ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 3

UDC 616.74.003.93.611.738.3 doi: https://doi.org/10.15407/ubj93.03.030
ADMINISTRATION OF PLATELET-RICH PLASMA
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Ischemia is known to cause structural and functional damage to skeletal muscle. In this research
platelet-rich plasma (PRP) and cell bone marrow aspirate (CBMA) which are considered to be promising
in regenerative medicine were used to improve the animal muscles condition after ischemia. Mechanically
induced ischemia (MI1) of the rabbit skeletal muscles was caused by applying a tourniquet to the hind limb for
6 hours. At 6 h after tourniquet was removed the rabbit PRP or CBMA solutions were injected into the tibia
muscle and animals were divided into experimental groups (n = 15): 1 — ischemia + saline, 2 — ischemia +
PRP, 3 — ischemia + CBMA. Intact animals were the control group (n = 5). Animals were removed from the
experiment on 5, 15, and 30" days of reperfusion after ischemia. A progressive hypotrophy, muscle fibers de-
struction and leukocyte infiltration was observed after tibia muscle MII. The ischemic state was accompanied
by catalase and superoxide dismutase activation, persistent NO,” overproduction and a significant decrease
in glutathione peroxidase activity in the muscle homogenates. It was shown that after PRP or CBMA local
injection into the ischemic muscle catalase activity remained at the elevated level, SOD activity approached
the control level and the most pronounced effects were NO,” level decrease and glutathioperoxidase activity
restoration. After CBMA injection angiogenesis activation and the increase in the number of nuclei in the
muscle fibrils were observed. The obtained data allow to expand the range of biochemical parameters for
assessing the muscles condition after ischemia and indicate a positive effect of platelet-rich plasma and cell
bone marrow aspirate injection on skeletal muscle regeneration.
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Skeletal muscle ischemia usually caused by vas-

cular embolism, traumatic vascular occlusion,
and the use of a tourniquet during surgery. Skeletal
muscles have low tolerance to ischemia, and the
reperfusion period of the ischemic limb is a crucial
factor for tissue survival [1].

The permeability of blood vessels increases un-
der ischemia [2], and rheological parameters of the
blood change due to increased level of fibrin [3]. Two

I schemic limb damage is a common problem.

hours after ischemia-reperfusion (IR) occurs tissue
edema [3] and muscle viability decreases by 20%,
and after 8 hours by 80% [4]. The blood flow in the
muscles restored after reperfusion, and secondary
metabolites, such as oxygen free radicals, fall in the
systemic circulation and damage other organs (lung,
heart, kidney, liver), which can lead to multiple or-
gan dysfunction [5].

The role of free radicals in the pathogenesis
of tissue damage after IR has been widely studied.
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Unsaturated fatty acids of cell membranes are a sub-
strate for free radical oxidation in ischemic dama-
ged cells [6]. The superoxide radical causes per-
oxidation of membrane lipids and proteins, leading
to irreversible damage and destruction of skeletal
muscle [7]. Damaged vascular endothelial cells and
infiltrated in injured tissue leukocytes additionally
generate superoxide (O,) and NO,’, which form the
more toxic peroxynitrite anion (ONOQ"). It causes
oxidation of lipids, sulfhydryl groups (SH) in pro-
teins and nucleic acid damage. The accumulation
of IL-1, TNF-1a, IgM and IgG provokes phagocyte
migration, development of inflammation and causes
muscle hypotrophy [8].

The possibility of using autologous mesenchy-
mal cells to support ischemic damaged tissues is
considered. Nowadays, it is easy to obtain a popu-
lation of bone marrow-derived mononuclear cells
that activate angiogenesis and improve blood sup-
ply to critically ischemic limb tissues [9]. The bone
marrow aspirate contains a mixed population of
cells, which includes mainly hematopoietic cells,
as well as myogenic and about 2% of endothelial
cells [10, 11]. Bone marrow-derived mesenchymal
cells may increase skeletal muscle regeneration after
hypoxia [12], but subsequent work has shown that
there is no difference in the action between native
and stimulated bone marrow aspirate cells in dama-
ged tissue support [13]. An alternative to autolo-
gous concentrated bone marrow aspirate (CBMA) is
platelet-rich plasma (PRP), which is often used in
traumatology to stimulate regeneration tissues after
traumatic injuries [14].

In this work, we focused on biochemical
changes in skeletal muscles of the tibia (SMT) af-
ter mechanically induced ischemia (MII). Also, we
studied these changes after injection of PRP and
CBMA in muscles.

Materials and Methods

Animal model mechanically induced ischemia
(MII). The study was carried out on Chinchilla rab-
bits (weighing 4.2-4.5 kg). All procedures were
conducted in accordance with the rules of the Com-
mission on Bioethics of the SI “Institute of Trauma-
tology and Orthopedics of the NAMS of Ukraine
(Kyiv, Ukraine) that conforms to the National Insti-
tutes of Health Guidelines for Care and Use of Labo-
ratory Animals. Rabbits were housed in standard
cages with free access to food and water.

MI1 was simulated on rabbits (z = 45) by medi-
cal elastic tourniquet (tourniquet width 5.5 cm, 8
units per limb), from the middle third of the left
hind limb the thigh to the ankle joint, thereby im-
mobilized the limb and caused impaired vascular
perfusion of the limb. After 6 h, the tourniquet was
removed, and animals were divided into 3 experi-
mental groups: 1) the main group (n = 15) with Ml
and injection of saline, 2) the group with MII and
injection of autologous PRP (MII + PRP) (n = 15),
3) the group with MII and injection of autologous
CBMA (MIl + CBMA) (n = 15). The cell suspen-
sions were injected into the upper third of the SMT,
once 6 h after removal of the elastic tourniquet. Ex-
perimental animals were removed from the experi-
ment on days 5, 15 and 30 after MII of the limb (5
animals for each period of the experiment). Animals
were anesthetized with sodium thiopental at a dose
of 60 mg/kg, intraperitoneal. The control group was
intact animals (n = 5). Thus, 45 rabbits were included
in the experiment and divided into 10 groups. All
animals were kept under the same conditions.

Autologous concentrated bone marrow aspirate
(CBMA). 2 ml of bone marrow were aspirated from
the proximal part of the intact femur of a rabbit with
10G bone puncture needle and 5 ml syringe, like in
the article [15]. The aspirate was separated through
a Tulip Emulsifier filter (Tulip Medical Products,
USA). The aspirate with dextrose citrate coagu-
late — solution A (1:8) (Baxter C.A., USA/Belgium)
was centrifuged for 8 min at 760 g and 1.0 ml of su-
praerythrocytic fraction was collected (the average
cell quantity in native aspirate was 55 800/ml).

Platelet-rich plasma (PRP). Blood was drawn
from the ear vein of a rabbit in the amount of 5 ml.
Whole blood was centrifuged for 8 min at 760 g
in Arthrex tube (Arthrex ACP® Double Syringe
System, Arthrex, Inc. USA), and 1 ml of PRP un-
der layer of erythrocytes mass (the average platelet
guantity was 928 000/ml) was received.

Histological study. Rabbit SMT samples were
fixed in 10% formalin solution in PBS (pH 7.4) for
24 h at 4°C. The samples were dehydrated in iso-
propanol (70% to 99.8%) and embedded in paraffin
(Leica Surgipath Paraplast Regular, Formula 'R’,
Germany). Muscle slides 6 pm thick obtained on
a Thermo Microm HM 360 microtome (Thermo
Fisher Scientific, USA), stained with hematoxy-
lin and eosin and enclosed in a synthetic medium
(Merck, Germany). Slices studied on Olympus BX
51 microscope (Olympus Corporation, Japan).
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The lipid peroxidation products assay. Lipid
peroxidation was assayed as thiobarbituric acid re-
active substances (TBARS) formed as measured
by the thiobarbituric acid technique with the Ka-
myshnikov (2004) method [16] for determining the
malondialdehyde (MDA) concentration. Briefly,
2.1 ml tissue homogenate was heated together with
20% TCA and 0.8% TBA reagent in boiling water
for 10 min. Then the tubes were cooled, and after
centrifugation (3,000 g for 10 min), the absorbance
was measured at 540 nm. TBARS values were ex-
pressed in nanomoles of MDA equivalents per milli-
gram of protein [17]. For the estimation of the nitrite
level, the Griess reaction was used and performed by
method Green [18]. The diene conjugates (DC) level
determination was performed in heptane-isopropa-
nol extracts of muscule homogenate by the method
described in [19]. SOD was determined spectropho-
tometrically according to the method of Nishikimi
et al. (1972) [20]. The catalase activity (CA) activity
was measured by method based on the reaction of
undecomposed hydrogen peroxide with ammonium
molybdate to produce a yellowish color, which has
a maximum absorbance at 374 nm [21]. The activity
of glutathione peroxidase (GP) was determined by
accumulation of oxidized glutathione GSSG by the
method of Bernchneider, modified by Pereslegina
[22]. The levels of oxidized proteins were measured
using 2,4-nitrophenylhydrazine (DNPH) [23, 24].

The total protein level assay. The concentra-
tion of total protein was measured by the Bradford
method [25].

Statistical analysis. Statistical processing of the
obtained samples was conducted using the software
OriginPro version 8. The data, presented as mean
values (M) * standard errors of the means (SEM),
were compared using the Kruskal-Wallis test. The
differences were considered significant at P < 0.05.

Results and Discussion

During the experiment, the MII damage was
examined by measuring changes in the activity of
SOD, GP and CA, level of NO,’ and TBARS in SMT
of the rabbits. As seen in Fig. 1 and 2, the activity
of SOD and CA was significant increased on day 15,
and CA on day 30 was increased even more.

The activity of GP, on the other hand, de-
creased vs the activity of CA. It should be noted that
a significant decrease in the activity of GP in the
rabbit SMT was observed throughout the experiment

(Fig. 3).
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We associate the enzymatic antioxidant mecha-
nisms with a decrease in the formation of lipid and
protein peroxide degradation products (Fig. 4, 5 and
6). Accordingly, no significant changes in the content
of DC in the muscles were detected. A significant in-
crease in the content of NO2- (5 times) was detected
as early as 5 days after M1, which did not decrease
during the entire period of the experiment (Fig. 7).

PRP injection caused activation of SOD and
CA on day 5 after MII, and in the next terms, these
parameters did not differ from the group with MIL
DC level was reduced only on day 5, and TBARS
level did not have significant changes vs the MII
group.

CBMA injection restored activity of GP and in-
creased activity of CA on day 30 vs the MII group,
and did not cause significant changes in the activity
of SOD. We noted a significant decrease in NO,” con-
tent already on day 5 vs MII group (the same situa-
tion in the group with PRP) and did not cause signifi-
cant changes in the remaining studied biochemical
parameters (TBARS, DC, DNPH). The tendency to
a reduction in TBARS and DC content (30 day vs 15
day) testified to restore processes.

Analysis of histological studies showed a
progressive hypotrophy in rabbit SMT after MlI
(Fig. 8). The general trend was the interstitial ede-
ma, the changes of extracellular matrix, a decrease
in the thickness and density of muscle fibers in the
muscle samples. The severity and depth of morpho-
logical changes depended on the temporal conditions
of the experiment. On day 5, ischemic-injured and
necrotized muscle fibers, necrotized cells and cell
debris in extracellular matrix, and an increase in fi-
broblast and macrophage density were detected. On
day 15, these changes progressed, and on day 30,
complete destruction of muscle fibers, accumulation
of coagulated proteins in the interstitial space and
further leukocyte infiltration occurred. The infiltra-
tion of monocytes and macrophages was recorded as
evidence of inflammation, and the fibroblast reaction
was to substitution necrotized muscle fibers by con-
nective tissue. Necrosis of small and medium-sized
blood vessels presented on day 5 after ischemia,
on day 15, there were partially restored and an in-
creased density of newly-formed vessels on day 30
of the experiment. After CBMA injection, the trend
of hypotrophy in SMT was similar, except for the
activation of angiogenesis in subfascial area, and
an increase in the number of myonuclei in muscle
fibers in deep area of SMT detected (sign of muscle
regeneration).
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Fig. 1. SOD activity in rabbit SMT (M £ SEM, n = 5).
*P < 0.05 compared with control group;, *P < 0.05
compared with MII group
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Fig. 3. GP activity in rabbit SMT (M = m, n = 5).
*P < 0.05 compared with control group; *P < 0.05
compared with MII group
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Fig. 5. DC level in rabbit SMT (M + SEM, n = 5).
*P < 0.05 compared with control group; *P < 0.05
compared with MII group

The pathogenesis of ischemia-reperfusion
injury begins during ischemia and continues af-
ter restored blood flow. Acute circulatory hypoxia
causes oxygen deficiency, which leads to inhibition
of electronic transport in the mitochondrial electron

day 5 *

pmol/min/mg of protein

Control Ml MII+PRP MII+CBMA
Groups/day after Mll

Fig. 2. CA activity in rabbit SMT (M + SEM, n = 5).
*P < 0.05 compared with control group, *P < 0.05
compared with MII group
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Fig. 4. TBARS level in rabbit SMT (M = SEM, n = 5).
*P < 0.05 compared with control group; *P < 0.05
compared with MII group
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Fig. 6. DNPH level in rabbit SMT (M + SEM, n = 5).

*P < 0.05 compared with control group, *P < 0.05
compared with MII group

transport chain and significantly limits the formation
of macroergic compounds (ATP, creatine phosphate)
in the cells of damaged tissues (muscle, endothelial,
fibroblasts). This leads to disruption of the Na*/K'-
pump, membrane depolarization and intracellular
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Fig. 7. NO, level in rabbit SMT (M + SEM, n = 5).
*P < 0.05 compared with control group;, *P < 0.05
compared with MII group

Ca?" accumulation [26]. The increase in cytoplasmic
and intramitochondrial concentration of Ca?" ions,
according to modern ideas, is one of the leading
mechanisms of ischemic damage, as it leads to mi-
tochondrial dysfunction and activation of a cascade
of Ca?*-dependent enzymatic systems that cause the
destruction of biological membranes and inflamma-
tion [27]. The severity of IR injury directly depends
on the duration of the ischemia period. In ischemia-
injured muscle, the threshold for stimulation, which
is necessary to achieve the maximum level of con-
traction, is sharply reduced. The muscle contraction
reaches zero level after 90-100 min of the ischemia
and [28]. Acute ischemia leads to changes in the
structure of muscle fibers. As a result, the muscle
is unable to maintain a steady state of contraction
[29]. Restoration of blood flow (reperfusion period)
is characterized by further damage to ischemic tis-
sues. The leading role is played by reactive forms of
oxygen (ROS), formed in the mitochondrial electron
transport chain from accumulated nicotinamide ade-
nine dinucleotide (NADH") during ischemia. Studies
of mitochondrial function have shown two-phase
modulation of electron transfer activity and electron
transport chain protein expression during IR: that
the activity of complexes I, 11, Il and 1V decreased
after ischemia but increased after restoring blood
flow [26]. An important role in the detoxification
of excess ROS is played by enzymes of antioxidant
protection (AOP). The activity of these enzymes di-
rectly affects the degree of damage to the muscle tis-
sue of IR injury and the duration of its recovery.
The changes in the activity of AOP enzymes in
muscle tissue during IR injury and in the first hours
after it are well studied and described in the articles
[29-31]. The subject of our research was to study the
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activity of major AOP enzymes and the content of
lipid and protein peroxide degradation products in
the muscle tissue of the rabbit SMT at more distant
time periods, namely 5, 15 and 30 days after Ml (as
IR injury), and to assess the possible therapeutic ef-
fect of autologous CBMA.

The results of our studies of the activity of the
main AOP enzymes SOD and CA showed a probable
increase in their activity in the IP-injured muscle of
the rabbit SMT on the 15" day of the experiment. At
the same time, the activity of GP, on the contrary,
decreased significantly. It is known that GP is ac-
tivated in the presence of low amounts of peroxide
and lipoperoxides, while at high concentrations of
hydrogen peroxide, the CA is activated [26].

Thus, we contend that the overproduction of
ROS continues in injured muscles in the longer term
after MIIl. However, the analysis of the level of lipid
and protein peroxide degradation products (TBA-ac-
tive compounds, DC and DNPH derivatives) indicate
that ROS is “neutralized” by AOP enzymes [32]. At
the same time, the consistently high content of NO,
(5 times higher than normal) during the whole period
of the experiment attracts attention. It is well known
that NO plays an important role as an endothelial
relaxation factor in the regulation of hemodynamics,
however, its excessive production under reoxygena-
tion conditions can contribute to the formation of
toxic peroxynitrite (ONOQO"), thereby reducing the
bioavailability of NO itself and increasing. Peroxy-
nitrite is further metabolized (oxidized) to nitrite
(NO,), which can be reduced to NO by nitrite reduc-
tases (NiR) [33]. Therefore, the content of NO, is an
integral factor that indicates the direction of changes
in the production of NO in cells. It should be noted
that in our studies, the high content of NO, in the
IR-injured rabbit SMT remained until the end of the
experiment, i.e. for 30 days. This fact may indicate
an inflammatory process and the involvement of the
inducible isoform of NO synthase (iNOS) in the for-
mation of a pool of NO," in muscle tissue after IR
injury. The inflammatory process that develops as
a result of mass cell death by necroptosis, as was
confirmed by histological studies, involves the in-
filtration of leukocytes and macrophages in the in-
flammatory focuses, and NO, that produced by these
cells, can promote the growth of a pool of NO," in
damaged muscle tissue.

Today, the use of PRP and CBMA is becoming
increasingly popular among methods of regenera-
tive medicine. PRP, prepared from autologous whole
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Fig. 8. Rabbit SMT morphology after MII: interstitial edema and muscle fibers atrophy. Note: A —day 5 after
MII; B —day 15 after MII; C —day 30 after MII; 1 — MII; 2 — MII + PRP; 3 — MII + CBMA. Hematoxylin and

eosin stain, original magnification x400

blood, contains a supraphysiological concentration
of platelets, which excrete various growth factors in
tissues (TGFB-1, PDGF, FGF-2 etc.) [14]. PRP pro-
mote muscle healing and can decrease pro-inflam-
matory reaction and cell apoptosis in injured skeletal
muscle [34]. The CBMA include hematopoietic pro-
genitor cells and mesenchymal stem cells, growth
factors and cytokines, which initiate the tissue’s own
mechanisms for regeneration, in particular, cartilage,
bones, tendons [35].

Summarising the data, we suggest that PRP and
CBMA application in this experiment resulted in
modulation of the activity of AOP enzymes in rabbit
SMT after MII. The activity of SOD approached the
control values, while the activity of CA increased
significantly and remained quite high until the end
of the experiment. The reaction of AOP enzymes to
PRP was more pronounced in acute post-injury pe-

riod. The most pronounced effect of PRP and CBMA
was a reduction in NO, level in all experimental pe-
riod, which may indirectly indicate the anti-inflam-
matory effect of autologous treatment and stimula-
tion to recovery. Given the multicomponent nature
of PRP and CBMA, it is difficult to give a definitive
answer about the specific biochemical mechanisms
of its therapeutic and prophylactic action. We can
only speculatively assume the role of the cytokine
system of these injections in reducing the inflam-
matory process in the IR-injured rabbit SMT in the
long term.

Conclusion. The experimental MII of SMT
caused oxidative stress through overproduction of
NO,, reduction of TBA-active products and DNPH
and AOP system response (enhance SOD, and CA
activity on day 15, prolonged decrease GP activity).
Injection of PRP and CBMA to rabbit’s SMT with
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MII contributed to the utilization of NO,  and partial
restoration of enzymatic AOP system.
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Bimomo, mo MexaHiyHa ilIieMisi CIPUYUHIOE
CTPYKTYpPHI W (pyHKIIOHAJIbHI TIOIIKOJKEHHS CKe-
JIETHUX M’S31B. Y I[bOMY JOCHIKEHHI JJI ITOKpa-
IICHHS CTaHy M SI31B MICIIS i1IeMil BUKOpUCTAHO 30a-
rayeny TpombOonurtamu miasmy (3TII) Ta acmipar
KicTkoBOro MO3KY (AKM), siki BBaXKaIOThCS IEPCIICK-
TUBHUMH JUIsI 3aCTOCYBAaHHSI y BiJHOBJIIOBAJIbHIN
MenuuuHi. MexaHiuHoiHyKoBaHy imemito (MII)
CKEJICTHUX M’S3iB KPOJS CIPUYWHIOBAIM HaKa-
JaHHSIM JOKI'yTa Ha 3aJHI0 KiHLIIBKY NPOTATroM 6
TOAMH, IICJsI YOro JUKIYT BHIAJSUIM, yepe3 6 rox
OZTHOPa30BO BBOAMJIM B romisky kposstai 3TII un
AKM Ta mominsuim TBapuH Ha eKCIIEPUMEHTANbHI
rpynu (n = 15): 1 — imemisi+}i3ioN0orivHui pO34HH,
2 —imemis + 3TTI, 3 — imemist + AKM. KoaTponbsaa

36

rpyna — iHTakTHi TBapuHU (1 = 5). 3 eKcliepuMeH-
Ty KpodiiB Bumamsuta Ha 5, 15 1 30 no0y pernepdy3sii
micas imemii. IToka3ano, 1110 11emMis M 1318 TOMIJIKH
CIIpUYMHIOBAJIa TIPOTPECUBHY TimoTpodiro, pyi-
HYBaHHS M’A30BMX BOJIOKOH Ta JIEHKOIIUTapHY
iHpimpTpamito. I'imoTpodiuamii cCTaH CyNPOBOIXKY-
BaBCS aKTHUBAITIEIO KaTaJla3M 1 CyTePOKCHITUCMYTa-
3", TPUBAJIOKO Tinepnponykuiero NO,” Ta 3Ha4HUM
3HM)KEHHSIM aKTHBHOCTI TJIyTaTiOH IEPOKCHIa31
B romoreHarax M’s3iB. ITiciis JOKaJIbHOIO BBEJIECH-
Hs 3TII Ta AKM B imeMi3oBaHU M’3 aKTUBHICTb
KaTajgasd 3ajuilajiach Ha IIIBUIICHOMY piBHI,
npore aktuBHicTh COJ] Habmmxkamach 10 KOH-
TPOJBHOTO PIBHS, @ HAaWBHPA3HIMINM BUSIBHIOCH
sumkenHs piBHsg NO,” Ta BIIHOBJICHHS aKTHBHOCTI
nyrationnepokcuaasu. Ilicns in’ekiii AKM Bu-
SIBJICHO AaKTHBAI[II0 aHTIOreHe3y Ta 301JIbIICHHS
KITBKOCTI sifiep y M’s30BUX (ibpmmax. Opepkai
JlaH1 JT03BOJISIFOTh PO3IMIMPUTH CIIEKTP OI0OXIMIYHUX
MOKA3HHUKIB JUJIS OLIHKK CTAHy M’SI31B IiCJs ieMii
Ta cBijuaTh 1po nosutuBHUM Briue 3TI1 1 AKM Ha
pereHepariito CKeJIeTHIX M sI31B.

KnrwyoBi cmoBa: imewmis, pernepdysis,
CKEJICTHI M’s13H, TIEpOKCHIallisl, 30aradena TpomMoo-
IIUTapHa IJ1a3Ma, aciipar KiCTKOBOT'O MO3KY.
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