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Restoration of the motor function of the musculoskeletal system impaired due to innervation damage
is an important clinical problem. In the study the potential therapeutic effect of C,, fullerene application was
estimated in the Wistar rat model of neurogenic muscle atrophy caused by nervus ischiadicus injury. The ani-
mals were divided into the following: control, injury, injury+C,, groups. C,, fullerene aqueous solution was
administrated orally for 30 days after ischiadicus injury at a daily dose of 1 mg/kg. Biomechanical parameters
of gastrocnemius muscle contraction and biochemical indices (creatinine, lactate, reduced glutathione con-
tent as well as creatine phosphokinase, lactate dehydrogenase, catalase and superoxide dismutase activity)
in the blood of rats were estimated on day 30 after nerve transection. It has been found that muscle strength
response in the injury+Cy, group was significantly enhanced, in particular, the muscle force impulse was in-
creased by more than 30 £ 2% compared to the injury group. The studied biochemical indices of the muscle
fatigue and oxidative stress in the blood of experimental animals had a pronounced tendency to increase after
the initiation of the muscle neurogenic atrophy, while under the influence of C, fullerene they decreased com-
pared with the injury group. In our opinion, C_, fullerene prevented significant dysfunction of the gastrocne-
mius muscle after neurogenic atrophy by exerting an antioxidant effect and improving its contractile activity.

Keywords: C,, fullerene, muscle gastrocnemius, neurogenic atrophy, muscle contraction, biochemical in-
dicators.

significant clinical problem [1], primarily as-

sociated with a delay in the restoration of mo-
tor function of the musculoskeletal system [2].
This physiological process is slower than sensory
recovery due to the proliferation of sensory axons,
which interferes with the growth of motor axons
[3]. Peripheral nerves undergo complex pathological
changes (Wallerian degeneration) after nerve injury,
during which distal axons degenerate and Schwann
cells proliferate, restoring axonal growth and re-
myelination [4]. It should be noted that nerve repair
(even 30 days after injury) causes a decrease in the
amount of activating transcription factor (ATF3) in
the nerve [5], which slows down the processes of

I mpaired regeneration of damaged nerves is a
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adequate transmission of downward motor neuron
activity.

Denervation of skeletal muscle leads to a rapid
loss of muscle size and functional activity — muscle
atrophy. The molecular mechanisms that control the
imbalance between the synthesis and degradation of
muscle proteins during atrophy remain controversial
[6]. For example, studies [7] have linked this process
to muscle cell apoptosis. Denervated skeletal mus-
cle atrophies in a two-stage time course: rapid loss
of muscle mass during the first two weeks and its
gradual decrease over the next two weeks [8]. This
is followed by a long-term muscle recovery pro-
cess. This duration depends on many factors, one
of which is inflammation [9]. Therefore, anti-inflam-
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matory therapy is often used to effectively reduce its
development [4, 6, 10].

One of the most powerful artificial antioxi-
dants is the carbon nanoparticle of C,, fullerene
[11, 12]. The C., molecule is characterized by a
high regenerative capacity, which makes it an ef-
fective free radical scavenger in biological systems.
In previous experiments, it was shown that the use
of water-soluble C_ fullerenes at low doses helps to
recover muscle contraction dynamics and physio-
logical state after ischemic injury [13], fatigue [14],
mechanical trauma [15], and atrophy caused by pro-
longed immobilization [16] of rat skeletal muscle.
Thus, the aim of this study was to evaluate the effect
of water-soluble C,, fullerenes on the restoration of
rat muscle gastrocnemius contraction, in particular,
muscle force impulse value, and blood biochemical
indicators, namely concentrations of creatinine, cre-
atine phosphokinase (CPK), lactate (LA), lactate de-
hydrogenase (LDH) and reduced glutathione (GSH),
catalase (CAT) and superoxide dismutase (SOD) ac-
tivities, after neurogenic atrophy caused by sciatic
nerve injury.

Materials and Methods

To obtain C,, fullerene aqueous solution
(C,,FAS), we used a method based on the transfer
of C,, molecules from toluene to water, followed by
sonication [17]. The resulting C_ FAS at a maximum
concentration of 0.15 mg/ml remains stable for 12-18
months at a temperature of +4-25°C. It is a typical
nanocolloid containing both single C,, molecules as
well as their nanoaggregates [18].

The experiments were performed on male
Wistar rats aged 1 to 2 months (at the end of the ex-
periment) weighing 110-170 £ 5 g. The animals were
kept in an air-filtered and temperature-controlled
(21 £ 1°C) room under 12-h light/12-h dark condi-
tions. Rats received a standard pellet diet and water
ad libitum. The use of the laboratory animals was
approved by the Biomedical Ethics Committee of the
ESC “Institute of Biology and Medicine” of Taras
Shevchenko National University of Kyiv (protocol
No. 9 dated September 4, 2023) and performed in
accordance with the “European Convention for the
Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes” (Strasbourg,
1986) and Article 26 of the Law of Ukraine “On the
Protection of Animals from Cruelty” (No. 3447-1V,
21.02.2006), as well as European Union Directive of
22 September 2010 (2010/63/EU) for the protection
of animals used for scientific purposes.

The animals were randomly divided into
the following experimental groups: control group
(n = 7); injury group (n = 7); injury+C,, group (oral
daily use of C,FAS in a dose of 1 mg/kg animal
body weight after initiation of injury; n = 7).

The choice of the above dose of C FAS is
based on its high effectiveness in the treatment of
various muscle pathologies in vivo [13-16]. In addi-
tion, the total dose of 30 mg/kg in the experiment is
significantly lower than the LD, value, which was
600 mg/kg in the case of oral administration to rats
[19] and is, therefore, safe for biotesting.

Animals were anesthetized by intraperitoneal
injection of Zoletil (40 mg/kg). The sciatic nerve
(nervus ischiadicus) of the experimental animals in
the left hindlimb was exposed and cut 10 mm proxi-
mal to the tibial and peroneal nerve branches (injury
model [20]). To study the effect of nerve repair on
muscle atrophy, rats were re-anesthetized, and bio-
mechanical studies of muscle gastrocnemius activity
were performed on day 30 after nerve transection. It
should be noted that such studies are based on the
fact that for up to 30 days, the processes of atrophic
degeneration do not occur in the muscle [21].

Muscle gastrocnemius was isolated from sur-
rounding tissues in the area of the hamstring fossa.
All branches of the muscle, except for those inner-
vating it, were cut. The isolated muscle was fixed on
a bipolar platinum wire electrode for further electri-
cal stimulation. The skin edges on the hind limbs of
rats around the incision were sutured to the armature
of the strain gauge machine, and the resulting baths
with the muscle and nerve were filled with vase-
line oil.

A 12-bit analog-to-digital and digital-to-analog
converter (ADC-DAC) was used to record electro-
physiological signals. The output pulses of the DAC
were formed by a pulse generator (DS2A, Digitimer,
USA), which stimulated the nerves (the electrical
pulses with a duration of 2 ms, a frequency of 50 Hz
and a voltage of 7 V). The input signals were fed
to the ADC through an amplifier (Brownlee, USA)
and recorded at 10 kHz. The force of contraction of
the muscle gastrocnemius was recorded using strain
gauges to which the tendon of the muscle under
study was attached. The output signals of muscle
contraction force were optimized using an Aurora
Scientific ASI 402A (USA) amplifier. During the op-
eration and the experiment, the heart rate and ECG
amplitude of the animals were monitored.

Analyzing the obtained mechanograms, the
muscle force impulse was calculated as the value
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of the area under the force curve using Origin 9.4
software. The analysis of this parameter allows us
to evaluate the activity of muscle functioning in the
system of equilibrium ‘force - external load’, which
is a physiological analog of the performance of the
muscle system as a whole [13-16].

The blood plasma concentrations of creatinine,
CPK, LA, LDH and GSH, CAT and SOD activities
were determined in the experimental animals on
the 30" day after neurogenic atrophy of the muscle
gastrocnemius caused by sciatic nerve injury, as
markers of muscle damage [22], using clinical diag-
nostic equipment — biochemical analyzers RNL-200
and JN-1101-TR2 (Netherlands).

Statistical evaluation of the results was per-
formed using analysis of variances (ANOVA) with
mixed design. Two between-group factors were
supposed to be: 1) injury; 2) C FAS treatment (two
levels — no and use of C, FAS). The Shapiro-Wilk
W-test was used to test for normality. Levene’s test
was used to assess the equality of variances across
groups. Multiple pairwise comparisons between
different groups and conditions were performed by
Bonferroni post-hoc test. The differences between
the groups were considered significant at P < 0.05.
Each of the experimental force curves is the result of
averaging 10 similar tests. Each biochemical meas-
urement was carried out at least three times. The
statistical evaluation was performed by the software
package Statistica 8.0 (Dell, USA).
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Results and Discussion

On the 30" day after the nervus ischiadicus
injury, a decrease in the force of contraction of the
experimental skeletal muscle caused by neurogenic
atrophy was recorded (Fig. 1, @). Thus, the muscle
force impulse was 79 + 4% and 29 + 1% at the Ist
and 20" contractions, respectively, compared to the
control (Fig. 1, b). This confirms the literature data
that neurogenic skeletal muscle atrophy is charac-
terized by a decrease in muscle strength, increased
fatigue and reduced muscle exercise capacity [8, 9,
14, 23]. The use of C, FAS increased the strength
response of the muscle gastrocnemius: the muscle
force impulse was 92 + 5% and 61 + 3% at the 1
and 20" contractions, respectively, compared to the
control (Fig. 1, b). Thus, the positive effect of C, FAS
treatment was 13 = 1% and 32 + 2% at the 1*tand 20"
contractions, respectively, indicating a significant re-
duction in the severity of neurogenic atrophy of the
muscle gastrocnemius during contractile activity.

It is important to note that with the develop-
ment of achillotenotomy, the magnitude of the mus-
cle force impulse changes significantly during 15-20
non-relaxation contractions [16]. In the future, with
an increase in the number of muscle contractions,
this parameter changes quite slowly.

Changes in the chemical composition of the
blood of experimental animals during prolonged
non-relaxation contractions of atrophic skeletal
muscle reflect biochemical disorders that occur as a
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Fig. 1. Mechanograms of 20 consecutive contractions of the rat muscle gastrocnemius elicited by 6 s of non-
relaxation stimulation pools in control (uninjured nerve), 30 days after nervus ischiadicus transection (injury)

and after C, FAS administration (injury+C_;

daily dose 1 mg/kg) (a). Calculated muscle force impulse at the

1t and 20™ contractions of the muscle gastrocnemius (relative to the control, which was taken as 100%) (b).
*P < 0.05 relative to the control group; #P < 0.05 relative to the injury group
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result of the development of fatigue processes in it.
Our studies have shown (Fig. 2) that the biochemical
markers of physiological disorders of muscle tissue
selected by us [24] have a pronounced tendency to
increase after the initiation of neurogenic atrophy
of the muscle gastrocnemius. This indicates that the
muscular system performs work that is too intense
for its physiological level, followed by the develop-
ment of muscle fatigue.

The concentration of creatinine, a product
formed as a result of damage to intramuscular struc-
tures during intense contractions, increased from
53 £ 1 uM in the control group to 152 + 5 uM in
the injury group. The use of C, FAS reduced its con-
centration to 101 =4 puM (Fig. 2). Thus, the positive
effect of C, FAS was 34 = 2%. In our opinion, this is
due to the antioxidant effect of C, fullerenes in the
early stages of the pathological process by protecting
myocyte membranes from nonspecific free radical

damage.
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During active contraction of skeletal muscle,
there is a significant depletion of cellular energy
substances, especially ATP, which leads to a sharp
disturbance of homeostasis, loss of the ionic gradient
through cell membranes and, accordingly, the ac-
cumulation of LA. A decrease in ATP production
inhibits the activity of Na*, K*~ATPase, which leads
to an increase in the concentration of intracellular
Na* and an increased content of K* ions and causes
a delay in the generation of the action potential [25].
Thus, ionic changes impair the ability of muscles to
respond to electrical impulses, impede the develop-
ment of excitation, and cause a decrease in muscle
strength. Therefore, LA concentration is an impor-
tant marker for assessing the performance of atroph-
ic muscle.

LA concentration increased from 7.9 £ 0.6 mM
in the control to 13.5 = 1 mM in the injury group.
The use of C, FAS reduced its concentration to
11.3 £ 1 mM (Fig. 2). Thus, the positive effect of
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Fig. 2. Blood plasma concentrations of creatinine, LA, CPK and LDH in rats after initiation of neurogenic
atrophy of the muscle gastrocnemius: control, injury and injury+C,, — control group, 30 days after nervus

ischiadicus transection (injury) and after the administration of C, FAS (injury+C

daily dose 1 mg/kg).

60’

*P < 0.05 compared to the control group; P < 0.05 compared to the injury group
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C,,FAS administration was 16 + 1%, which indicates
the ability of C fullerenes to restore LA levels in an
active muscle.

One of the main markers of muscle fatigue is a
change in the concentration of CPK, an enzyme that
catalyzes the transfer of a phosphate group from ATP
to the creatine molecule to form creatine phosphate.
During intensive muscle function, this enzyme is
released from the cells into the extracellular space
due to atrophic changes in myocytes and incomplete
recovery from nerve injury, and, accordingly, there
is an increase in the level of CPK in the blood.

CPK concentration increased from 758 + 28
Units/l in the control to 1252 £ 36 Units/l in the
injury group. The use of C, FAS reduced its concen-
tration to 929 + 21 Units/l (Fig. 2). Thus, the positive
effect of C  FAS was 26 + 1%, which is evidence of
the direct protective effect of the drug.

The concentration of LDH, an enzyme that
catalyzes LA oxidation, allows us to assess the con-
dition of atrophic muscle after prolonged activation.

The increase in LDH concentration
from 285 = 11 Units/l in the control group to
342 £ 15 Units/l in the injury group is evidence of
the development of significant dysfunctions in the
neuromuscular system. The use of C  FAS reduced
its concentration to 292 + 8 Units/l (Fig. 2). Thus,
the positive effect of C, [FAS administration was
15 + 1%. This is evidence that C fullerenes are
able to increase the energy capacity of a functioning
muscle both by reducing mechanical damage to mus-
cle fibers and the concentration of LA in the muscle
system as a whole.

During the development of muscle atrophy,
changes in the pro- and antioxidant balance in the

6 -

blood of experimental animals determine the level
of physiological disorders of myocytes. An increase
in oxidative stress is a pathophysiological feature of
neurogenic atrophy associated, in particular, with
dysfunction of the ubiquitin-proteasome, autophagic
lysosomes, and mTOR systems [26].

SOD activity increased from 1.8 + 0.1 Units/
ml in the control to 3.1 £ 0.2 Units/ml in the inju-
ry group. The use of C_ FAS reduced its value to
2.1 £ 0.1 Units/ml (Fig. 3). Thus, the positive effect
of C, FAS was 32 + 2%.

The activity of CAT increased from 0.70 + 0.06
mM/min in the control to 1.8 + 0.1 mM/min in the
injury group. The use of C, FAS reduced its value to
1.1 £ 0.1 mM/min (Fig. 3). Thus, the positive effect
of C, FAS was 39 £ 2%.

GSH concentration increased from 2.2 +
0.1 uM in the control to 2.6 + 0.1 pM in the inju-
ry group. The use of C_ FAS reduced its value to
2.3 £ 0.1 uM (Fig. 3). Thus, the positive effect of
C,,FAS was 12 + 1%.

Thus, reducing the level of oxidative stress with
the use of antioxidant therapy during denervation
leads to a decrease in the effects of atrophic degene-
ration of muscle cells, which is in good agreement
with the data [9].

Conclusions. It has been shown that the use of
water-soluble C, fullerenes at a daily oral dose of
1 mg/kg during the 30-day process of recovering the
functional activity of the rat muscle gastrocnemius
after neurogenic atrophy caused by sciatic nerve
injury significantly increased its strength response,
in particular, the muscle force impulse increased by
more than 30 + 2% compared to the injury group.
At the same time, the biochemical indicators of the
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Fig. 3. Indicators of pro- and antioxidant balance (SOD, CAT and GSH) in the blood plasma of rats after ini-
tiation of neurogenic atrophy of the muscle gastrocnemius: control, injury and injury+C,, - control group, 30

days after nervus ischiadicus transection (injury) and after administration of C_ FAS (injury+C

daily dose
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1 mg/kg). *P < 0.05 compared to the control group; #P < 0.05 compared to the injury group
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blood of experimental animals had a pronounced ten-
dency to increase after the initiation of neurogenic
atrophy of the muscle gastrocnemius and to decrease
by 12-39 + 2% compared with the injury group under
the influence of water-soluble C, | fullerenes. In our
opinion, C,; fullerenes, by affecting the activity of
endogenous antioxidants, prevent the occurrence of
significant dysfunction in the active muscle of rats
and improve its contractile activity after neurogenic
atrophy.
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C,, ®YJIEPEH BIJJHOBJIIO€
CKOPOUYYBAJIbBHY AKTUBHICTbH
GASTROCNEMIUS Y MOJIEJII
HEMPOTEHHOI ATPO®Ii M’SI31B
I YPIB

JI. M. Hozopenxko', M. C. Aneenogt,
T. FO. Mamsicnko', O. B. Jlunuax®,
O. B. Kopacur?, IO. M. Baneyvkuii®,
K. I Boeyywkd', FO. I Ilpunyyvruiir™

'KuiBChKMIf HAI[IOHATBHIN YHIBEPCHTET
imeni Tapaca llleBuenka, YkpaiHa;
“e-mail: prylut@ukr.net;
’BOoMMHCHK AT HAIlIOHAIBHHM YHIBEPCHTET
imeni Jleci Yxpainku, JIymek, Ykpaina;
SKomyHa bpHHUIT 3aKi1a/1 BUIIOT OCBITH « BomuHChK M
MEIUYHAN IHCTUTYT», JIy1bk, YKkpaina

BinHoBieHHs pyXxoBoi (YHKIIT CKeJIeTHO-
M’SI30BOi CHCTEMH IMIC/sl 1HHEpBAIlil € BaKJIHUBOI
KJIIHIYHOIO TTPo0IeMoro0. VY 11ii poOOTi MOTCHIIHHU I
TepanesTuurni epekr C  dynepeny ouinroBamu
Ha MOJIeNi HeHpOTeHHOT aTpodii M 31B Iy piB TiHii
Wistar, cipi4rHEHOT MOIIKOMKEHHSIM ClIHUYHOTO
HepBa. TBapuHM Oynu pO3MOJIJICHI Ha TaKi IPyIH:
KOHTpOJIb, TpaBMma, TpaBMa+C, . Boxuuit posuun
C,, dynepeny 3acTOCOBYBAIM MEPOPAIBHO YIPO-
noBxk 30 ni0 miciid MNOIIKOMKEHHS CIAHUYHOIO
HepBa y 1000BiH 7031 1 Mr/kr. biomexaHiuHi ma-
paMeTpu cKopodeHHsi muscle gastrocnemius Tta
0i10XIMIYHI MOKAa3HUKU (BMICT KpeaTHHIHY, JIaKTa-
Ty, BITHOBJICHOT'O TJIYTaTiOHY, & TAKOK aKTHBHICTb
KpeaTuH(OCPOKiHA3M, JIAKTATACTIAPOreHa3 , Ka-
Tajla3d Ta CyNePOKCHIJIMCMYTa3H) y KPOBI HIypiB

omiHtoBanu Ha 30 100y Iicis IMOIIKOIKEHHS He-
pBa. BcraHOoBIIGHO, 1110 CHJIOBHME BIATYK M’si3a y
rpymi TpaBma+C, 3HaYHO IiJBUIILYBaBCs, 30KPEMa
IMITyJIbC CHJIM M’si3a 301bIIyBaBcsl OLIBII HIXK Ha
30 + 2% mnopiBHSHO 3 TPyNoOI0 TpaBMa. bioximiuHi
MOKa3HUKH M’S30BOI BTOMH Ta OKCHAATHBHOTO
CTpecy B KpOBI MiJAOCHIIHUX TBaPHH MajH BUpa-
JKEHY TEHJICHIIIO JIO MiJABUIICHHS MiCis iHimiarii
Helporennoi arpodii m’a3is, Toxi sk 3a aii C, dy-
JiepeHy BOHH 3HWIKYBAJIHCS TMOPIBHAHO 3 T'PYIIOO
tpaMa. Ha namy nymky, C, dynepen 3anobirae
3HauHiii  aucynkuii  muscle  gastrocnemius
micnsg HelporeHHoi aTpodii, MOKpalyodn HOro
CKOpOUYBaJIbHy  aKTUBHICTh  3aBISKU  CBOIHU
AHTHOKCUJAHTHINA mii.

Knwouosi cnosa: C dynepen, muscle
gastrocnemius, meiiporeuHa arpodisi, CKOPOYESHHS
M’3a, 010X1IMIYHI TOKa3HUKH.
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