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Abstract
Introduction Histological data on the effect of intramuscular administration of branched-chain amino acids 
(BCAA) on muscle recovery are lacking.
The purpose of the work was a histomorphometric assessment of the effect of intramuscular administration 
of BCAA in a dosage for injections on the regeneration of the anterior tibial muscle (ATM) after its closed 
partial crushing in rats.
Materials and methods Compression of the ATM was performed for one minute in 48 male Wistar 
rats. After 24  hours, animals of series 1 received a single injection of saline into the ATM, while animals 
of  series 2 received  BCAA. Euthanasia was performed after 7, 14, 28, and 42 days. In paraffin section 
images, the  volumetric  densities of muscle fibers (MF) (VVm), microvessels (VVmv), and endomysium (VVе) 
were determined; MF diameters were measured, the numerical densities of MF (Nam), microvessels (Namv), 
and  intramuscular nuclei (Nan) were determined, and the vascularization (kv as Namv/Nam) and nucleation 
(kn as Nan/ Nam) coefficients were calculated. Ten intact rats were a control group.
Results After seven days, VVm in both series decreased by 36–37 %; in the rest of the periods, the indicator was 
significantly higher in series 2, but remained below normal in both groups. Within 28 days, the MF diameter 
was higher in series 2. After seven, 14 and 28 days, the indicator exceeded the values of series 1 by 17 % 
(p = 0.026), 11 % (p = 0.012) and 5 % (p = 0.048); after 28 days in series 1 and 2 it was 79 % and 84 % of the norm. 
The  kn  indicator in series 2 was lower than normal only after seven days of experiment, and  in  series 1 
after  seven, 14 and 42 days by 24 % (p = 0.002), 24 % (p = 0.004) and 10 % (p = 0.034), that indicates less 
active myogenesis. The kv indicator after 14 and 28 days was higher in series 2 by 10 % (p = 0.045) and 32 % 
(p = 0.014). On the 42nd day in series 2, the MF diameter decreased against the increase in their Nam and was 
47 % lower than the norm (p = 0.0006) and 30 % lower than in series 1 (p = 0.0023).
Discussion The findings obtained suggest that a BCAA injection has a positive effect on the MF regeneration 
and microvessels, and was more active than in series 1.
Conclusion A single BCAA injection has a myogenic stimulating effect. Further studies on side effects 
and long-term outcomes are needed.
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For citation: Varsegova TN, Stogov MV, Kononovich NA. Effect of a preparation of branched-chain amino acids 
on  the  regeneration of the anterior tibial muscle after compression injury. Genij Ortopedii. 2026;32(4):459-469. 
doi: 10.18019/1028-4427-2026-32-4-459-469.



460Genij ortopedii. 2026;32(4)

Сlinical studies

INTRODUCTION

Treatment of musculoskeletal injuries remains a complex medical problem [1–3]. Skeletal 
muscle injuries account for approximately 30 % [4], and modern treatment methods in most 
cases are aimed at relieving pain and inflammation using nonsteroidal anti-inflammatory drugs, 
immobilization, and external physical stimulation [5, 6]. Severe injuries result in rhabdomyolysis 
(destruction of  skeletal muscles), characterized by damage to muscle cells with the release 
of  myoglobin and  sarcoplasmic proteins into the extracellular fluid [7, 8]. The most common 
causes of rhabdomyolysis include compression injuries [9], in which ischemic necrosis is observed 
in skeletal muscle tissue, followed by  the  development of granulation tissue and the formation 
of muscle‑connective tissue regenerate [10]. Despite the ability of skeletal muscles to regenerate 
thanks to the stem cell population [11, 12], the available reserve of myosatellite cells in such severe 
injuries usually does not ensure complete histo- and organotypic regeneration  [13, 14], which 
leads to the loss of contractile tissue, its replacement with adipose and fibrous scar tissue, causing 
a  long‑term deficit in muscle structure and strength [5]. Thus, proper regeneration of skeletal 
muscles plays a key role in the restoration of their function after injury [15].

The available treatment methods remain insufficiently effective [16], which determines 
the demand for fundamental research on the development of new methods for inducing reparative 
rhabdomyogenesis and reducing fibrosis in clinical practice [5, 13, 14]. Numerous recent studies have 
focused on the investigation of the molecular mechanisms underlying muscle regeneration  [17], 
on the search for activators of myogenesis of muscle progenitor cells and angiogenesis of endothelial 
cells [18, 19]. It is known that essential branched chain amino acids (BCAA), leucine, isoleucine 
and  valine, posess such properties. They are potent regulators of protein synthesis in  healthy 
skeletal muscles and in muscle atrophy; and leucine is used as a "pharmaceutical nutrient" to prevent 
atrophy and  restore muscle in the elderly [20]. As dietary supplements, BCAAs have found wide 
application in  repairing muscle damage and alleviating exercise-induced delayed-onset muscle 
soreness [21]. Intraperitoneal administration of leucine to mice has shown to reduce muscle atrophy 
and promote muscle mass maintenance during sepsis [22]. Orthopedic surgery and associated events 
(immobilization or  prolonged muscle inactivity) result in significant muscle loss and  long‑term 
functional decline  [23, 24]. Oral BCAA supplementation in such patients has improved muscle 
quality and mass compared to placebo [25, 26]. There is some positive experience with perioperative 
intravenous amino acid administration to patients undergoing elective total hip arthroplasty 
to compensate for surgically induced skeletal muscle protein loss [27, 28]. Data on preclinical studies 
of the effectiveness of intramuscular administration of BCAA in the area of damage are rare [29], 
and histological data on its effect on muscle regeneration are absent in the relevant literature, which 
determined the purpose of this work.

The purpose of the work was a histomorphometric assessment of the effect of intramuscular 
administration of BCAA in a dosage for injections on the regeneration of the anterior tibial muscle 
(ATM) after its closed partial crushing in rats.

MATERIALS AND METHODS

Study design

The study is interventional (experimental), single-center, prospective, selective, controlled, 
randomized.

Description of the experiment

Closed partial crushing of the anterior tibial muscle (ATM) using surgical forceps was performed 
on 48 Wistar rats (male, eight months old, weighing 462 (454; 477) g). The animals were divided 
into two groups: animals in series 1 (n = 24) received a single injection of saline into the ATM, while 
animals in series 2 (n = 24) were injected a preparation of branched chain amino acids.
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To standardize the experimental model, the forceps were positioned perpendicular to the longitudinal 
axis of the tibia so that their jaws, when closed, exerted pressure on the tissue in the middle 
ATM belly. The forceps rings were directed cranially, and the clamp-lock was snapped into place 
in the same position for one minute in all cases. The experimental model is fully reproducible [30].

The procedure was performed in the operating room under general anesthesia using Rometar 2 % 
(Bioveta, Czech Republic) and Zoletil 100 (Virbac Sante Animale, France). After 24 hours, the animals 
in series 1 were injected with 0.02 ml of saline into the injured muscle area, while animals in series 2 
were injected with 0.02 ml of solution of amino acids in saline (L-valine: L-isoleucine: L-leucine 
in equal weight ratios, 0.04 g of each amino acid in 10 ml of saline). In both series, injections were 
single.

The rats were then kept in cages, two in each cage, and were withdrawn from the experiment 7, 14, 
28 and 42 days after the injury (n = 6 in each series at all time-points of the experiment).

Methods: ATM fragments, excised from the area of compression injury, were fixed in 10 % neutral 
formalin and embedded in paraffin. Transverse paraffin sections (5 μm thick) were prepared 
on a Thermo Scientific HM 450 microtome (USA) and stained with Masson's three-color method, 
hematoxylin, and eosin. After aldehyde-osmium fixation, a portion of the material was embedded 
in  Araldite. Semithin sections (1 μm) were prepared on a Nova LKB ultramicrotome (Sweden) 
and stained with methylene blue, azure II, and basic fuchsin.

Full-color digital images were obtained using an AxioScope.A1 microscope and an AxioCam digital 
camera (Carl Zeiss MicroImaging GmbH, Germany). Using the electronic version of  the  original 
equidistant point test grid [31] in PhotoFiltre 7.0 software, stereological parameters were 
calculated on the 14th, 28th, and 42nd days after injury: volumetric densities of muscle fibers (VVm), 
microvessels(VVmv) and endomesium (VVе). The VideoTesT Master-Morphology 4.0 software (Russia) 
was used to measure the average diameter of muscle fibers (up to 400 for each animal), determined 
the numerical density of muscle fibers (Nam), microvessels (VVmv), and intramuscular nuclei (Nam) 
per 1 mm2 of area, and calculated the vascularization coefficients (kv as Namv / Nam) and nucleation 
coefficients (kn as Nan / Nam). The proportion (%) of reactive-destructive altered myelinated nerve 
fibers in the total sample volume of intramuscular nerve trunks was determined. Ten intact male 
rats, 8–9 months old, were a control group.

During the experiment, the rats' motor activity was assessed in the open field test. At one and the same 
time (11:00 AM), the animals were placed in a circular arena 120 cm in diameter, the floor of which 
was marked with 12-cm squares. After the animals adapted (one minute after placement), video 
recording was performed for one minute, recording the total number of square crossings.

Ethical statement

The study was approved by the institutional ethics committee (protocol dated November 29, 
2024 No. 1(76)), conducted in compliance with the requirements of the European Convention 
for  the  Protection of Vertebrate Animals Used for Experiments and Other Scientific Purposes 
and  Directive 2010/63/EU of the European Parliament and the Council of the European Union 
of September 22, 2010 on the protection of animals used for scientific purposes.

Statistical analysis

The sample size was calculated based on the minimum number necessary to obtain reliable results. 
Statistical data processing was performed using the AtteStat version 9.3.1 software program (developed 
by I.P. Gaidyshev, Rospatent registration certificate No. 2002611109, Russia). The Kolmogorov test 
was used to check the normality of the sample distribution. The Mann – Whitney test was used 
for pairwise comparisons of animal groups. Differences were considered significant at p < 0.05.
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RESULTS

The motor activity indices according to the open field test in the rats of series 1 by the end 
of the observation period (day 42) were significantly lower than the initial values and amounted 
to 13.0  (12.0–14.0) square intersections versus the initial 19.5 (16.8–24.3), p = 0.007. In series 2, 
on  the 28th day after the injury, statistically significant differences with the initial indices were 
absent: 15.5 (12.3–18.0) square intersections versus the initial 18.5 (15.8–26.0), p > 0.05.

Seven days after the injury, a similar morphological picture was revealed in the ATM of both 
series: destructively altered muscle fibers (MF), regenerating MF and areas of granulation tissue 
were found in  the  surface layer and the area of adjacent muscle to the tibia. In cross sections, 
disorganization of part of the fascicles, swelling of the endomysium, its hypervascularization, and 
increased cellularity with a predominance of fibroblasts, fibrocytes and macrophages are visible. 
MFs had a smaller diameter and rounded contours (Fig. 1 a, b). Intramuscular nuclei were located 
both on  the  periphery, solely, sometimes in chains or conglomerates, and in the central part 
of the fibers; some of the regenerating fibers were at the myotube stage (Fig. 1 c). After seven days 
of  the  experiment, myelinated nerve fibers of intramuscular nerve trunks changed destructively 
in  both series (Fig. 1 e). In longitudinal sections at this stage of the experiment, MFs without 
transverse striations were found, there were areas with wavy, crimped MFs of uneven thickness, 
some of them with impaired integrity and areas of necrobiosis, thin regenerating MFs with chains 
or agglomerated nuclei, fibers in the myotube stage (Fig. 1 d) and rare MFs expanded at the ends 
with clusters intramuscular nuclei ("muscle buds") (Fig. 1 f).

Fig. 1 Anterior tibial muscles of rats after seven days (a — series 1; b–e — series 2) and 14 days (f — series 2) after 
compression injury. Transverse paraffin sections, stained with hematoxylin and eosin (c, d, f) and Masson's three-
color method (a, b), magnification 400×. Transverse semithin section (e), stained with methylene blue, azure II, and 
basic fuchsin, magnification 1000×

After 14 and 21 days of the experiment, regenerative processes predominated in the superficial 
and  deep zones of both series. The MFs were predominantly rounded in shape with peripheral 
or central nuclei (Fig. 2 a, b); myotubes continued to be present, and in longitudinal sections, 
corrugated fibers were observed, club-shaped at the ends of the MFs with clusters of nuclei ("muscle 
buds") (Fig. 1 e). The interstitial spaces remained dilated with an increased content of fibroblasts 
and fibrocytes.
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Fig. 2 Anterior tibial muscles of rats after 21 days (a — series 1; b, c — series 2) and on the 42nd day (d — series 1; e, 
f — series 2) after compression injury. Transverse paraffin sections, stained with hematoxylin and eosin (a, b, d, e), 
magnification 400×. Transverse semi-thin sections (c, f), stained with methylene blue, azure II and basic fuchsin, 
magnification 1000× (c), 400× (f)

On the 42nd day after injury, the MFs were polymorphic in the superficial and deep zones; there were 
small regenerating fibers with rounded contours, and some of the MFs acquired a polygonal shape. 
The nuclei occupied both peripheral and central locations, interstitial spaces remained expanded 
(Fig. 2 d, e) in both series.

In the intramuscular nerve trunks, after 14 days, destructively altered nerve fibers predominated, 
and after 21 days and at the end of the experiment, nerve fibers of normal structure predominated 
(Fig. 2 c, f).

In the layer of the anterior tibial muscle between the superficial and deep zones, the fascicular 
structure was preserved in both series at all stages of the experiment, but the endomysial layers 
were thickened. Some of the MFs had a normal structure and a polygonal shape, while others had 
rounded or deflated contours shifted to the center of the nucleus, uneven staining, and vacuolization. 
Dystrophic changes became less pronounced toward the end of the experiment.

Histomorphometric study of the size and numerical characteristics of the MFs showed that after 
seven days in series 1 and 2 their median diameter was reduced (Fig. 3 a) by 50 % (p = 0.0001) and 39 % 
(p = 0.003), and their numerical densities exceeded the norm by 2.8 (p = 0.00002) and 1.7 (p = 0.0005) 
times, respectively (Fig. 3 b). After 14 days of the experiment, the MF diameter in series 1 and 2 
increased relative to the previous period and amounted to 59 % (p = 0.001) and 67 % (p = 0.0013) 
of the norm, respectively (Fig. 3 a). The numerical density of MFs in series 2 increased, and in both 
series it exceeded the norm (p = 0.0002) by 2.6 times (Fig. 3 b).

A stereological study showed that in series 1 and 2, VVm was reduced (p < 0.001) relative 
to the parameters of the intact muscle by 37.6 % and 36.5 %; VVе was increased by 34.7 % and 34.2 %; 
VVmv was increased by 2.5 and 2.2 times, respectively (Table 1). Comparison of series 1 and 2 did not 
reveal significant differences in these parameters.
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Fig. 3 Diagram of changes in the diameter (μm) of muscle fibers (a) and the numerical density (in 1 
mm2 of  section area) of muscle fibers (b) of the anterior tibial muscles of series 1 and 2 at the stages 
of the experiment (Me (Q1; Q3))

After 28 days, the diameter of the MFs in series 1 and 2 increased and was 79 % (p = 0.007) and 84 % 
(p = 0.004) of the norm (Fig. 3 a), and the numerical density of MFs decreased relative to the previous 
period, but exceeded the norm by 2.5 (p < 0.001) and 1.8 (p = 0.006) times, respectively (Fig. 3 b).

Stereological analysis showed that VVm increased in series 1 and 2 by 6.8 % and 11.3 %, but remained 
low (p < 0.001), and VVе and VVm remained elevated (p < 0.001) relative to intact values (Table 1). 
A comparison of the experimental series showed that in series 2 VVm was 5.6 % higher, and VVе was 
5.5 % lower (p < 0.001) than the values of series 1 (Table 1), but there were no significant differences 
in VVmv (Table 1).

At the end of the experiment (42nd day), the diameter of the MFs in series 1 was not restored and was 
75  % (p = 0.0005) of the norm (Fig. 3 a), and the numerical density of Mfs was increased (p = 0.006) 
by 1.8 times (Fig. 3 b). In series 2, the numerical density of MFs increased, and the diameter decreased 
relative to the previous period, amounting to 53 % (p = 0.0006) of the norm (Fig. 3 a, b). The ratio 
of  the  proportions of tissue components in both experimental series did not restore to  normal 
values: VVm remained reduced (p < 0.001), but in series 2, as after 28 days, the value of VVm was higher 
than in series 1 by 5.7 % (p < 0.001), and VVе was lower (p < 0.001) by 5.6 % (Table 1). There were 
no significant differences in the VVmv parameter between series 1 and 2.

Table 1
Volumetric densities of tissue components (%) of the intact anterior tibial muscle in experimental series 

ones at the stages of the experiment (M ± σ)

Term Series
Volumetric density 

Muscle fibers Microvessels Endomysium 

14 days
Series 1 54.9 ± 3.2; 

pn = 4·10–8*; p1–2 = 0.184
5.0 ± 1.4; 

pn = 9·10–7*; p1–2 = 0.069
40.2 ± 3.4; 

pn = 4·10–8*; p1–2 = 0.273
Series 2 56.0 ± 13.1; pn = 4·10–8* 4.4 ± 0.8; pn = 1·10–7* 39.7 ± 12.9; pn = 4·10–8*

28 days
Series 1 61.7 ± 6.4; 

pn = 4·10–8*; p1–2 = 0.001*
4.8 ± 1.3; 

pn = 4·10–7*; p1–2 = 0.882
33.5 ± 6.7; 

pn = 4·10–8*; p1–2 = 0.002*
Series 2 67.3 ± 5.3; pn = 4·10–8* 4.8 ± 0.9; pn = 9·10–8* 28.0 ± 5.4; pn = 4·10–8*

42 days
Series 1 60.4 ± 5.0; 

pn = 4·10–8*; p1–2 = 0.002*
4.4 ± 0.7; 

pn = 8·10–8*; p1–2 = 0.694
35.3 ± 4.8; 

pn = 4·10–8*; p1–2 = 0.001*
Series 2 66.1 ± 4.6; pn = 4·10–8* 4.3 ± 0.7; pn = 4·10–8* 29.7 ± 4.6; pn = 4·10–8*

Intact muscle 92.5 ± 1.6 2.0 ± 0.7 5.5 ± 1.4
* — differences between the experimental series and the norm (pn), series 1 and 2 (p1–2) were considered statistically 
significant according to the Mann – Whitney test at р < 0.05

The analysis of the distribution of MFs by diameters showed that in both series at all stages 
of the experiment the histograms retained a unimodal character, but their bases shifted to the left 
relative to the norm (Fig. 4). After seven days in series 1 (Fig. 4 a), the proportion of small regenerating 
and atrophied muscle fibers D < 30 μm was 84 % (normally — single, 1 %), by the 42nd day it decreased 
to 44 %, and large fibers D > 50 at all stages (Fig. 4) account for 1–2 % (normally — 62 %). In Series 2, 
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after seven days (Fig. 4 a), the proportion of small fibers D < 30 μm is 60 %, decreases after 28 days 
to 29 %, but increases again by the 42nd day of the experiment to 67 %, and large muscle fibers D > 50 
at all stages account for 3-5 % (Fig. 4). At the end of the experiment in series 2, the mode shifts 
to the left (Fig. 4 d) into the range of smaller values of 11–20 μm (series 1, 31–40 μm).

Fig. 4 Histograms of the distribution of muscle fibers of the anterior tibial muscle by diameter in rats of the intact 
group, series 1 and series 2 after seven (a), 14 (b), 28 (c) and 42 (d) days of the experiment. The X-axis is the fiber 
diameters (µm), the Y-axis is the percentage of fibers in the sample

The Namv and Nan parameters of 1 mm2 exceed the norm in both series at all periods 
of  the experiment  (Table 2), but this kv in Series 1 remains reduced after seven, 14, and 28 days 
by 1.6, 1.6 and  1.3  times, respectively, and exceeds the norm by 1.3 times only on the 42nd day 
(Table 2). In series 2, after 7 and 14 days kv was reduced by 1.6 and 1.4 times, after 28 it exceeded 
the norm by 1.1 times, but on day 42 it was reduced by 1.9 times (Table 2). It should be noted that 
after seven days there were no significant differences in this parameter between the series; after 14 
and 28 days, the vascularization coefficient was significantly increased in series 2, but by the end 
of the experiment its value becomes 2.3 times lower than in series 1 (Table 2).

The nucleation coefficient in Series 1 was reduced by 1.3 times within 14 days, increased by 28 days 
and exceeded the norm by 1.2 times, and decreased by 1.1 times on the 42nd day (Table 2). In Series 2, 
this indicator was reduced by 1.2 times only after seven days of the experiment, after 14 days it 
exceeded the norm by 1.1 times, and at the remaining time points it had normal values (Table 2). 
The nucleation coefficient in Series 2 exceeded the values of Series 1 after 14 days by 1.4 times, 
and became lower by 1.3 times on the 28th day; at the end of the experiment, there were no reliable 
differences between the series (Table 2).
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Table 2
Quantitative indices of vascularization and nucleation of the intact anterior tibial muscle 

and the experimental one at the stages of the experiment: Me (Q1; Q3)

Term Series Namv Nan kv kn

7 days Series 1
1315 (981; 1526)  

pn = 0.0001*  
p = 0.02*

1370 (877; 1755)  
pn = 0.0015*  
p = 0.002*

1.11 (0.89; 1.19)  
pn = 0.0031*  

p = 0.09

1.18 (0.87; 1.38)  
pn = 0.002*  
p = 0.049

7 days Series 2 1041 (658; 1315)  
pn = 0.002*

877 (658; 1863)  
pn = 0.004*

1.12 (0.91; 1.73)  
pn = 0.003*

1.29 (1.00; 1.62)  
pn = 0.0035*

14 days Series 1
1261 (987; 1535)  

pn = 0.0002*  
p = 0.04*

1370 (1206; 1754)  
pn = 0.00002*  

p = 0.032*

1.08 (0.89; 1.29)  
pn = 0.002*  
p = 0.045*

1.18 (1.00; 1.33)  
pn = 0.004*  
p = 0.033*

14 days Series 2 1480 (1315; 1644)  
pn = 0 .00002*

1863 (1644; 2083)  
pn = 0.00033*

1.20 (0.83; 1.70)  
pn = 0.0026*

1.63 (1.31; 1.88)  
pn = 0.052

28 days Series 1
1425 (987; 2192)  

pn = 0.0013*  
p = 0.056

1809 (1315; 2631)  
pn = 0.00005*  

р = 0.029*

1.31 (1.00; 1.60)  
pn = 0.020*  
р = 0.014*

1.88 (1.36; 2.20)  
pn = 0.036*  
р = 0.03*

28 days Series 2 1535 (1096; 1644)  
pn = 0.0002*

1096 (877; 1315)  
pn = 0.003*

1.93 (1.25; 2.14)  
pn = 0.03*

1.50 (1.29; 1.55)  
pn = 0.131

42 days Series 1
1754 (1206; 1836)  

pn = 0.008*  
p = 0.028*

1096 (767; 1206)  
pn = 0.010*  
p = 0.003*

2.20 (1.43; 2.60)  
pn = 0.01*  
p = 0.006*

1.41 (1.00; 1.70)  
pn = 0.034*  
p = 0.044*

42 days Series 2 987 (767; 1535)  
pn = 0.04*

1762 (1425; 2521)  
pn = 0.005*

0.94 (0.64; 1.31)  
pn = 0.008*

1.53 (0.94; 2.60)  
pn = 0.371

Intact group 767 (658; 1096) 655 (532; 877) 1.75 (1.33; 2.33) 1.56 (1.20; 2.00)

Note: Namv is the numerical density of muscle fibers; Namv is the numerical density of microvessels; Nan is the numerical 
density of intramuscular nuclei (Nan ) in 1 mm2 of cross-sectional area; kv is the vascularization coefficient (Namv / Nam), 
kn is the nucleation coefficient (Namv / Nam). * — differences between the experimental series and the norm (pn), series 1 
and 2 (p) were considered statistically significant according to the Mann – Whitney test at p < 0.05.

Morphometric study of intramuscular nerve trunks showed that after seven days of the experiment 
the proportion (%) of destructively altered myelinated nerve fibers in series 1 and 2 was (91.8 ± 4.5) % 
and  (94.4 ± 6.1) %, after 14 days — (88.2 ± 5.3) % and (80.0 ± 7.2) %, after 21 days — (27.3 ± 2.8) % 
and (33.4 ± 6.4) %, and at the end of the experiment (42nd day) — (8.9 ± 3.1) % and (9.5 ± 2.2) %, respectively.

DISCUSSION

Our study assessed the effects of a single intramuscular injection of a BCAA preparation developed 
by the authors in an injectable dosage into the closed partial crush ATM zone in rats on regenerative 
processes. Previously, a single administration at the studied concentration demonstrated its safety 
in rats, and lower serum creatine phosphokinase activity (a marker of muscle damage) was observed 
in animals injected with this preparation compared to controls [29].

It is known that the compression injury of skeletal muscles due to mechanical pressure and ischemia-
reperfusion injures not only muscle fibers but also blood vessels and nerves [30, 32], extensive 
degradation of which is observed during the degenerative and inflammatory phases [33, 34]. Activation 
of myogenesis of muscle progenitor cells and angiogenesis of endothelial cells is crucial for muscle 
regeneration after injury [35]. There is evidence that essential branched chai amino acids (leucine, 
isoleucine and valine (BCAA)) are activators of reparative rhabdomyogenesis and angiogenesis [20].

Our stereological study of changes in the ratio of ATM tissue components in rats regenerating 
after compression injury revealed an equivalent decrease in the proportion of muscle fibers  
(by 36–37 %) and an increase in the proportion of endomysium in both series after seven days. At other 
time-points, the volume fraction of muscle fibers was significantly higher in the series with BCAA 
injection, but at the end of the experiment remained below normal in both groups. The obtained 
data are consistent with the results of stereological studies by Shchudlo  et al.  [30], who, using 
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the same experimental model of closed partial crushing of the rat ATM, but with a shorter duration 
of compression (20 s), did not reveal a complete restoration of the volume fraction of muscle fibers 
even 90 days after the injury.

To assess the effectiveness of muscle regeneration after traumatic and denervation injuries, 
the  indicator "average or median diameter of muscle fibers" is most often used [30, 36–38]. 
Our  quantitative analysis of the population of muscle fibers regenerating after closed partial 
crushing showed that during 28 experimental days their median diameter was significantly higher 
in the series with the BCAA injection. Moreover, in that series, the nucleation index (the number 
of  nuclei in  the  cross-sectional profile of one muscle fiber) was significantly reduced relative 
to the norm only after seven days of the experiment, and in the series without the injection after 
seven, 14 and 42 days. Lower values of this indicator in the series with natural regeneration may 
indicate less active myogenesis, since, according to the literature, it is the activation of myosatellite 
cells that is one of the main factors determining the ability of skeletal muscle to regenerate [39]. 
At the end of the experiment (day 42), the diameter of muscle fibers in both series did not reach 
normal  values and even decreased, but was significant only in the series with BCAA injection, 
in which the proportion of small fibers with a diameter of 10–30 µm increases simultaneously with 
an increase in the numerical density and higher values of the volumetric density of muscle fibers 
than in series 1. Such dynamics may be associated with persistent atrophy of some muscle fibers, 
a hyperplastic regenerative response in the form of myon splitting and their dystrophic changes [30], 
associated with impaired blood supply and innervation. Thus, in our study, within 28 days, the muscle 
fiber vascularization index (the number of vessels supplying one muscle fiber) was significantly 
higher in the series with BCAA, but by the 42nd day after the injury it was lower than the values 
of series 1 and the norm. It is known that the rate of muscle regeneration and the completeness 
of muscle tissue restoration directly depend on angiogenesis and restoration of the microvascular 
network [40]. Dense vasculature may be more important for rapid repair of muscle damage than 
abundance of satellite cells, and lower capillary density may impair regeneration [41].

Our study showed that the innervation of the skeletal ATM in the projection of the compression 
groove was impaired in both series to the same extent due to the destruction of the myelinated nerve 
fibers of the intramuscular nerve trunks and was not restored by the end of the experiment, which is 
also one of the causes of muscle fiber atrophy [42], which persisted until the end of the experiment. 
Denervated skeletal muscles lose their contractile function, which leads to decreased blood perfusion 
and a state of muscle hypoxia, excessive production of reactive oxygen species, and muscle fiber 
damage due to oxidative stress [43].

Thus, the results of our morphological, stereological, and morphometric studies of the ATM after 
compression injury suggest that a single BCAA injection has a positive effect on muscle fiber 
and microvascular regeneration. It is more effective than spontaneous regeneration.

Further research is needed on the effect of injectable BCAA on muscle regeneration, with adjustments 
to  dosage, schedule, number of injections, study of adaptive responses, potential side effects, 
and long-term results to confirm its effectiveness.

CONCLUSION

A single BCAA intramuscular injection of the original preparation based on branched chain amino 
acids (BCAA) in the medical injection dosage into the area of a partial crush injury of the anterior 
tibial muscle has a myogenic stimulating effect.
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