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Post-traumatic muscle ischemia results from severe injury and
can lead to muscle dysfunction. Therefore, patient management
and treatment are very significant in all periods of injury. New me-
thods are performed, especially using regenerative technologies to
avoid complications and improve long-term outcomes. Objective.
To determine histological changes in the muscles of the injured limb
after traumatic ischemia after injection of platelet-rich plasma,
Bone marrow stem cell concentrate (BMAC), and Stromal vascu-
lar fraction (SVF) prepared from adipose tissue on the 5, 15, and
30 days. Material and methods. Experiments were conducted on
rabbits (Chinchilla breed). A tourniquet imposed on a lower limb,
from the middle third of the thigh to the ankle joint. After 6 hours,
the tourniquet was removed. The animals were divided into four
groups: control, platelet-rich plasma, bone marrow stem cell con-
centrate, and stromal vascular fraction prepared from adipose tis-
sue—histological muscle changes provided by Tescan Mira 3 LMU
(Czech Republic) in scanning transmission electron microscopy.
Results. On the 5th day after the experiment were no significant
histological changes in muscles but in the contrary on the 15 days
after experiment in BMAC and SVF groups detected new muscle fi-
bers formation in necrotic areas and myonucleus organization. On
the 30™ day new angiogenesis was detected around muscle fibers.
Platelet-rich plasma group characterized by massive connective
tissue formation in necrotic areas. Conclusions. Necrosis and pro-
gressive muscle hypotrophy are unavoidably for this type of injury.
It was shown that BMAC and SVF could stimulate regeneration and
angiogenesis. Key words. Traumatic ischemia, necrosis, histologi-
cal changes in muscles.

Taxmuxa eéedenns ma AKYBAHHA NAYIEHMIG 13 NICAAMPABMATUY-
HOIO [WeMiclo M 13I8 KIHYIBOK € GU3HAUAILHOIO HA 6CIX emanax,
MoMy po3po0OI0IOMb HOGIMHI Memoou NIKYEAHHS 3i 3ACMOCY8AH-
HAM KITMUHHUX MEXHON02IH 0151 NHONePEONCEHHS POZGUNKY YCKAAO-
HeHb [ noKpawens 8idoanenux pezynomamie. Mema. Busnauumu
6 eKcnepumenmi SICMON02IYHI 3MIHU 8 MA3AX YUIKOONMCEHOT KiH-
yiexu nicis mpagmamuynoi iwemii 3a ymos esedenns 3dazaye-
HOI mpomboyumamu niasmu, acnipama KiCmKo8o20 MO3KY ma
CMPOMATLHO-BACKVIISAPHOT (hpakyii dscuposoi mxkanunu. Memoou.
Pobomy eurxonano na 65 xponsx nopoou [llunwura eazorw
4,2—4,5 ke. Teapunam naxnadanu 0xccym Ha iy HUICHIO KIHYIBKY
810 cepeOHboi mpemunu cmezHa 00 HAON AMKOBO-20MINKOBO20 Cye-
n06a, axui yepes 6 200 3uimanu. Ilicisa yvozo meapun po3oinuiu
Ha 4 epynu: I-wa — iwemisi-konmpons, 2-ea — 66edeHHs 30azaye-
HOI mpomboyumamu naasmu, 3-ms — 66e0eHHs KIimun acnipama
KICMK0B8020 MO3KY, 4-ma — cmpomanbHo-8acKyIApHOI ppakyii
arcuposoi mxanunu. Ha 5, 15, 30-my 00o6u no 5 meapu i3 koscHoi
2pynu BUBOOUU 3 eKCNEPUMEHINY MA BUKOHYBANU 2ICMONI0IYHI 00-
cnioxcenns. Pesynomamu. Ha 5-my 006y nicas mooenioganisi 8 ycix
2PYNax Kponie UseieHo HAOPK M 130801 MKAHUHU, Oe2eHepayilo
ma gpazmenmayio M’a3068ux 0I0KOH Yy cyoghacyianbHiil OLIAHYL
Ha 15 i 30-my 006u 6 3-ii i 4-it epynax 3agikcoeéano gpopmysants
HOGUX MA306UX BOJOKOH HA MICYAX HEKpO3Y, NoA8y Miomyobyn i3
miosdep. Ha 30-my 000y 6 epyni konmponv-iwiemiss 0omMinyeana
ampogia m’a306ux eonokoH. Bucnosxu. Tpagmamuuna iwemis
KiHYi6KU KpOJie npomseom 6 200 cnpudunioc oecenepayito ma npo-
2pecysanis 2inompo@ii M’a306Ux BONOKOH CKelemHUX M 13I8 20-
minku. Beedenns sbazauenoi mpomboyumamu niasmu, acnipama
KICIMKO8020 MO3KY Ma CIMPOMAIbHO-8ACKYIAPHOT (pakyii scupo-
601 MKAHUHU He Npu3800Umv 00 GIOHOBNICHHS M 30801 MKAHUHU
6 cyoacyianbHux OiNAHKAX, ane NO3HAYAEMbC HA YACTKOBOMY
30epedicerHi MA308UX 80N0OKOH 2IUOOKUX MioHie ms3a. Kmouosi
cnosa. Kponi, mpaemamuyna iviemis, HudICHs KiHYI6Ka, HeKpos3, 2ic-

MOIOSTUHI 3MIHU 6 M S13aX.
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Introduction

Skeletal muscle atrophy is persistent with severe
limb nerve injury and traumatic ischemia, and limb
function is significantly impaired. Even with early
and successful microsurgical recovery of peripheral
nerves, limb blood vessels, and adequate postopera-
tive therapy, it is impossible to predict with high pro-
bability the degree of recovery of limb muscles whose
atrophy may be irreversible, with fibrosis, contrac-
tures, and adipose tissue invasion. Under conditions
of atrophy of muscle fibers after various injuries,
there is a tendency to increase the degree of irrever-
sible morphological changes, even after treatment,
limb dysfunction is inevitable [1, 2].

Skeletal muscles are known to have the potential
to regenerate in response to various types of injuries,
such as trauma, ischemia, and some types of muscu-
lar dystrophy [2—5]. However, the structural basis and
time course of recovery in skeletal muscle are insuf-
ficiently studied. It is believed that the regeneration
of muscle tissue can be stimulated through the use
of autologous cell technology. In particular, admin-
istration of bone marrow-derived mesenchymal stro-
mal cells (MSCs) to patients with critical limb isch-
emia has been shown to stimulate angiogenesis and
preserve ischemic lesions in about 80 % of cases [6].
Studies of the effect of bone marrow-derived MSCs
have shown their stimulating effect on the prolifera-
tion and migration of endothelial cells and differen-
tiation of myoblasts [7]. However, it should be noted
that about 98 % of cells in the bone marrow aspi-
rate are a population of hematopoietic cells, and the
remaining 2 % are endothelial precursors and some
other cells [8, 9].

As an alternative to isolated MSCs, a concentrated
autologous bone marrow aspirate derived from adi-
pose tissue cells and platelet plasma concentrate have
been suggested in traumatology to stimulate tissue
regeneration after traumatic injuries [10].

We have previously identified damage to the pe-
ripheral nerve of the limb, structural and biochemical
changes in skeletal muscle after traumatic ischemia,
significant atrophy of muscle fibers with fibrotiza-
tion, and cell reorganization along individual muscle
fibers, which may be an early manifestation of rege-
neration [11]. Morphometry of damaged muscle fibers
did not allow to fully assess the recovery processes
without and after the introduction of suspensions
of autologous cells, although it is a convenient way
to linearly measure muscle fibers, the time course
of their atrophy. Evaluation of biochemical changes in
muscles indicates a violation of redox processes and

the rapid accumulation of lipid peroxidation products,
which can have a cytotoxic effect on damaged cells
and, consequently, provoke permanent disorders [12].

In this study, we additionally used transmission
electron microscopy to analyze the reactions of satel-
lite cells in damaged areas of muscle. Based on pub-
lished findings, these changes have not previously
been compared after traumatic ischemia and admini-
stration of platelet plasma and cell aspirates. All
this indicates the urgency of the problem of study-
ing the morphological basis of skeletal muscle re-
generation after traumatic ischemia and identifying
the activation of regenerative processes or undesi-
rable consequences of the use of tissue technology in
traumatology.

The aim of the study: to investigate the regene-
ration of leg muscles after traumatic ischemia and
the introduction of platelet plasma, aspirate of bone
marrow cells and adipose tissue.

Material and methods

The experiments were performed on 65 rabbits
of the Chinchilla breed weighing 4.2—4.5 kg. The ani-
mals were simulated mechanical ischemia of the left
hind limb. To do this, a medical elastic tourniquet
(5.5 cm wide) was applied from the middle third
of the thigh to the ankle joint, thereby immobilizing
the limb and causing impaired vascular perfusion.
After 6 h, the tourniquet was removed and divided
into 4 groups of 15 individuals each: Group 1 —
ischemia-control, Group 2 — introduction of platelet
plasma concentrate, Group 3 — aspirate of bone mar-
row cells, Group 4 — stromal-vascular adipose tissue
fractions. 5 rabbits from each group were removed
from the experiment on the 5%, 15" and 30™ day. An
additional 5 intact rabbits were used for morphomet-
ric study. Animals were anesthetized with sodium
thiopental at a dose of 60 mg/kg (intraperitoneally).

All animal manipulations were performed in ac-
cordance with the provisions of the European Con-
vention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Pur-
poses, No. 123, Council of Europe, L222, 24.08.1999
and the Commission on Bioethics of the Institute
of Traumatology and Orthopedics (Minutes No. 4
of 10.12.2021).

Preparation of platelet plasma concentrate

Blood was collected from the ear vein of a rabbit
in the amount of 5 ml, which was placed in a special
tube to obtain a concentrate of platelet mass, followed
by centrifugation at 760 g for 8 minutes The resulting
concentrate was evacuated to a 5 ml syringe and in-
serted into the posterior deep space of the shin.
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Obtaining aspirate of bone marrow cells

Autologous aspirate of bone marrow cells was
obtained from the proximal thigh of rabbits. A bone
trocar (diameter 10 G) was inserted into the proximal
thigh, and a 2 ml syringe was used to aspirate 2 ml
of bone marrow. The aspirate was separated through
a Tulip Emulsifier™ filter, and the anticoagulant dex-
trose citrate ACD-A was added. The resulting aspi-
rate was centrifuged at 760 g for 8 min and aspirated
with 1 ml of the upper plasma layer and the cell layer
(55,800 cells/ml).

Obtaining stromal-vascular fraction of adipose
tissue

With access of up to 2 cm, 5 mg of abdominal
omentum was collected and mechanically ground
to a suspension, which was homogenized by passing
the systems into two connected syringes through
a 1 mm hole. Then it was centrifuged at 760 g for
8 minutes

Platelet plasma concentrate, bone marrow aspirate
cells, and adipose tissue suspension were injected
into the middle third of the calf muscle.

Histological studies

Muscle fragments of animals with cell and plas-
ma injection sites were fixed in 10 % formalin solu-
tion on phosphate buffer (pH = 7.4) for 24 h at 4° C.
The samples were then washed, dehydrated in a so-
lution of isopropanol with chloroform (70-99.8 %)
(1:1) and poured into paraffin. On a Thermo Microm
HM 360 microtome (Thermo Fisher Scientific, USA),
6 um thick sections were made, dewaxed, and stained
with hematoxylin and eosin. Muscle fiber morpho-
metry (diameter, pm) was performed using Carl Zeiss
software (AxioVision SE64 Rel.4.9.1) (Carl Zeiss Mi-
croscopy, LLC, USA) and BX 51 microscope (Olym-
pus, Japan).

Transmission electron microscopy (TEM)

Muscle samples were fixed in a 2.5 % solution
of glutaraldehyde in phosphate buffer followed by
1 % OsO, fixation, dehydrated in ethanol and acetone,
and sealed in epoxy resin (Epon 812, Araldite 502).
Ultrathin sections of epoxy blocks were obtained on
a Reichert-Jung ultratome (Ultracut E, Germany).
Sections were fixed on tungsten mesh and contras-
ted with 2 % uranyl acetate solution and lead citrate.
The samples were examined on a scanning electron
microscope Tescan Mira 3 LMU (Czech Republic) in
transmission microscopy mode (STEM).

Statistical processing was conducted in Origin
Lab 8.0 software. The indicators are presented as
M = m, where M is the average value, m is the stan-
dard error. The groups were compared using the non-

parametric Kruskal-Wallis test. The differences were
considered significant with p < 0.05.

Results and discussion

According to the results of histological studies
of the subfascial muscle in the control group of ani-
mals with ischemia, in groups after administration
of platelet plasma concentrate, bone marrow aspirate
cells and stromal-vascular fraction of adipose tissue
on the 5%, 15" and 30" days revealed structural dis-
orders in muscle fibers, connective tissue of endomy-
sium and perimysium.

In the ischemia-control group (Fig. 1, a, b, ¢)
edema, a significant decrease in the thickness or
fragmentation of muscle fibers and their atrophy on
the 30th day were recorded. On the 5" day, the in-
terstitial space increased due to swelling between
the muscle fibers. Simultaneously, fibers with signs
of atrophy and additional nuclei were detected
(Fig. 1, a). In endomysium and perimysium, strati-
fication of collagen fibers due to edema, areas with
mononuclear infiltration, stasis of capillaries were re-
vealed. Areas of cellular detritus and macrophages
with phagosomes were detected by TEM, active
phagocytosis and utilization of these products were
observed (Fig. 2, a).

After the administration of platelet plasma on
the 5™ day, as in the ischemia-control group, changes
in the density and shape of muscle fibers, their sepa-
ration due to endomysium edema were determined.
In some muscle fibers, an increase in the number
of nuclei along the fiber contour was recorded, which
can be considered as a manifestation of regeneration
(Fig. 1, d). TEM showed destructive changes of fibro-
blasts of perimysium — lysis of nuclei, vacuolation
of cytoplasm. The appearance of macrophages was
determined (Fig. 2, d). Skeletal muscle regeneration
is known to involve a symbiosis of macrophages and
myoblasts [3].

The administration of bone marrow cell aspirate
did not improve the structure of degeneratively altered
muscle fibers due to ischemia. Deep disintegration
of muscle fibers (Fig. 1, g), proliferation of fibroblasts
between muscle fibers, violation of histoarchitecto-
nics of endomysium (Fig. 2, g) were noted.

After the introduction of the stromal-vascular
fraction of adipose tissue into the muscle area, de-
structive disorders of muscle fibers were also ob-
served, but between them on the 5th day there were
mononuclear cells and fibroblasts (Fig. 1, k). Longi-
tudinal bands of nuclei have been found in muscle
fibers, which is a manifestation of regeneration. Mac-
rophages with phagosomes predominated in the areas



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2021. Ne 4

ischemia-
control

platelet
plasma
concentrate

aspirate
of bone
marrow cells |

stromal-
vascular
fraction
of adipose
tissue

Fig. 1. Structural changes in the subfascial area of skeletal muscles of the leg of rabbits with ischemia of the limb (a—c) and
the introduction of platelet plasma concentrate (g—e), aspirate of bone marrow cells (g—k), stromal-vascular fraction of bone tissue
(1-0). Degeneration of muscle fibers in all groups on the 5™ day and for all periods in the 4™ group (I-n); inflammatory infiltration (n);

appearance of groups of nuclei in damaged fibers (c, e, f, 1, k). H&E stain (40x10)

of destruction, elimination from the interstitial space
of cellular detritus and lipid granules derived from
adipocytes were recorded (Fig. 2, d).

Fifteen days after the simulation of ischemia, si-
milar degenerative changes were observed in all se-
ries of the experiment, namely: thinning of muscle
fibers with lumbar striation on longitudinal sections,
central location of nuclei, signs of atrophy. The ede-
ma persisted, which led to the separation of muscle
fibers (Fig. 1, e, m). Groups of muscle fibers without

nuclei were detected after the introduction of platelet
plasma concentrate, which also indicates their atro-
phy (Fig. 1, e). There was a remodeling of endomy-
sium and perimysium with the formation of loose
connective tissue (Fig. 1, b, 1).

According to electron microscopic examination in
the control-ischemia group and after the introduction
of platelet plasma concentrate, areas with fibroblasts
and collagenogenesis were registered (Fig. 2 b, ¢). Af-
ter the introduction of the aspirate of bone marrow
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Fig. 2. Areas of shin muscle damage with limb ischemia (a—c) and subsequent administration of platelet plasma concentrate (d—f),
bone marrow cell aspirate (g—k), stromal-vascular fraction of adipose tissue (I-n). Macrophages on the 5" day in all groups; satellite
cells on the 15" day (i, m); increase in collagen density (g); lamellar atypical bodies in muscle fibers (k). Contrast with osmium oxide

and uranyl acetate TEM. Magnification 60,000 (g, k, n); 30,000 (d, e, t); 22,000 (a—c, 1)

cells and adipose tissue cells, areas with bands of sa-
tellite cells were recorded, and the formation of myo-
tubules (Fig. 2, i, m) was observed in some places,
which is a sign of regeneration. Myoblasts had large
nuclei, they were dominated by euchromatin, and no
myofibrils were registered in the cytoplasm. Accord-
ing to scientific information, myoblastic differentia-
tion begins with the activation of resident satellite
cells [13].

On the 30™ day, degenerative changes in all se-
ries of the experiment prevailed in the muscles. Fib-
rosis was observed in different areas of perimysium
and endomysium. Significant atrophy of muscle fi-
bers was recorded in the ischemia-control group
(Fig. 1, c), and after the introduction of adipose tissue
cells, additional inflammatory infiltrates were noted
(Fig. 1, 0). Regenerative changes were associated
with cell proliferation, the presence of satellites and



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2021. Ne 4

macrophages. Deep muons show the appearance of ex-
tra nuclei along muscle fibers, which is also a mani-
festation of regeneration. In the process of electron
microscopic examination for this period of observa-
tion showed an increase in the number of fibroblasts
and collagen (Fig. 2, c, f) with atypical lamellar
structures in muscle fibers, which is a manifestation
of autophagy (Fig. 2, k). Myofibrils with sarcomere
boundaries were recorded in structurally preserved
muscle fibers, although the density of fibrils in actin-
myosin complexes was reduced (Fig. 2, n).

According to the results of morphometric study,
the muscle fibers of the deep zone on the 30" day
after ischemia of the limb had a much smaller di-
ameter compared to the intact group (41.9 £ 2.5) um
vs. (81.5 £ 1.4) um (p < 0.05). After the introduc-
tion of platelet plasma, the width of muscle fibers
was greater than in the 1st group of the experiment
by 1.7 times, but did not reach the control values
(70.5 £ 1.8) um against (81.5 £ 1.4) um (p < 0.05).
An increase in the width of muscle fibers was also re-
corded in a series with the introduction of bone mar-
row cells (65.2 & 2.2) um, with stromal-vascular frac-
tion of adipose tissue (45.7 + 1.7) um. These values
were also significantly smaller (p < 0.05) compared
with the intact group.

It is known that significant damage to skeletal
muscle tissue is characterized by low reparative ca-
pacity, which leads to research on the use of vari-
ous technologies to stimulate regeneration [14]. How-
ever, the peculiarities of the use of cell technology
and platelet-enriched plasma require in-depth study,
because so far only partial recovery of muscle tis-
sue has been reported using them [15]. Improvement
of inflammatory condition, reduction of fibrous scar
size and recovery have been demonstrated in PRP-
treated affected muscles [16]. When platelet plasma
concentrate was used for all periods of the experi-
ment, we observed degenerative changes in muscle
tissue with the formation of areas of fibrosis. After
administration of bone marrow cell aspirate and stro-
mal vascular fraction of adipose tissue, an increase

in reparative manifestations was observed, although
in the 4" group inflammatory infiltration developed,
which is an undesirable consequence of the use
of cells derived from adipose tissue.

Thus, histological and electron microscopic studi-
es have led to several important conclusions. First,
6-hour mechanical ischemia results in degenerative
changes in the skeletal muscles of the limb with pro-
nounced manifestations in subfascial muons, and
deep muon muscles suffer from malnutrition, which
is manifested by a significant decrease in muscle fiber
thickness. Second, the use of tissue technology only
partially prevents the progression of destructive mus-
cle changes in the long term. Ischemic damage to su-
perficial muons in the subfascial area is irreversible.
The administration of bone marrow aspirate cells,
stromovascular adipose tissue fraction, and platelet
plasma concentrate did not result in muscle regene-
ration. Destructive changes in muscle fibers, edema,
fibrosis, endomysium, and perimysium persist by
the end of the 30-day follow-up period. However, on
the verge of necrosis, individual muscle fibers are re-
generating, which, according to electron microscopy,
has been detected since the 15" day. The frequency
of administration of the studied factors is debatable
and it is likely that several injections would help to
improve the results, which requires further research.
It is known that the consequences of traumatic mus-
cle ischemia depend on the state of blood microcir-
culation, but these data are not covered in this study.

Conclusions

Traumatic ischemia of the limbs of rabbits for
6 hours causes the development of degenerative
changes with the progression of malnutrition of skele-
tal muscle fibers of the shin muscles. The introduc-
tion of platelet plasma, bone marrow aspirate and
stromal-vascular fraction of adipose tissue does not
lead to the recovery of muscle tissue in subfascial
areas, but affects the partial preservation of muscle
fibers of deep muscle myons, as revealed by morpho-
metric studies on the 30™ the day of the experiment.



