletes and military personnel. Due to
the reduced range of motion and pain caused by such
injuries, muscle's capacity to function and perform can be
hampered™?.

Current conservative therapies for skeletal muscle
injuries include controlling bleeding with elevation
and compression, local cooling, non-steroidal anti-
inflammatory medications (NSAIDs) and physical therapy
are used to improve full functional recovery and reduce
impairment®!. Increased awareness of the role of growth
factors in the repair of wounded tissue has sparked a surge
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in interest in the use of platelet-rich plasma (PRP) over the
last decade!l.

Platelet-rich plasma (PRP) is an autologous blood-
derived product that becomes attractive therapeutic
option in regenerative medicine for its powerful healing
properties. Its regenerative capacity is attributed to at least
fifteen different factors that are known to be contained
within platelets, including platelet derived growth factor
(PDGF), transforming growth factor-p (TGF-f), vascular
endothelial growth factor (VEGF), epidermal growth
factor (EGF), and insulin growth factor (IGF)?*¢],

Compared to synthetic biomaterials, PRP augments
regenerative processes or physiologic healing without
interfering with their homeostatic balance, the cost for its
preparation is less expensive and can be prepared on-site
in a timely manner so it is suitable for smaller or office-
based clinics!”. In addition, being autologous diminishes
the hazards of rejection or immune response and it has an
antimicrobial effect as it contains leukocytes, resulting in
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lower risk of infection®™. TGF-B1, a growth factor present
in high amounts in PRP, could increase fibrosis in injured
skeletal muscle. After a muscular injury, an increase in
fibrosis enhances the chance of re-injury®®. The dominant
role of TGF-B1 in skeletal muscle fibrosis makes it a
clear objective for several anti-fibrotic agents that disable
TGF-B1 signaling cascade!'. Among these antifibrotic
agents, losartan is the first orally active commercially
available antihypertensive angiotensin II type 1 receptor
blocker used to treat hypertension and congestive heart
failure. It indirectly blocks TGF-B1 signaling cascade and
enhances the physiological function of injured muscle!''2,

Losartan has been found to improve muscle regeneration,
diminish the fibrotic region and improve muscle function in
models of contusion and laceration!*. When administered
on the third or seventh day following an injury or trauma,
it has a beneficial effect!'. Based on these facts, the goal
of this research was to study the histological changes in
an experimental model of mechanical skeletal muscle
injury and to appraise the ameliorating effect of platelet
rich plasma, losartan and their combined treatment on the
healing of the skeletal muscle after the contusion injury.

MATERIALS AND METHODS

Animals

Forty two male albino rats aged 12 weeks with an
average weight 250 g were purchased from and raised at
the Animal House of the Physiology Department, Faculty
of Medicine, Alexandria University. Standard housing
conditions of temperature, humidity and 12 hours light/
dark cycle, were applied. Further, they were allowed
unrestricted access to laboratory food and water. All the
experimental trials followed the code of research ethics
approved by the Research Ethics Committee, Alexandria
Faculty of Medicine.

Experimental design

The animals were divided into two groups at random
as following:

Group I (Control group): 18 rats, which were
subdivided into 3 equal subgroups; subgroup IA: 6
uninjured rats, subgroup IB: 6 uninjured rats received a
single intramuscular injection of distilled water (100 pL)
and subgroup IC: 6 uninjured rats served as a donor for
PRP.

Group II: 24 injured rats, which were subdivided into
4 equal subgroups; subgroup IIA (untreated subgroup): 6
rats received no treatment, subgroup IIB (PRP subgroup):
6 rats received a single intramuscular injection of a PRP
solution (100 pL) within 2 hours after injury at the site of the
muscle lesion!®), subgroup IIC (losartan subgroup): 6 rats
were given commercially accessible losartan (AMRIYA
PHARM, IND.) dissolved in the water they consume by
oral gavage at the dosage level of 10 mg/kg body weight
/day, from day 3 from the time of injury through the end
of the experiment after 3 weeks!!¥! and subgroup IID

(PRP+ losartan subgroup): 6 rats received combined
treatment of PRP and losartan as the same dose and
duration of subgroups IIB and IIC.

Blood collection and preparation of platelet rich
plasma

The PRP preparation was conducted at the Clinical
Pathology Lab, Alexandria Faculty of Medicine. Fresh
blood was drawn from all rats via retro-orbital venous
plexus after being anesthetized by ether inhalation into a
sterile syringe containing 1ml of 3.8% sodium citrate. For
preparation of PRP, the blood was centrifuged twice after
being placed into blood tubes containing the anticoagulant
citrate phosphate dextrose. The first centrifugation was
done at 1000 rpm for 15 minutes at 4°C. The supernatant
obtained was aspirated by micropipette, and then placed
in another sterile tube. A second cycle of centrifugation at
1000 rpm for 15 minutes at 4°C was done where platelets
were aggregated in the bottom of the tube in the form
of pellet!'”l. Only about 1 ml of the heavier centrifuged
material remained after the supernatant portion was
removed. The platelet concentration, or PRP, was the
name given to this fraction. Using a pipette approach, the
platelet-rich fraction of the supernatant was separated and
maintained at room temperature.

The concentration of platelets in the PRP was measured
using an automated cell counter to guarantee that the
concentration was at least 4 times the whole blood levels.
PRP activation was done by adding 0.lml of calcium
chloride to each 1ml of PRP and was injected at the site
of injury by using an insulin syringe within 10 minutes of
activationt'!.

Induction of muscle injury

Under anesthesia, each animal was placed prone in
the injury device with the hind limb fully extended. This
confirmed a direct impact on the gastrocnemius muscle's
mid-belly region. A mass weighing 350 g was dropped
from a height of 50 cm over the mid belly region of the
gastrocnemius muscles, causing the injury'®. The device
used for producing the experimental injuries was designed
and manufactured at the Production Department, Faculty
of Engineering, Alexandria University. (Figures la, 1b).

Fig.1a: A photo illustrating muscle contusion device.
Fig. 1b: A photo illustrating the production of the muscle contusion

injury.
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Histological study

At the end of the experiment (3 weeks from the day
of injury), all rats were sacrificed under anesthesia. The
gastrocnemius muscles of each animal were dissected and
the middle part of each muscle was excised and cut into 2
specimens; one for the light microscopic examination and
the other for electron microscopic study.

1. Light microscopy: specimens were fixed in 10%
formol saline, dehydrated in ascending grades of
alcohol, cleared in xylol and embedded in paraffin
to prepare paraffin blocks. 5 p thick transverse and
longitudinal sections were prepared and stained
with hematoxylin and eosin. H&E!], Masson's
trichrome!'” and immunohistochemical stain with
anti-CD34,1?% one of the satellite cells surface
markers.

2. Transmission electron microscopy: muscle
specimens were obtained, cut into 1mm3, fixed in
3% phosphate-buffered glutaraldehyde at pH 7.4
at 4 oC and then processed to get ultrathin stained
sections?!). Electron micrographs were obtained
by using TEM (JEM-1400 Plus, Japan) equipped
with a digital camera at Electron Microscopy Unit,
Faculty of Science, Alexandria University.

Immuno-histochemical study

Routine immuno-histochemical avidin—biotin method
was used for detection of CD34 positive satellite cells
in the muscle (which is one of the satellite cells surface
markers) at the Clinical Pathology Department, Faculty of
Medicine, Alexandria University.

The paraffin sections were deparaffinized in xylol,
rehydrated in graded alcohol series and embedded in 3%
H,O, in methanol to inhibit endogenous peroxidase. For
epitope retrieval, the sections were rinsed in distilled
water and heated in a microwave oven (in citrate buffer
10 mM, pH®6) for 15 minutes. The slides were incubated
first with normal horse serum (1/30 avidin 10%) for
CD34 and then in biotin for 10 min. A Vector Blocking kit
(Vector Laboratories; Burlingame, CA) was used to hinder
endogenous biotin then the slides were incubated at 20
oC for 40 min with monoclonal antibodies for CD34. The
slides were incubated with anti-mouse/rabbit biotinylated
bridging antibodies (dilution 1/200) for 30 min then the
sections were washed and incubated with standard avidin—
biotin complex (ABC; Dako Cytomation, Glostrup,
Denmark) for 30 min. H202 was used as a substrate and
diaminobenzidine was used as a chromogen to demonstrate
antibody binding followed by hematoxylin counterstain®®.
Then the slides were examined by a light microscope.

Morphometric study and statistical analysis
Collagen % area quantification

From Masson's trichrome-stained sections of each
subgroup, with a 10X objective lens magnification, 6
random fields were manually picked and imaged. Image

J software (version 1.51k, Wayne Rasband, National
Institutes of Health, USA) was utilized for the analysis.
Colored images were analyzed by the color threshold tool
and the pixels were measured with the measure tool. Data
were analyzed using IBM SPSS software package version
20.0 (Armonk, NY: IBM Corp). Quantitative data were
defined using range, mean, standard deviation and median.
P-values <0.05 were considered statistically significant.

RESULTS

Histological results
Light microscopic results
Hematoxylin and eosin stain

Control group (Group I): Light microscopic
examination of longitudinal sections of the rat
gastrocnemius muscles of the control subgroups (IA, IB)
revealed the normal appearance of skeletal muscle fibers.
The muscle fibers were cylindrical in shape and parallel
to each other with eosinophilic sarcoplasm and multiple
flattened nuclei which were peripherally situated beneath
the sarcolemma (Figures 2 a,b).

Group II:

Subgroup IIA (untreated subgroup): Examination
of the gastrocnemius muscles of this subgroup revealed
obvious structural changes, where most of the skeletal
muscle fibers appeared injured and interrupted
(Figures 3 a,d). Pale stained nuclei were seen migrating
towards the injured fibers (Figure 3b). Congestion of
the blood vessels and extravasation of the blood were
further observed in some areas (Figures 3 a,b). Moreover,
massive cellular proliferation was depicted forming a
multinucleated syncytium (Figure 3c). The injured fibers
were associated in some areas with deposition of fibrous
tissue (Figure 3d).

Subgroup IIB (PRP subgroup): The gastrocnemius
muscles of rats of this subgroup revealed injured and
interrupted muscle fibers (Figures 4 a,b). Besides, some
fibers showed deeply situated lightly stained oval nuclei,
while fibrous tissue deposition in wide injured areas was
also noticed. Many adipocytes filling the narrow injured
areas and interfibrillar migrating variable cells were further
encountered (Figure 4a). Massive cellular proliferation
forming multinucleated syncytium was also detected at the
site of injury (Figure 4b).

Subgroup IIC (Losartan subgroup): On examination of
sections of the gastrocnemius muscles of this subgroup,
some muscle fibers appeared injured and interrupted, while
others revealed splitting and branching with deeply situated
lightly stained nuclei. Evident cellular migration towards
the defected sites was found as well as neovascularization
in other areas. Limited collagen fibers deposition at the
large defective areas was also recognized (Figures 5 a,b).

Subgroup IID (Losartan+PRP subgroup): Examination
of the gastrocnemius muscles of this subgroup revealed
regenerating fibers at different stages with few structural
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changes, where most of the muscle fibers appeared pale
cosinophilic with multiple deeply situated and sub-
sarcolemmal lightly stained nuclei forming myotubes.
Some fibers appeared splitted and branched with dark
peripheral nuclei (Figure 6). Cross bridging of some fibers
with pale eosinophilic sarcoplasm and dark peripheral
nuclei with other fibers with darker sarcoplasm and deeply
situated pale nuclei were also noticed (Figure 7).

Masson’s trichrome stain

Examination of Masson’s trichrome sections of
subgroups IIA and IIB revealed increased deposition
of collagen fibers in between the injured fibers, in the
endomysium, in the perimysium and the perivascular area
as compared to the control subgroups (IA and IB). While
examination of the gastrocnemius muscles of subgroup IIC
exhibited a relatively small amount of collagen fibers in
the same areas. On the other hand, in subgroup IID almost
the control pattern of collagen distribution was observed
(Figures 8 a-f).

Immunohistochemical results

Immunohistochemically stained sections for CD34
expression in the rat gastrocnemius muscles of the
control group (IA and IB) depicted negative reaction in
the sarcoplasm and nuclei of the skeletal muscle fibers
(Figure 9a). The untreated subgroup IIA showed positive
reaction along the boundaries of some muscle fibers, in the
connective tissue, within the proliferating cells and around
the blood vessels in between the muscle fibers (Figure 9b).
Subgroup IIB revealed positive reaction at the periphery
and inside the injured muscle fibers as well as in the
connective tissue (Figure 9c), while subgroup IIC showed
limited positive reaction around the new pale nuclei inside
the injured fibers and along its sarcolemma (Figure 9d).
The positive reaction in subgroup IID was observed inside
some injured muscle fibers and surrounding the nuclei that
aligned at the sarcolemma of some others (Figure 9¢).

Electron microscopic results
Control group (Group I)

Electron microscopic examination of the ultra-thin
sections of the gastrocnemius muscle of the control
subgroups (IA and IB) showed skeletal muscle fibers
invested by the sarcolemma with sub-sarcolemmal
elongated nuclei. The fibers were mainly formed by
myofibrils with alternating dark and light bands that
occurred in register resulting in striated pattern of the
muscle fibers. The dark band (A-band) was bisected
by a paler H-band, which itself was bisected by a dense
M-line. The light band (I-band) was bisected by a dense
line called Z-line. Mitochondria were seen at the poles
of the nuclei and in the spaces between the myofibrils
(Figures 10 a,b).

Group II

Subgroup ITA (untreated subgroup): Ultrastructural
examination of the gastrocnemius muscle of this subgroup

revealed many striated muscle fibers with focal areas of
myofibrillar loss (Figures 11 a,b). Multiple nuclei were
detected in some muscle fibers either sub-sarcolemmal
(Figure 11a) or deeply situated with irregular outline (Figure
11c). Depositions of collagen fibers and irregular blood
vessels as well as colloid like material were also noticed
at the site of injury (Figuresll b,c). Few fibers showed
accumulation of lysosomes at the perinuclear area (Figure
11d). Aggregation of numerous pleomorphic mitochondria
at the site of myofibrillar loss with irregular arrangement
was further encountered (Figures 11 a,b,c). Longitudinally
oriented matted giant mitochondria were seen in between
the myofibrils, some of which were transversely oriented
as well (Figures 12 a,b). Disrupted mitochondrial cristae
and rupture of its membranes were occasionally detected
(Figures 11 d,b). In addition, some fibers revealed
prominent T-tubules at the site of myofibrillar loss
(Figure 12b)

Subgroup 1IB (PRP subgroup): Ultrastructural
examination of the gastrocnemius muscle of this subgroup
showed some striated muscle fibers with areas of
interrupted myofibrils (Figure 13a). Irregularly arranged
and disarrayed myofibrils in some fibers were also noticed
(Figure 13b). Several migratory cells were depicted either
in between the myofibers (Figures 14 a,b) or aligned along
their borders with cytoplasmic processes bordering the
neighboring cells (Figure 15).

Irregular euchromatic nuclei either sub-sarcolemmal
(Figure 13b) or deeply situated (Figure 15) were also
detected in some fibers of this subgroup. Moreover,
aggregates of proliferating pleomorphic mitochondria
either at the edges of some injured muscle fibers
(Figure 13a) or sub-sarcolemmal (Figure 13b) were
seen. Additionally, collagen fibers deposits and blood
vessels (Figure 13a) as well as colloid like material
(Figures 13 a,b) at the site of injury were also found.

Subgroup IIC (Losartan subgroup): Examination
of the gastrocnemius muscle of rats of this subgroup
showed some interrupted muscle fibers (Figure 16a)
and multiple focal areas of myofibrillar loss (Figures 16
b,,c) with disrupted striations (Figure 16¢). Euchromatic
irregular nuclei were also detected either sub-sarcolemmal
(Figure 16b) or migratory towards some injured areas
(Figurel6a). Accumulation of numerous pleomorphic
mitochondria at the sites of myofibrillar loss
(Figures 16 a,b) was noticed, some were transversely
oriented (Figure 16¢). Moreover, migratory blood vessels
occupying the site of injury of some muscle fibers
were depicted surrounded by numerous mitochondria
(Figure 16a). Some interrupted myofibers were surrounded
by small ovoid migratory cells. Blood vessels and colloidal-
like material were seen surrounding the migratory cells as
well (Figure 16d).

Subgroup 11D (Losartan+PRP subgroup):
Ultrastructural  examination of the gastrocnemius
muscle of this subgroup showed striated muscle fibers
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with limited areas of injured and interrupted myofibrils
(Figures 17 ab), some retrieval of its continuity
(Figure 17b). Nearly all muscle fibers were well registered
(Figures 17 a-d) with few focal areas of myofibrillar loss
(Figures 17 a,c,d). Sub-sarcolemmal euchromatic nuclei
(Figurel7c) and few mitochondria at the site of myofibrillar
loss were detected (Figs. 17 a-c), some were large and
matted together (Figure 17c), others were transversely
oriented (Figure 17d). Evident T-tubules (Figure 17d) were
depicted in some fibers as well. Migratory blood vessels
(Figure 17a) and colloidal-like material (Figures 17 a,b)
were also noticed at the site of injury of some fibers.

Morphometric results

The mean area percentage of collagen did not exhibit
any significant difference between the different control
subgroups (IA and IB) (P > 0.05). It was significantly
increased in subgroups IIA, IIB and IIC as compared to
the control subgroups, whereas subgroup IID did not
show any significant difference with respect to the control
subgroups. On comparing the different subgroups of group
II, the mean area % of collagen was significantly higher
in subgroup IIA with respect to other subgroups (IIB, IIC,
IID). Meanwhile, significantly lower value was depicted in
subgroup IID as compared to subgroups IIB and IIC.

Figs. 2a, b: Light photomicrographs of longitudinal sections of gastrocnemius muscle of the control subgroups (IA and IB) showing parallel cylindrical muscle
fibers with an eosinophilic sarcoplasm and multiple peripheral flattened nuclei (arrows). Mic. Mag. 2a) X200 , 2b) X400

Figs. 3 a-d: Light photomicrographs of longitudinal sections of a rat gastrocnemius muscle of the subgroup IIA (untreated group) revealing injured and
interrupted muscle fibers (arrows). 3a- injured area showing congested blood vessel (BV) and extravasation of blood (*). 3b- Some areas showing waves of
migrating cells towards the site of injury (arrowheads) and an extravasation of blood (*). 3c- Massive cellular proliferation forming multinucleated syncytium
(double arrow). d- Deposition of fibrous tissue (F) is seen at the site of injury. Mic. Mag. 3a& 3c¢) X100, 3b) X400, 3d) X200.
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muscle fibers (arrows). 4a- Some fibers show deeply situated lightly stained oval nuclei (arrowheads). Many adipocytes (A) closing the narrow injured
area and interfibrillar migrating cells (double arrow) are also seen. F; fibrous tissue. 4b- The site of injury revealing massive cellular proliferation forming
multinucleated syncytium (*). Mic. Mag. 4a) X400, 4b) X200

Figs. 5 a, b: Light photomicrographs of longitudinal sections of a rat gastrocnemius muscle of the subgroup IIC (losartan subgroup) showing some injured and
interrupted muscle fibers. 5a- Rows of cells and blood vessels (arrowheads) are extending towards the defective sites. Other muscle fibers show splitting and
branching along its length and reveal deeply situated lightly stained nuclei (arrows). Notice: the extravasated RBCs with some fibrous tissue at the defective
large areas (thick arrow). 5b- An evident cellular migration of many oval pale stained nuclei towards the edges of injured fibers (*). Notice the limited collagen
deposition in the large interfibrillar gap (double arrow). Mic. Mag. X400

Fig. 6: A light photomicrograph of a longitudinal section of a rat
gastrocnemius muscle of the subgroup IID (PRP+ losartan subgroup)
showing regenerating muscle fibers, some reveal pale eosinophilic
sarcoplasm with multiple lightly stained nuclei (arrows) aligned along the
sarcolemma and others are deeply situated forming long tubal structure
(rectangle). Other fibers show splitting and branching along their length
with dark stained peripheral nuclei (arrowheads). Mic. Mag. X 200.

Fig. 7: A light photomicrograph of longitudinal section of subgroup IID
revealing some interrupted muscle fibers that cross bridge with each
other (rectangle), some of them reveal pale eosinophilic sarcoplasm with
dark peripheral nuclei (arrows), others show darker sarcoplasm with pale
deeply situated nuclei (arrowheads). Mic. Mag. X 400
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Figs. 8 a-e: Photomicrographs of longitudinal sections of a rat gastrocnemius muscle of the different subgroups stained by Masson’s trichrome showing
different degrees of collagen deposition. 8a- Control subgroup IA showing scanty amount of collagen fibers in the endomysium (E). It is slightly increased
in the perimysium (P). 8b- Subgroup IIA (untreated subgroup) revealing excessive deposition of collagen fibers at the area of damaged fibers (arrow). Thick
bundles of collagen fibers are also seen in the perimysium (P) and surrounding the blood vessels (arrowhead). 8c- Subgroup IIB (PRP subgroup) with thick
collagen bundles at the area of injured fibers (arrow), in the endomysium (E) and in the perimysium (P). 8d- Subgroup IIC (losartan subgroup) showing scanty
amount of collagen fibers in the endomysium (E) and at the damaged area (arrow) and more in the perimysium (P). 8e- Subgroup IID (PRP+ losartan subgroup)
showing a minimal amount of collagen fibers in between the injured muscle fibers (arrow) and in the endomysium (E). Mic. Mag. X100 .

Fig. 8 f: A histogram showing comparison between the studied groups according to the area percentage of the collagen. Values represent mean + SD. Statistical
significance was determined using ANOVA and Post Hoc (Tukey). Different letters are statistically significant at p < 0.05.
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Figs. 9 a-e: Photomicrographs of longitudinal sections of a rat gastrocnemius muscle of the different subgroups for immunohistochemical evaluation of CD34
expression. 9a- Control subgroup IA showing negative reaction in the sarcoplasm of the muscle fibers. 9b- Subgroup IIA (untreated subgroup) showing strong
positive immunoreaction along the boundaries of injured fibers (arrowheads), within proliferating cells (arrow), in the connective tissue and around the blood
vessels (BV) in between the injured muscle fibers. 9c- Subgroup IIB (PRP subgroup) illustrating positive immunoreaction at the periphery and inside injured
muscle fibers (arrow). Another reaction is seen in the connective tissue (arrowhead). 9d- Subgroup IIC (losartan subgroup) showing positive immunoreaction
limited around the new pale nuclei (arrows) which appear inside the injured fibers and along its sarcolemma. 9e- Subgroup IID (PRP+ losartan subgroup)
showing positive immunoreaction surrounding the nuclei that aligned along the sarcolemma of an injured muscle fiber (the newly formed myoblast tube)
(arrow). Mic. Mag. X400.
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Figs. 10a, b: Electron micrographs of a gastrocnemius muscle of control subgroups (IA and IB). 10a- Showing striated muscle fibers with elongated sub-
sarcolemmal heterochromatic nuclei (N) and perinuclear mitochondria (m). The sarcoplasm is filled with bundles of myofibrils showing alternating dark and
light bands that occur in register. 10b- The myofibrils showing alternating dark bands (A) bisected by the H-zone (H) and M-line (M), and the light bands (I)
bisected by the Z-lines (Z). The length of sarcomeres (S) of different myofibrils is nearly equal. Longitudinally oriented mitochondria (m) are noticed at the
intermyofibrillar spaces. Mic. Mag. 10a) X1500, 10b) X10000.

Figs. 11a- d: Electron micrographs of a gastrocnemius muscle of subgroup IIA (untreated group): 11a&11b- focal patches of myofibrillar loss (red arrows)
occupied by mitochondria (m). N; sub-sarcolemmal nucleus in a. Notice some collagen fibers (C) and irregular blood vessel (BV) in b. 11c- An injured muscle
fiber with interrupted myofibrils and overcrowded deeply situated irregular euchromatic nuclei (N). Numerous aggregated mitochondria (m) are also seen.
Notice: collagen fibers (C) and colloid-like material (*). 11d- Numerous mitochondria (m) at the perinuclear region, some of which show disrupted cristae and
rupture of its membranes (arrow). L; lysosome. Mic. Mag. 11a) X1500, 11b) X2000, 11¢) X3000, 11d) X10000
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Figs. 12a, b: Electron micrographs of a gastrocnemius muscle of the same subgroup showing focal areas of myofibrillar loss (arrows). 12a- longitudinally
oriented mitochondria are seen in between the myofibrils, some are giant and fused together (m). 12b- Many longitudinally oriented mitochondria (m1) of
different sizes and shapes are seen in between the myofibrils, others are transversely oriented in register with Z lines at the damaged areas (m2) and few show
disrupted cristae. Note: prominent T-tubules (T) at the site of myofibrillar loss. Mic. Mag. X6000

Figs. 13a, b: Electron micrographs of a gastrocnemius muscle of subgroup IIB (PRP subgroup): 13a- injured muscle fibers (arrow) with interrupted myofibrils
and numerous pleomorphic mitochondria (m) at their edges. Notice the presence of wide area of colloid-like material (*). BV; blood vessel, N; irregular
subsarcolemmal nucleus. Inset: collagen fibers deposition (C) at the site of injury. 13b- sub-sarcolemmal euchromatic irregular nucleus (N) among disarrayed
myofibrils (arrows). Sub-sarcolemmal accumulation of moderate number of mitochondria (m) is also noticed. Notice colloidal like material (*). Nu; nucleolus.
Mic. Mag. 13a) X1500, inset & 13b) X3000

Figs. 14 a, b: Electron micrographs of a gastrocnemius muscle of the same subgroup showing: 14a- An ovoid migratory cell (arrow) in the vicinity of a part
of the striated muscle fiber. 14b- At a higher magnification this cell has an euchromatic nucleus (N) with several cell organelles including mitochondria (m),
rough endoplasmic reticulum (rER) and Golgi apparatus (G). Mic. Mag. 14a) X4000, 14b) X12000
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Fig. 15: An electron photomicrograph of a gastrocnemius muscle of the subgroup IIB, showing an irregularly striated muscle fiber with a deeply situated
irregular euchromatic nucleus (N1). Some migratory cells are seen along the border of this myofiber, one has a flattened nucleus (N2), another small elongated
cell has more flattened nucleus and a cytoplasmic process bordering the neighboring cell (arrow). BV, blood vessel. Mic. Mag. X2000

Figs. 16a-d: Electron micrographs of a gastrocnemius muscle of subgroup IIC (Losartan subgroup), showing: 16a- An injured and interrupted muscle fiber with
wide areas of myofibrillar loss. Blood vessels are seen growing towards the injured area (BV1, BV2). (BV2) is surrounded by numerous irregularly arranged
mitochondria (m) of variable sizes. Notice the euchromatic irregular nucleus (N) with prominent nucleolus (Nu). 16b- Multiple areas of myofibrillar loss
(arrows) surrounded by numerous irregularly arranged pleomorphic mitochondria (m). An irregular subsarcolemmal euchromatic nucleus (N) is also noticed.
16¢c- Areas of myofibrillar loss (arrows) occupied by transversely oriented mitochondria (m). Notice loss of the regular striations of the muscle fiber. 16d- Small
ovoid migratory cell (arrow) with a large heterochromatic nucleus (N) adjacent to injured muscle fiber. Notice the colloid-like material in the interstitial space
(*).BV; Blood vessel. Mic. Mag. 16a) X1500, 16b& 16d) X3000, 16¢) X10000
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Figs. 17a-d: Electron micrographs of a gastrocnemius muscle of subgroup IID (PRP+losartan subgroup), showing: 17a- An injured and interrupted muscle
fiber with an area of myofibrillar loss (arrow) occupied by migratory blood vessel (BV) among proliferated numerous mitochondria (m). Notice well registered
striated myofibrils and colloid-like material (*). N; nucleus. 17b- An injured myofiber with an irregular outline and a retrieval of its continuity associated
with irregularly arranged pleomorphic mitochondria (m). Notice: the colloid-like material (*). 17c- A sub-sarcolemmal euchromatic nucleus (N) and multiple
mitochondria (m1) at the nuclear pole. Focal areas of myofibrillar loss (arrow) surrounded by giant matted mitochondria (m2) are also seen. 17d- A striated
muscle fiber with limited areas of myofibrillar loss (arrows). Notice: the transversely oriented mitochondria (m) and associated evident T-tubules (T). Mic.

Mag. 17a) X1000, 17b) X3000, 17¢c) X4000, 17d) X6000

DISCUSSION

Muscle contusions are the most prevalent type of muscle
injury, accounting for the vast majority of sports-related
injuries. So, the need for new strategies to restore or speed
up the process of muscle tissue regeneration represents an
enormous challenge to researchers®. Thus, in the current
work, the modulating effect of PRP or losartan as well
as the combined treatment was studied on the healing of
skeletal muscle after a contusion injury in a gastrocnemius
muscle of a rat model.

In the present study, the histological findings of
subgroup IIA, which received no treatment, were indicative
of commencement of degenerative changes??. They were in
agreement with other researchers who reported the necrosis
of the muscle fibers, which was initiated by a breakdown
of local homeostasis, specifically an uncontrolled inflow of
calcium through sarcolemma lesions. Excess sarcoplasmic

calcium induces the activation of proteases and hydrolases,
which adds to muscle damage, as well as enzymes that
stimulate the production of mitogenic chemicals for muscle
and immune cells®?*2¥, In addition, an increase in physical
pressure and temporary ischemia followed by rapid
physical recovery lead to intercellular edema in the form
of exudate or colloid like material leading to widening of
the interstitial spaces in between the muscle fibers which
was detected in the current work!®!.

In this study, subgroup IIA showed few fibers exhibited
subsarcolemmal or deeply situated large lightly stained
irregular nuclei. Different degrees of cellular proliferation
with pale stained nuclei; most probably the myoblasts; were
seen migrating towards the injured fibers, which became
massive in some areas forming a multinucleated syncytium.
The perivascular areas revealed increased cellularity with
some cells with flattened nuclei, while others were with
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pale stained ovoid nuclei. These morphological changes
suggested that modest regenerative processes had begun
as proved by Jarvinen et al.?*! and were confirmed in the
current work by the immunohistochemical results which
exhibited positive CD34 cells surrounding the blood
vessels, in the endomysium, within the proliferating cells
and along the lateral boundaries of some fibers.

On the other hand, the current interstitial hemorrhage
and the congestion of the blood vessels which were
associated with extravasation of blood in-between the
injured muscle fibers, were previously encountered by other
investigators?’?8l. These were attributed to tissue hypoxia,
which induces an increase in the capillary permeability.

Inthe current work, the histological findings were further
supported by the electron microscopic examination. One of
the explanations of mitochondrial changes is that they are
the major sensitive cell organelles that can be deleteriously
affected. Some mitochondria showed disrupted cristae
and irregular outline which may be due to the production
of oxygen free radicals at the site of injury. Reports have
suggested that this is an adaptive process at a subcellular
level to unfavorable environments!*). Mitochondria aim
to reduce intracellular reactive oxygen species (ROS)
levels by reducing oxygen consumption, and if they are
successful, these mitochondria return to their normal shape
and function. In addition, many fibers revealed irregular
arrangement and orientation of the mitochondria which
could be contributed to mitochondrial transport failure due
to cytoskeletal protein disruption (actin, tubulin, or motor
proteins such as kinesin)?%3!.

On the other hand, some fibers revealed accumulation
of lysosomes which was also stated by Musarot? who
demonstrated lysosomal vesicles inserted at the site of the
disrupted sarcolemma. Lysosomes perform an important
part in the resealing of the plasma membrane and removing
any residual necrotic material. In addition, the cells most
impacted by the injury also experienced distension of
the sarcotubular system responsible for the execution
of intracellular membrane polarization and revealed
prominent triads at the site of myofibrillar loss. This
finding was also mentioned in other studies, which showed
that T-tubule system structural alterations are significantly
linked to myofibrillar disturbance34,

Excessive collagen fiber deposition was also noticed
in the present work by light and electron microscopic
examinations of subgroup IIA and was confirmed by
morphometric measurements. This was also reported by
Petrilli et al®3). By secreting extracellular matrix proteins
such as collagen types I and III, fibronectin, elastin,
proteoglycans, laminin and numerous growth factors,
fibroblasts play a crucial role in muscle tissue repair®®. In
such cases, the scar can create a mechanical barrier against
the diffusion of nutrients and the migration of new blood
vessels to the myofibers. It also can prevent the migration
and fusion of the new muscle cells. This can change the
mechanical properties of the muscle (such as elasticity

and strength), resulting in fibrosis and incomplete muscle
healing®"!,

In the current study, muscle specimens obtained from
PRP-treated subgroup revealed regenerative signs. The
light microscopic features in this subgroup included
injured and interrupted muscle fibers with pale eosinophilic
sarcoplasm. Evident hypercellularity was in the form of cells
with pale stained ovoid nuclei, others with flattened nuclei
and adipocytes. Moreover, cellular migration with attempt
of myotube formation was depicted. This was further
confirmed by ultrastructural findings, included multiple
sub-sarcolemmal or deeply situated euchromatic nuclei
with irregular outline. In addition, numerous mitochondria
were depicted either at the site of myofibrillar loss or along
the muscle fibers. Migratory cells with different sizes and
irregular nuclei, occasionally associated with blood vessels
were also noticed. Some myofibers were bordered by
flattened cells with flat nuclei.

The idea behind PRP is that the additional growth
factors released by the platelets will help to speed up the
natural healing processP®®. This was in agreement with
other studies?*#%), which indicated that upon the injection
of PRP in the muscle lesion, the local development of
the platelet-rich fibrin scaffold affords hemostasis and
allows for delay delivery of cytokines and growth factors
from platelets and plasma such as VEGF, FGF, PDGF,
TNF-0, IGF-1, IGF-2, TGF-B1, FGFs, HGF, IL-6 and
HGF"* !, This molecular pool influences the different
stages of regeneration outlined as apoptosis/necrosis,
innate immune response, angiogenesis, cell proliferation
and differentiation. It has been reported that it can alter
fibroblast migration, myoblast proliferation and enhance
angiogenesis*7.

The cells which revealed pale stained ovoid nuclei
are most probably satellite cells. The studies of damage-
induced activation of satellite cells showed that the injury
results in the emission of growth factors from the muscles
themselves which may allow them to act as "wound
hormones" very instantly to activate satellite cells and
initiate their migration to the site of muscle regeneration
and repair, where they would be differentiated into
myoblasts*>*!. The myoblasts, within their column form
an elongated multinucleated syncytium; this was detected
in the current work, along the altered sarcolemmal
tubes where rows of nuclei are found. This is confirmed
by immunohistochemical staining with anti C34. The
positive cells in subgroup IIB also appeared inside the
muscle fibers in addition to the reaction around the blood
vessels and in the connective tissue in between the muscle
fibers indicating the migration of the s9atellite cells and
subsequently advanced muscle regeneration™*!,

Moreover, the current study revealed adipocytes at the
injury site and it was also shown in other studies™!. Single
cells from the satellite-cell compartment have been shown
to have the ability to produce myogenic, fibroblastic, and
adipogenic colonies in vitro
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On the other hand, the cells noticed with flattened
nuclei could be interpreted as fibroblasts which were also
described in previous studies (46). PRP has been shown
to motivate the proliferation of fibroblasts and enhanced
collagen synthesis to fill the gap and anchor the muscle
fiber stumps together™¢),

The regeneration of the muscle fibers does not progress
past the newly formed thin myotube stage unless the
needed supply of oxygen for acrobic metabolism has been
secured by sufficient capillary ingrowth. Therefore, for
multinucleated myofibers, aerobic metabolism is the most
important source of energy,*” and that is why numerous
mitochondria were depicted either at the site of myofibrillar
loss or along the muscle fiber in the present work.

It has been postulated that PRP could induce muscle
fibrosis because of the high concentration of TGF- 1
stored in platelets’ a-granules. TGF-B1 is a key factor in
the progression of fibrosis in the kidneys, liver, lungs,
and the skeletal muscles which stimulates type 1 collagen
synthesis and development of fibrosis’l. However, an
excessive deposition of collagen type 1 predisposes the
muscle to reinjury and limits its functional recovery™®l.
This finding was also confirmed in the current work by the
examination of the trichrome-stained slides which showed
an excessive deposition of collagen fibers in between the
injured fibers, in the endomysium, the perimysium and in
the perivascular area.

In losartan subgroup, the examination of the
gastrocnemius muscle sections revealed more regenerative
signs with decreased fibrosis as compared to the non-treated
group. Despite some muscle fibers appeared injured and
interrupted, others revealed splitting and branching with
deeply situated lightly stained nuclei. Prominent regular
cellular migration towards the defected sites was noticed
forming multinucleated syncytium and associated with
neovascularization in other areas.

Tawfik et all'l have reported that the restoration of
vascular supply to the injured area is another crucial
hallmark of muscle regeneration, which is required for
the following morphological and functional recovery
of the injured muscle fibers. In addition, it has an effect
on the distribution of recruited inflammatory cells and
regeneration-related factors (growth factors, cytokines,
chemokines), as well as at the paracrine effect between
satellite and endothelial cells that affects the regenerative
process. Angiogenesis occurs as a result of the autocrine
release of angiogenic factors such as fibroblast growth
factor (FGF) by macrophages and endothelial cells®*’l.

In addition, limited collagen fibers at the large defective
areas were also revealed in subgroup IIC with less detected
cells with flattened nuclei. These findings were correlated
with  trichrome-stained sections and morphometric
measurements that showed significantly lowered collagen
fibers deposition than the untreated subgroup.

It has been reported that direct application of
antifibrotic agents as losartan inhibits the scar formation
in the injured muscles. Such agents are specific inhibitors
of TGF-B1; a growth factor that is thought to be involved
in the development of scar tissue during skeletal muscle
healing?®3!. However, the timing of administration of
losartan in the current work was on day 3 post-injury and
this was also chosen by other investigators®>*3!. This was
attributed to that during the healing process, the mRNA
expression of TGF-B1 peaks two to three days following
muscle injury®. Immediate administration, on the other
hand, causes abnormal regeneration, which is most likely
due to the disruption of the initial inflammatory response
and the expected healing process of skeletal muscleB4.

The electron microscopic results of subgroup IIC
revealed ovoid migratory cells towards some injured areas
which were confirmed by immunohistochemical studies
that showed positive reaction around new lightly stained
nuclei inside muscle fibers and along its sarcolemma.
This in turn supports the hypothesis that in adults, muscle
satellite cells are the primary source of myogenic cells,
while vessel-related progenitor cells are a secondary source
of myogenesis and can also contribute to neoangiogenesis
in the human muscle>.

The histological findings of subgroup IID (which
received both the PRP and losartan) revealed evident
regenerating fibers with minimal structural changes.
Most of the skeletal muscle fibers appeared with multiple
deeply situated and sub-sarcolemmal lightly stained nuclei
aligned along the longitudinal axis forming myotubes.
Many multinucleated syncytia, branched fibers and cross
bridging of some fibers were also depicted. Migrating
blood vessels with perivascular hypercellularity and few
connective tissue fibers were commonly encountered.

Myotube formation, which was detected in the present
work, is considered as an important sign which occurs
during the later phases of muscle regeneration®®. Muscle
nuclei begin to align along the muscle fiber's longitudinal
axis, becoming central in position, which is a feature
of myotube development or muscle fibers undergoing
healing. The central nuclei migrate to the surface of the
muscle fiber and increase in size upon the completion of
terminal differentiation’®?.

While attempting to pierce through the scar that
separates them, the myofibers of the surviving muscle
stumps create many branchesP”. However, after only a
little distance of extension, the tips of the branches begin
to adhere to the connective tissue at their ends. These
myofibers are still small, and their nuclei are located
near the center. These results were also described by
other researchers who mentioned that these fundamental
morphological characteristics are newly formed myofibers
with centrally located myonuclei and small calibert®®.
These findings went hand in hand with the electron
microscopic results of subgroup IID as most of the muscle
fibers showed normal ultrastructural features except for
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few scattered areas of injured and interrupted myofibrils
with retrieval of its continuity. Nearly all muscle fibers
were well registered with sub-sarcolemmal euchromatic
nuclei. Migratory blood vessels were also noticed at the
site of injury of some fibers.

Moreover, limited collagen fibers deposition even in
the large defective areas was noticed and supported by the
trichrome-stained slides which detected almost the control
pattern of collagen distribution in some areas. Blocking
TGF- B1 by losartan inhibits the formation of fibrosis
in injured muscle and PRP would speed up the muscle's
functional recovery®?. This was also noted in a study
carried out by Tsai et al.5! who found that the fibrotic
areas in the group received mixed therapies (PRP and
Suramin) were significantly less prevalent than the other
experimental groups.

The examination of immune stained slides of subgroup
IID, revealed less areas housed by CD34 positive cells. It
may be linked to a more thorough restoration of histological
structure where the fibers were relatively organized!®”.

Finally, the current study was able to demonstrate
greater improvements in the muscle healing in the PRP,
losartan and PRP +losartan subgroups compared by the
untreated group three weeks after inducing the injury.
However, the PRP+losartan subgroup showed significantly
better histological results compared to all other subgroups
in the form of muscle regeneration and reduced the
development of fibrosis.

CONCLUSION

The combined PRP + losartan treatment regimen, which
are both currently clinically available, has the potential
to speed up the recovery of skeletal muscle following a
muscle contusion.
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