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Abstract

Functional biomechanical parameters of muscle soleus contraction in rats as well as selected blood biochemical parameters
were studied during the first 3 days of post-traumatic syndrome progression caused by the destruction of muscle cells by
compression. Single administration of the antioxidant C, fullerene and the selective agonist of TRPMS8 channels menthol
were used as therapeutic agents. Injection of Cg, fullerene at a concentration of 1 mg/kg into the damaged muscle improved
its contractile function by 25-28%. The use of combined injections of C, fullerene and menthol (at the concentration 1 mg/
kg) improved this index by additional 27-39% and simultaneously stabilized the decrease in muscle strength observed
throughout the experiment. A tendency towards a decrease in the indexes of the above described biochemical parameters
by 10-15% were found with the therapeutic administration of Cg, fullerene. With combined injections of Cg fullerene and
menthol, the above described biochemical parameters decreased by an additional 17-24%. The synergism between the action
of menthol and Cg, fullerene on the post-traumatic recovery of skeletal muscle function opens up new perspectives for the
clinical application of this combination therapy.

Keywords Rat muscle soleus - Muscle injury - Cg, fullerene - Menthol - TRPMS channel - Biomechanical and biochemical
parameters

Abbreviations GSH Reduced glutathione
Ceo Cy fullerenes LA Lactate
CyoFAS Cy fullerene aqueous solution LDH Lactate dehydrogenase
CAT Catalase ROS Reactive oxygen species
CS Crush syndrome TBARS Thiobarbituric acid reactive substances
CPK Creatine phosphokinase TRP channels Transient Receptor Potential channels
H,0, Hydrogen peroxide
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Introduction

Despite the high medical and social significance of skel-
etal muscle injuries, there are quite a few clinical options
for their treatment. Timely therapy, especially at the early
stages of such pathology, can optimize the regeneration
and healing of the damaged skeletal muscles and help
prevent the risk of some serious post-traumatic complica-
tions while accelerating full muscle recovery. The reaction
of the skeletal muscle tissue to the action of the harmful
factor(s) has a distinct phase character and is manifested
by alteration (stage of inflammation), exudation (release
of fluid and blood cells from blood vessels into tissues
and organs) and proliferation (recovery phase). In parallel
with muscle tissue disorders there is a complex of vascu-
lar changes in the form of short-term spasm, arterial and
venous hyperaemia. The occurrence of an inflammatory
reaction is a consequence of the appearance of a large
number of free radical agents in damaged tissues, which
trigger a cascade of pathological processes resulting pri-
marily in altered integrity of cell membranes. It is well
established that free radicals, particularly superoxide and
hydroxyl radicals, are the main factors in the process of
muscle tissue damage. Thus, they initiate lipid peroxida-
tion, cause direct inhibition of mitochondrial enzymes of
the respiratory chain and ATPase activity, inactivation of
glyceraldehyde-3-phosphate dehydrogenase and mem-
brane sodium channels (Cuzzocrea et al. 2001). Biocom-
patible and bioavailable carbon nanoparticles Cg, fuller-
enes (Cq,) (Halenova et al. 2020; Prylutska et al. 2007) can
act as powerful scavengers of free radicals (Eswaran et al.
2018; Gonchar et al. 2018) induced by ischemia-reperfu-
sion injury (Amani et al. 2017; Matvienko et al. 2017).
However, our earlier studies (Nozdrenko et al. 2017) were
related to relatively mild muscle pathologies. Muscle
injury with rupture of muscle tissue is a severe pathology
complicated by pronounced pain symptoms. Therefore,
the use of Cg, therapy, in our opinion, is not a sufficiently
comprehensive approach for an adequate model of the
forthcoming study.

The ability to perceive temperature stimuli provides a
basis for the formation of adaptive responses aimed at the
active elimination of the pathological process. In recent
decades, several members of the superfamily of Transient
Receptor Potential (TRP) channels have been identified as
specific thermoreceptors. Accumulating evidence indicates
their potential participation in a number of physiological
processes that contribute to the alleviation of pathological
conditions (Nilius et al. 2007; Zholos et al. 2011). Thus, it
has been established that menthol increases muscle endur-
ance during exercise, reducing levels of lactic acid and
triglycerides in the blood by activating TRPMS8 channels,
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and thus improving energy metabolism of skeletal mus-
cles (Chen 2018 et al.). Long-term studies have shown
that therapeutic use of a menthol-containing drug signifi-
cantly reduces time for return to sports activity in athletes
with injuries of varying severity (Isbary et al. 1983). Posi-
tive effect of menthol on the rate of the strength recovery
of muscles contraction of the athlete’s lower body after
physical exertion was established (Gillis et al. 2020). In
the context of muscle trauma, it is especially relevant
that TRPMS agonist can normalize blood circulation by
exerting dual effect on vascular tone — vasorelaxation of
constricted blood vessels and vasoconstriction of blood
vessels at rest (Johnson et al. 2009).

Based on these observations, the aim of this work was
to investigate the possibility of a synergistic effect of the
therapeutic action of Cy as an antioxidant and menthol as an
activator of TRPMS channels, on post-traumatic restoration
of the functioning of the muscle soleus in rats.

Materials and methods

To obtain the Cg, fullerene aqueous solution (C¢ FAS)
we used a method based on the transfer of these carbon
nanostructures from toluene to water, followed by sonica-
tion (Ritter et al. 2015; Scharff et al. 2004). The obtained
C4oFAS is a typical colloid solution that contains both sin-
gle Cg (~0.72 nm) and their nanoaggregates with a size of
1.2-100 nm (Prilutski et al. 1998). C,,FAS was stable at
4 °C for 18 months.

50 male Wistar rats aged 3 months weighing 170+5 g
were used in the experiments. The study protocol was
approved by the Bioethics Commission of ESC “Institute of
Biology and Medicine”, Taras Shevchenko National Univer-
sity of Kyiv in accordance with the European Convention for
the Protection of Vertebrates animals used for experimen-
tal and other scientific purposes” and norms of biomedical
ethics in accordance with the Law of Ukraine Ne3446—IV
21.02.2006, Kyiv, “On protection of animals from cruel
treatment” during medical and biological research.

The animals were anaesthetized by intraperitoneal admin-
istration of nembutal (40 mg/kg). Muscle injury was induced
by squeezing the muscle for 1 min with a clamp at a pressure
of 3.5 kg per cm® (Souza et al. 2013). The applied crush syn-
drome (CS) led to the systemic manifestation of pathological
changes due to destruction of muscle cells, particularly, the
release of muscle cell components (creatine kinase, lactic
acid, myoglobin) into the extracellular environment, which
served as a marker of muscle injury.

Preparation of the experiment included cannulation (a.
carotis communis sinistra) for the pharmacological drugs
administration and measurement of blood pressure, tracheot-
omy and laminectomy at the level of the lumbar spinal cord.
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The rat muscle soleus was separated from the surrounding
tissues. In the distal part, its tendon part was cut transversely.
For modulated stimulation of efferents in segments L7-S1,
the ventral roots were cut at the points of their exit from
the spinal cord. Stimulation of efferents was performed by
electrical pulses lasting 2 ms, generated by a pulse generator
through platinum electrodes. Control of the external load
on the muscle was performed using a system of mechanical
stimulators. Perturbation of the load was carried out by a
linear electromagnetic motor (Nozdrenko et al. 2018).

To induce muscle contraction, a three-component stimu-
lation signal with a frequency of 1 Hz was used, each lasting
10 min with a relaxation period between pools of 100 s. The
strength of the current at which the muscle began to contract
was considered as threshold, further stimulation was per-
formed at strength of 1.3—1.4 threshold.

C¢FAS and menthol were administered sequentially
intramuscularly at a concentration of 1 mg/kg body weight
immediately after initiation of muscle injury. It is important
to note, that accordingly our previous study, the maximum
tolerated dose of C¢ FAS is 721 mg/kg for i.p. administra-
tion to mice (Prylutska et al. 2019).

To record the force of skeletal muscle contraction, we
used a custom made strain gauge, which included force and
length sensors, a synchronous pulse generator and a thermal
control system (Nozdrenko et al. 2017).

Integrated muscle power, which is an indicator of the gen-
eral performance of the muscle during the application of
stimulation pools, was calculated as the area under the force
curve. The analysis of this parameter made it possible to
assess the mechanisms of the formation of muscular activity
at the equilibrium state in the “force—external load” system,
which is a physiological analogue of the performance of the
muscular system as a whole. Mechanograms were analyzed
on days 1, 2, and 3 after muscle injury.

The development of muscle contractile activity was
assessed by the method of calculating time intervals during
which 50% and 25% of the initial levels of force responses
were reached during muscle stimulation.

The level of biochemical changes in the blood of experi-
mental animals (creatinine, creatine phosphokinase (CPK),
lactate (LA), lactate dehydrogenase (LDH), thiobarbitu-
ric acid reactive substances (TBARS), hydrogen peroxide
(H,0,), reduced glutathione (GSH) and catalase (CAT)),
as markers of muscle injury, was determined using clinical
diagnostic equipment—a haemoanalyzer (Nozdrenko et al.
2017).

Statistical analysis
Statistical assessment of the results was performed by meth-

ods of variation statistics using OriginPro 2020 (v. 9.7)
(OriginLab, Northampton, MA, USA). At least six replicates

were performed for each measurement. Data are expressed
as the means + SEM for each group. The differences among
experimental groups were detected by one-way ANOVA fol-
lowed by Bonferroni’s multiple comparison test. Differences
at p <0.05 were considered significant.

Results and discussion
Biomechanics of injured muscle contractions

Applied crush syndrome (CS), as a factor of muscle injury,
caused a significant decrease in the force response of the
muscle with progressive temporal symptoms (Fig. 1). Thus,
force responses to a stimulus showed sharp decrease in force
activity of the muscle already in the first seconds of stimu-
lation with progressive decrease in the maximum force to
21+ 1% of initial values on the first pool of stimulation,
17+1% and 9 + 1% during the second and third pools,
respectively (n=10). The decrease in integrated muscle con-
traction power was 53 +2%, 42+ 1%, and 23 +1% (n=10)
in the first, second, and third stimulation pools, respectively
(Fig. 1). The time to reach 50% and 25% of the initial level
of force response was 156 +5 and 401 +2 s during the first
stimulation pool, 143 +3 and 376 +3 s during the second
and 122+2 and 311 +2 s (n=10) during the third stimu-
lation pool. Thus, there are progressive fatigue processes
of the injured muscle and insufficient relaxation time for
its adequate functioning. It is important to note that the
intact muscle under these conditions does not change its
strength characteristics during stimulation for several hours
(Nozdrenko et al. 2017).

The use of Cg, injections increased the muscle strength
response on average by 9-12% during the first stimulation
pool. During the second and third stimulation pools, the
muscle strength response did not significantly increase and
averaged 5-7% of the control values (Fig. 1, injury + Cg).
Menthol (M) injections alone did not result in any significant
changes in muscle dynamics (Fig. 1, injury + M)).

The use of combined injections of Cy, and menthol
showed a significant increase in muscle strength during all
three stimulation pools. The integrated power increased
by 58 +1%, 42 +2% and 36 +2% during the first, second
and third pool, respectively (n=10). The time to reach 50%
and 25% of the initial level of force response increased by
almost 50% in each of the three stimulation pools (Fig. 1,
injury + C¢,+M).). It is also important to note the absence
of a sharp decrease in the maximum force of contraction
during the first seconds of stimulation: the decrease in force
occurred smoothly and monotonously during all three stimu-
lation pools.

Next we analyzed the changes in muscle dynamics on
days 1, 2, and 3 after muscle injury. The decrease in the
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Fig. 1 Curves of the generation of the contraction force of the muscle
soleus 5 h after the initiation of traumatic injury caused by a three-
component stimulation pulses applied at 1 Hz, 600 s duration each
with a relaxation period between pools of 100 s: a, b, c—three con-
secutive pools of stimulation; S is the integrated power of muscle

contraction; F_, —curve of the maximum force response of the mus-

integrated power of muscle contraction was by 46 + 1%,
31+1% and 15+ 1% (n=10) of the control values on days
1, 2, and 3 after muscle injury, respectively. The time of the
reduction in the maximum power indicators by 50% was
100+2,78+1 and 54 +2 s (n=10), and by 25%—121 £ 1,
107+ 1 and 78 +2 s (n=10) by 1, 2 and 3 days after the
injury, respectively (Fig. 2). A temporal analysis of the heal-
ing of muscle soleus injury showed that complete muscle
regeneration occured 3-5 days after the injury (Hurme et al.
1991).

The use of Cg, injection significantly improved the
dynamics of the contractile process of the damaged muscle.
Thus, the decrease in the integrated power was by 63 +2%,
58 +2% and 42 +2% (n=10) of the maximum values of
the force on days 1, 2, and 3 after the injury, which was
27-30% less than for the injured muscles without treatment.
The time to reach the maximum power indicators of 50%
of the level from the initial values was 256 +11, 321 +9
and 211 +5 s (n=10), and 25% of the initial level—325 +9,
301+7 and 276 +6 s (n=10) on days 1, 2 and 3 after the
injury, respectively, which was by 30-32% more compared
to the injured muscle in control (Fig. 2). Thus, these data
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cle (N); t5, and tys—time of the decrease in the maximum strength
response to 50% and 25% of the initial amplitude of force of mus-
cle contraction, respectively; “injury+Cg,” and “injury +Cgy+M”
indicate treatments by injections of Cg, and Cg, with menthol (M),
respectively

indicate a significant positive dynamics of the therapeutic
administration of C4,FAS. However, it should be noted that
this therapy alone did not lead to significant biomechanical
changes regarding the nature of the contractile processes.
We suppose that inactivation of the produced free radicals
by Cg, reduces the level of injury severity in the muscle
by 25-30%, which, although it is a positive aspect of this
therapy, does not ensure a significant progress in the process
of complete recovery of muscle function.

Menthol injections into the injured muscle did not show
much positive therapeutic results in improving its dynamic
response (data not shown). However, combined treatment
with menthol and Cg, resulted in the decrease of the inte-
grated power by 79 +2%, 63 +2% and 49 +2% (n=10) of
the maximum response on days 1, 2 and 3 after the injury,
which was by 40-45% less than for the damaged muscle in
control and by 17% less compared to the Cg therapy alone.
The time to reach the maximum of force indicators by 50% of
the initial values was 325+ 3, 321 +4 and 300+3 s (n=10),
and by 25%—300+ 3,296 +4 and 290+4 s (n=10) on days
1, 2 and 3 after the injury, respectively (Fig. 2), which was
by 42-45% less relative to the damaged muscle in control
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Fig.2 Biomechanical parameters of muscle fatigue of posttraumatic
muscle soleus after using therapeutic agents: S—integrated power of
muscle contractions; ts, and t,s—the time to reach 50% and 25% of
the initial muscle force of contraction, respectively; “injury+Cg,”

and by 19-21% less relative to the Cg, therapy alone. It is
important to note the significant difference in curves of force
response after using Cg, with menthol. A rapid drop in the
maximum force response during the first 300 s (half of the
muscle stimulation time) was up to 40% of the initial val-
ues. In the case of the Cg, therapy, a gradual decrease of the
maximum force of contraction is observed throughout the
entire period of stimulation. A possible reason for this may
be both a greater number of metabolic components in muscle
fibers and stabilization of acidity in the intracellular space.
It should also be noted that the use of the combined therapy
did not eliminate the developing of fatigue processes in the
muscle: the integrated muscle power decreased with each
subsequent pool of stimulation (Fig. 2).

Next we analyzed the ability of the injured muscle to
maintain maximum force during a 6 s period of muscle stim-
ulation at 50 Hz. Figure 3 shows the curves of ten consecu-
tive force responses of the injured muscle soleus 5 h after
initiation of the injury. Decrease in the force of contraction
during the first five consecutive contractions was replaced by

and “injury + Cy,+M” indicate treatments by injections of Cg, and
Cgo with menthol (M), respectively; 1, 2, 3—1, 2 and 3 sequential
stimulation pool; a, b, c—power responses on days 1, 2 and 3 after
muscle injury; *p <0.05; **p <0.05 relative to injury group

almost complete muscle rigidity during the last stimulation
pools. A rapid decrease in the force of contraction during the
first stimulation and fluctuating force responses at the last
stages of contraction are also notable.

Injections of Cg, eliminated both the abrupt decrease
in the contraction force and the fluctuation component
of the contractile process (Figs. 3, 4). However, the inte-
grated power of muscle contraction continued to decrease
throughout the duration of stimulation with a slight increase
of 12+ 3% from the values of the injured untreated muscle.
Menthol injections alone did not improve muscle dynamics
studied with this protocol (data not shown). However, using
combination of Cgy, and menthol resulted in an increase of
the integrated power was by 29 +2% of the values of the
injured muscle (Fig. 4). Reduction in the maximum force
response was evident during each of ten consecutive contrac-
tions. Cg, and menthol treatment increased this parameter
during the first stages of contraction only. The decrease of
time required for force to reach its maximum level was par-
ticularly notable after the combined therapy: from 1.3 s for
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Fig.3 Curves of 10 consecutive force responses of the injured mus-
cle soleus to a stimulation signal with a frequency of 50 Hz of 6 s
duration (without a relaxation period) in control (left panel) and after
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Fig.4 Biomechanical parameters of 10 consecutive force responses
of injured muscle soleus to stimulation at 50 Hz for a 6 s period

(without a relaxation period) in control (traces marked “injury”) and
after using therapeutic agents: “injury+C¢,” and “injury +Cg,+M”
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the injured muscle (control) to 0.5 s after the injection of Cg
and 0.3 s for its combined injection with menthol (Fig. 4).
Analysis of these parameters on days 1, 2 and 3 after
muscle injury showed a significant effect of the therapy on
each of the studied biomechanical markers (Fig. 4). In the
injured muscle, a decrease in the value of the mechanical
response of the muscle to the stimulation was observed with
an increase in the time after the injury. This is due to the
progressive development of inflammatory processes after
the initiation of the injury. After using of both Cy, and Cq
with menthol the increase of integrated power was by 55,
57, and 59% on days 1, 2 and 3 after the injury, respectively.
/
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indicate treatments by injections of Cg, and Cg, with menthol (M),
respectively; a, b, c—curves of maximum strength responses on days

1, 2, and 3 after muscle injury, respectively; *p <0.05; **p <0.05 rel-
ative to the injury group

The increase of maximum force response was by 42 +2%,
46 +3%, and 158 +3% (n=10) on days 1, 2, and 3, respec-
tively, after injection of C¢, and by 62+ 1%, 66 +2% and
72+ 3% on days 1, 2 and 3, respectively (n=10) after injec-
tions of Cg, with menthol.

Blood biochemical indicators of rats with injured
muscle

Analysis of the selected biochemical blood markers
indicative of the quality of skeletal muscle functioning,
in particular changes in the levels of creatinine, creatine
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Fig.5 Changes in the levels of creatinine, lactate dehydrogenase
(LDH), creatine phosphokinase (CPK) and lactate (LA) in the blood
of rats after muscle injury: “injury+Cg,” and “injury+Cgy+M”

phosphokinase (CPK), lactate (LA), and lactate dehydroge-
nase (LDH) in the blood of rats (Fig. 5), provides opportuni-
ties to assess the physiological changes in muscle and the
therapeutic effect of the applied drugs on pathological pro-
cesses. Previous studies have shown that all these markers
have a pronounced tendency for elevation with increase in
time after initiation of injury that indicates the super-intense
for muscular system level of physiological work that is fol-
lowed by the development of muscle fatigue.

One of the known markers of muscle fatigue is a change
in the concentration of CPK, an enzyme involved in the
energy supply, which catalyzes the transfer of a phosphate
group from ATP to creatine with the formation of a high-
energy compound creatine phosphate. After intensive func-
tioning or mechanical damage of the muscles, the release
of the enzyme from the cells and increase in CPK activ-
ity in the blood are observed. Increase in CPK blood frac-
tion (Fig. 5) from 500 Units/l in control to 2380, 2422, and
2943 Units/l on days 1, 2, and 3 after the injury, respec-
tively, is the result of destruction of myocyte walls caused
by muscle injury (Gibala et al. 1995) with partial release of
intramyocytic enzymes into the extracellular space. After
injection of C¢FAS, the CPK level decreased by 9.3, 9.8,
and 10.4% (p <0.05) on days 1, 2, and 3, respectively. Com-
bined administration of C¢)FAS and menthol decreased the
CPK level by 16.4, 16.8 and 17.5% (p <0.05), which is evi-
dence of the direct synergistic action of these agents. It is
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indicate treatments by injections of Cg, and Cg, with menthol (M),
respectively; *p <0.05; ** p <0.05 relative to the injury group

important to note that the use of menthol injections alone did
not produce significant differences in any of the biochemical
markers compared to the injured muscle.

Changes in LDH, the enzyme that catalyzes oxidation
of lactic acid (the end product of glucose metabolism in
cells during prolonged physical exertion), provide the means
to assess the general state of functionality of the damaged
muscle after its prolonged activity. Increase in LDH level
from 200 Units/l (normal) to 860, 1180, and 1198 Units/1
on days 1, 2, and 3, respectively after muscle injury (Fig. 5)
is evidence of the development of significant dysfunction of
the neuro-muscular system and, as consequence, the devel-
opment of fatigue processes. After the injection of C¢ FAS,
LDH level decreased by 4.7, 5.2 and 5.1% (p <0.05) on days
1, 2 and 3 after the injury, respectively. Combined admin-
istration of C)FAS and menthol decreased the level of the
enzyme by 29.7, 19.5 and 18.3% (p <0.05), which is also
significantly higher than with C, therapy alone.

Changes in the level of creatinine, a product formed in
muscles during the destruction of intramuscular structures,
allowed us to assess the level of damage to myocytes. Fig-
ure 5 shows that this index increased from 50 uM/I in con-
trol to 240, 2562, and 297 uM/1 on days 1, 2, and 3 after
the injury, respectively. Injections of Cg, as in the analysis
of its effect on the above described markers, did not show
pronounced changes in creatinine content: creatinine level
decreased by 5.3, 5.1 and 4.8% (p <0.05) on days 1, 2, and
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3 after the injury, respectively. However, combined admin-
istration of C¢,FAS and menthol caused a marked decrease
of creatinine level by 26.2, 27.4 and 26.7% (p < 0.05) that is
significantly more than with Cg, therapy alone. It is likely
that a decrease in the creatinine fraction after combined
therapy by C¢ FAS and menthol is caused by the protec-
tive effect of menthol at the early stages of pathological
process development by reducing inflammatory reactions,
which then made it possible for Cy, to show its antioxidant
properties and protect the membranes of skeletal myocytes
from nonspecific free radical damage by neutralisation of
free radicals.

During the development of inflammatory reactions cas-
cade after injury significant depletion of cellular energy sub-
stances, especially ATP, occurs, this leads to a disruption
of homeostasis and a loss of ion gradients across the cell
membranes. This, in turn, results in the accumulation of LA
and H* ions, and, accordingly, acidification of the intra- and
extracellular media (Hagberg et al. 1985). A decrease in ATP
production suppresses the activity of the Nat, K*-ATPase,
which leads to increase in the concentration of intracellular
Na* and, as a consequence, intracellular Ca*t (Ivanics et al.
2000). The increased content of K* ions causes a delay in
the generation of the action potential and, accordingly, its
propagation along the T-tubules (Jones 1996). Thus, ionic
changes impair the muscle’s ability to respond to electrical
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Fig. 6 Indicators of pro- and antioxidant balance in the blood of rats
after induction of muscle injury (catalase (CAT) activity, hydrogen
peroxide (H,O,), thiobarbituric acid reactive substances (TBARS),
and reduced glutathione (GSH) concentrations): “injury+Cg,” and
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impulses, and lead to a decrease in muscle strength. There-
fore, LA is an important marker for assessing the degree of
performance of the injured muscle. Analysis of the LA level
showed its increase after injury from 10 mM/ml in control
to 23, 24, and 26 mM/ml on days 1, 2, and 3, respectively.
The use of Cg, therapy reduced its concentration by 48.5,
46.2 and 47.7% (p <0.05) on days 1, 2, and 3, respectively.
However, combined therapy using administration of both
CgoFAS and menthol practically did not reduce the LA level:
the decrease in its level was no more than 3% of the level
with Cg, therapy alone. Thus, under the conditions used for
muscle injury development Cg is able to significantly reduce
the LA level in the active muscle without additional activa-
tion of TRPMS8 channels.

With the development of muscle pathology, a change in
the level of antioxidants is an essential criterion that deter-
mines the level of physiological disbalance. The results of
tests show the level of accumulation of the secondary prod-
ucts of lipid peroxidation in the blood of rats after induc-
tion of muscle injury (Fig. 6). The data obtained indicate an
increased level of peroxidation and oxidative stress TBARS
(thiobarbituric acid reactive substances) and H,O, (hydro-
gen peroxide) after stimulation of the injured muscle. These
markers increased on the second and third days after the
initiation of injury and compared to the intact muscle were
235%, 308% and 423% (p <0.05) for TBARS and 451%,
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522% and 617% (p <0.05) for H,0, on days 1, 2, and 3,
respectively. After administration of C4,FAS, TBARS con-
centration slightly decreased compared to the damaged mus-
cle without therapy: 202%, 281%, and 367% (p <0.05) on
days 1, 2, and 3, respectively. Thus, the therapeutic effect of
CgoFAS for this marker was no more than 11%. The decrease
in the level of H,0, after administration of C4,FAS was no
more than 14% (Fig. 6).

The therapeutic effect of C4,FAS and menthol combined
treatment on TBARS was 31%, 43% and 57% (p <0.05), and
on H,0,—47%, 49% and 51% (p <0.05) on 1, 2 and 3 days,
respectively, which was more than twofold higher than the
therapeutic effect of C4,FAS alone. It should be noted that
the most pronounced therapeutic effect was observed on
the 3rd day after muscle injury. Analysis of the levels of
the endogenous antioxidants showed a significant increase
in GSH (reduced glutathione) levels—301%, 390% and
421% (p <0.05) and activity of antiperoxide enzyme CAT
(catalase)—471%, 527% and 578% (p <0.05) on days 1, 2
and 3, respectively. GSH activity slightly decreased by 9%,
11% and 12% (p <0.05), respectively, after administration
of C¢FAS. The decrease in CAT indicators turned out to
be more effective and was 14%, 18% and 19% (p <0.05)
on days 1, 2 and 3, respectively. GSH level decreased by
almost 50% more than with Cg, therapy after injections of
CgoFAS and menthol: the therapeutic effect was 29%, 36%
and 41% (p<0.05) on days 1, 2 and 3, respectively. At the
same time, the level of CAT remained practically unchanged
compared to Cg, therapy—the difference was no more than
2-3% (Fig. 6).

Significant differences in the severity of injury and the
muscle group affected, as well as the nonspecificity of symp-
toms, complicate research aimed at identification of a suit-
able treatment for muscle injury. Therefore, it is important
to understand the cellular processes inherent to this type of
skeletal muscle injury and involved in their healing. The
most important of these processes is inflammation as a con-
sistent and sustained systemic response. The inflammatory
response depends on two factors, specifically the degree of
physical injury and the degree of muscle vascularization
during injury. However, long-term anti-inflammatory treat-
ment is not necessarily effective in accelerating healing, as
indicated by various (Hurme et al. 1991). Due to a variety
of ethical factors, studies of the inflammatory response dur-
ing injury in humans are limited, but experimental animal
models provide sufficient information to study muscle dam-
age and regeneration. However, the methods currently used
to induce mechanical damage vary considerably in terms of
invasiveness, instruments used to induce injury, the muscle
group selected for injury and their contractile status, and the
effect on immune or cytokine responses. This complicates
the interpretation of the results of such studies.

The early recovery phase of mechanical muscle injury
is characterized by overlapping of inflammation process
and development of secondary injury. Although neutrophil
infiltration has been proposed as one of the reasons for the
enhancement of inflammatory process, there is no clear evi-
dence to support this statement. The main role in the initia-
tion of inflammatory reactions is played by cascading, pro-
gressive increase in free radical components. Pathological
inflammatory cascading processes that occur immediately
after muscle injury are the source of free oxygen radicals and
contribute to the intensification of lipid peroxidation pro-
cesses (Davies et al. 1982). The presence of such metabolic
products interferes with the adequate performance of muscle
work and significantly increases the duration of their recov-
ery period. A decrease in the concentration of these oxygen
metabolites upon therapeutic administration of Cg, should
significantly improve the execution of motor commands of
the central nervous system by the muscular system and con-
tribute to a decrease in the level of pathological changes. In
our opinion, the ability of Cg, to effectively neutralize free
radicals (Ferreira et al. 2018; Vereshchaka et al. 2018), is
the main reason for the positive therapeutic results of the
treatments described in this study.

Muscle tissue damage, as well as intense exercises,
induce oxidative stress in skeletal muscle and therefore can
alter the pro-antioxidant balance. Despite numerous stud-
ies have been done in this area, connections between free
radicals, antioxidant enzymes, exercises, and skeletal muscle
membrane injury remain controversial (Clanton et al. 1999;
Ji 1995). These discrepancies may be related to differences
in levels of tissue injuries, intensity and duration of muscle
work, and muscle fiber type. Each type of muscle fibers has
different metabolic characteristics and oxidative potential,
as well as the ability to provide antioxidant protection (Ji
et al. 1999). However, it remains indisputable that the pres-
ence of such metabolic products compromises the adequate
performance of muscle work and significantly increases the
duration of their recovery period.

It should be noted that during the development of inflam-
matory response of the muscle to traumatic injury in the
primary alteration zone, the metabolic rate is reduced due to
cellular dysfunctions, and in the secondary alteration zone it
is increased due to the metabolism of carbohydrates (includ-
ing glycolysis of polysaccharides). Oxygen consumption and
carbon dioxide production are also increased; oxygen con-
sumption exceeds the production of carbon dioxide, since
oxidation does not always take place until the final forma-
tion of carbon dioxide (violation of the Krebs cycle). This
leads to accumulation of under-oxidized metabolic products
in the inflammation zone, which can be inactivated by Cgj,
optimizing the muscle recovery processes at this stage of the
inflammatory process.
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During intense physical activities, the flow of oxygen
through muscle cells is significantly increased. A high level
of oxygen uptake (up to 100-fold) can lead to excessive for-
mation of reactive oxygen species (ROS) and initiate the
destruction of functional myofibrils remaining after injury
(Ji 1995). In our study, the increased amount of GSH in
muscle (without and after therapeutic drugs administration)
indicates a compensatory activation of the endogenous anti-
oxidant system to the rapid inflammatory process initiated
by muscle injury. Under our experimental conditions, this
process is complicated by prolonged non-relaxation con-
tractions of the injured muscle. Many studies have shown
that under intense loads there is a significant decrease in
the amount of reduced GSH paralleled by an increase in
the concentration of its oxidative form (Leeuwenburgh et al.
1997). The described processes occur in the injured muscle
with progressive dynamics for at least three days, after which
time a recovery period begins.

An increase in H,0, level in muscle injuries leads to
increase of CAT activity, which performs a protective anti-
oxidant role, catalyzing the decomposition of hydrogen per-
oxide into water and oxygen. These results are confirmed
both by our studies and by studies carried out earlier in
acute experiments on rats (Ji et al. 1992; Leeuwenburgh
et al. 1995). At the same time, some studies indicated the
absence of any changes in the concentration of CAT in mus-
cles during their motor activity, which can be explained by
the absence of decrease in this indicator with the applied
therapeutic injections in comparison with other markers
(Meydani et al. 1993).

After administration of Cg into the injured muscle dur-
ing fatigue development, the CAT activity significantly
decreased compared to fatigue alone. It can be assumed that
Cyo, by affecting the content and activity of endogenous
antioxidants, prevent fatigue in actively contracting muscle
and, thus, contribute to the maintenance of its normal physi-
ological state (Prylutskyy et al. 2017). However, it should be
noted that the level of pathological processes that arose at
the first stages of the development of muscle injury exceeded
the antioxidant capabilities of Cgy,.

The enhancement of the therapeutic effect of Cg in the
presence of menthol can be explained by several mecha-
nisms. Thus, studies have shown that menthol has a fast-
acting, short-term effect of reducing blood flow, which
reduces the level of inflammatory processes. In addition,
a single 8 h application of an occlusive patch that contains
3% menthol to treat mild and moderate pain associated with
mild and moderate muscle deformity in adult patients sig-
nificantly alleviates it compared to patients who received
placebo, which also affects the level of development of
the subsequent inflammatory process (Higashi et al. 2010;
Topp et al. 2011). It has been shown that with the inter-
nal use of menthol, there is an improvement in muscular
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performance, mediated by mechanisms associated with its
thermal, ventilation, analgesic and stimulating properties
(Stevens et al. 2017). Studying the local anaesthetic activ-
ity of menthol, the authors have documented its anaesthetic
activity in in vivo and in vitro systems (Galeotti et al. 2001).
It was also found that the local anaesthetic effect of menthol
can be mediated by blockade of sodium channels, which
is as effective as the local anaesthetic lidocaine (Haeseler
et al. 2002). When an anaesthetic menthol balm is applied
to the skin over contracting muscles, the pressor response to
static muscle contractions is significantly reduced. This sug-
gests that topical application of menthol has an effect on the
responses caused by receptors located in the muscles (Ragan
et al. 2004). These facts indicate the ability of menthol to
promote the therapeutic properties of Cg, as an antioxidant
in severe pathological muscle injuries and, thus, to alleviate
the inflammatory process. In our opinion, C, can affect the
activity of endogenous antioxidants, preventing the onset of
dysfunction in the active muscle and, thus, maintaining it
within the physiological norm during the entire process of
muscle activation.

Moreover, we found that menthol can normalize vascular
tone (Johnson et al. 2009), which explains, at least in part,
the effectiveness of CryoDerm by its effect of TRPMS cold
receptors (https://www.cryoderm.com/index.php?p=39213
3). There is also accumulating evidence showing the impor-
tant roles of several TRP subtypes, and notably TRPMS
receptor, in inflammatory and immune cells (Parenti et al.
2016). For example, it was shown that icilin, another selec-
tive TRPMS agonist, reduced inflammation in mice with
DSS-induced colitis, likely by inhibiting neuropeptide
release (Ramachandran et al. 2013). Thus, TRPMS agonists
are currently considered as novel therapeutic strategies for
alleviating intestinal inflammation (Chen et al. 2020). In
addition, TRPMS agonists could inhibit the synthesis of
pro-inflammatory cytokines in both human lymphocytes
and monocytes (Juergens et al. 2004).

Conclusion

Thus, it was found that injection of Cg, at a concentration
of 1 mg/kg into the damaged muscle of rat improved its
contractile function by 25-28%. At the same time, the use
of combined injections of Cq, and menthol (at the concentra-
tion 1 mg/kg) improved this index by additional 27-39% and
simultaneously stabilized the decrease in muscle strength
observed throughout the experiment. A tendency towards a
decrease in the indexes of the used biochemical parameters
(creatinine, CPK, LA, LDH, TBARS, H,0,, GSH and CAT)
by 10-15% were found with the therapeutic administration
of C¢,. With combined injections of Cg, and menthol, these
biochemical parameters decreased by an additional 17-24%.
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The discovered positive changes in the biomechanical and
biochemical parameters of the functioning of the injured
skeletal muscle open up the prospect of using an aqueous
solution of Cg, in combination with menthol in low doses
(1 mg/kg) as effective combinational therapy capable of cor-
recting the pathological state of skeletal muscle following
its mechanical injury.
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