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Background. The search for new means that would effectively influence the patho-
logical consequences of muscle immobilization is an urgent priority request of modern
biomedicine. Previously, the positive effect of water-soluble C,, fullerenes, as strong
antioxidants, was established on the background of muscle ischemia, mechanical mus-
cle injury, and other muscle dysfunctions. These carbon nanoparticles have been shown
to reliably protect muscle tissue from damage caused by oxidative stress.

Materials and Methods. The biomechanical parameters of muscle soleus con-
traction of rats were studied by simulating non-functioning hind limbs using a clinical
model — a rupture of the Achilles tendon (achillotomy). Muscle contraction parameters,
namely the maximum contraction force and muscle force impulse, were determined on
the 15th, 30th, and 45th days after initiation of atrophy using tensometry. As a therapeu-
tic nanoagent, daily oral administration of C,, fullerene aqueous solution at a dose of
1 mg/kg was used throughout the experiment.

Results. Previous registration of muscle soleus contraction force when applying
1 Hz stimulation lasting 1800 s with three pools revealed a decrease in maximal force
responses after 15, 30, and 45 days of atrophy. The 45th day after atrophy is considered
to be the limit for the fastest recovery of the muscle after immobilization, the further
process takes place over several months. In all the tests performed, the therapeutic
administration of water-soluble Cy, fullerenes (dose 1 mg/kg) an increase in biomecha-
nical parameters was recorded (maximum force of contraction — the change in the form
of the “stimulation — force contraction” dependence is a consequence of the develop-
ment of the pathological process in muscle and the muscle force impulse, which allows
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assessing the performance of the muscular system after a long-term immobilization), by
approximately 29-49+2 % for the maximum contraction force and by 21-37+2 % for the
muscle force impulse compared to the atrophy group for 15, 30 and 45 days.

Conclusions. The obtained results indicate the prospects of using water-soluble
Cg, fullerenes, which can alleviate pathological conditions in the muscular system that
arise from skeletal muscle atrophy due to immobilization.

Keywords: muscle soleus, atrophy, C, fullerene, biomechanical parameters of
muscle contraction

INTRODUCTION

Prolonged immobilization or exposure to weightlessness is recognized to result in
a notable reduction in the diameter of muscle fibers and a decline in their force-genera-
ting capacity (Thomason & Booth, 1990). The foremost concern lies in the degradation of
antigravity skeletal muscles in the hind legs (Ohira et al., 2002). The gravity-dependent
function of antigravity muscles makes them especially susceptible to weightlessness
(unloading), leading to a significant loss of myofibrillar (structural) proteins (Paddon-
Jones et al., 2006). In terrestrial gravity conditions, the postural muscle (muscle soleus),
exhibits contractile activity, supporting the animal’s weight for most of the day (Hodgson
et al., 2005). The muscle soleus is especially susceptible to insufficient loading caused
by space flight, prolonged immobilization, or underutilization. Biomechanical changes
in the muscles are mainly linked to a reduction in maximum isometric tension and
a decrease in maximum shortening velocity (Tischler & Slentz, 1995; Sayed et al., 2023).

Muscle atrophy often occurs due to immobilization, disuse after injury (Ohira et al.,
2002), poisoning, or chronic disease (Rong et al., 2023). In this case, a decrease in
muscle contraction force is the most obvious response to atrophy. The force of muscle
contraction decreases most significantly during the first two weeks of immobilization.
Atrophied muscle is characterized by catabolic metabolism whereby the rate of protein
synthesis decreases and the rate of protein breakdown increases (Cao et al., 2018).
The supply of oxygen to the muscle may be impaired, even though the myoglobin con-
tent in the atrophied muscle remains elevated. The amount of connective tissue in the
atrophied muscle as well as the surrounding periarticular tissue increases, which can
result in heightened muscle stiffness and, ultimately, musculoskeletal degeneration
(Ruegg & Glass, 2011; Zuccaro et al., 2023). Alimost complete recovery is possible,
however this phase often lasts much longer than the period of complete immobilization
and is accompanied by significant differences in the weight of the restored muscles and
the size of the muscle fibers (Appell, 1990; Jargensen et al., 2023).

The search for drugs that effectively influence the pathological consequences of
muscle immobilization is an important demand of modern biomedicine. The increase in
the number of free radicals in the process of muscle immobilization and the subsequent
atrophy plays an important role in determining the level of pathological condition of the
muscular system in general (Tidball, 2005). Therefore, special attention is paid to com-
pounds with antioxidant properties (Rliegg & Glass, 2011).

Due to its nanoscale size, high chemical stability, and inherent unique physical
properties, the biocompatible C,, molecule is of the greatest interest for experimental
biological research (Goodarzi et al., 2017). In particular, C,, fullerenes exhibit a strong
reducing ability, readily attaching up to six electrons simultaneously. Due to this, they
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and their derivatives act in biological systems as scavengers of free radicals, the over-
production of which leads to many pathologies. This opens up a promising opportunity
for utilizing these nanocompounds as powerful antioxidants, with effects surpassing
those of the well-known natural antioxidants, such as vitamins C, E, and carotenoids
(Eswaran, 2018).

Our previous research on in vivo models has shown that the administration of non-
toxic (at least at low doses) water-soluble C,, fullerenes on the background of muscle
ischemia (Nozdrenko et al, 2021b), mechanical muscle trauma (Nozdrenko et al., 2022),
and muscle dysfunctions associated with pesticide poisoning (Nozdrenko et al., 2021a)
significantly improved the functional activity of skeletal muscles. In addition, these nano-
structures can affect the course of the inflammatory process: in vitro experiments have
shown that C,, fullerene derivatives taken up by macrophages cause the release of anti-
inflammatory cytokines (Ryan et al., 2007). The antihistamine and antioxidant effects of
C,, fullerenes have been established, which, according to the authors, show promise for
their use in treating diseases such as asthma, polyarthritis, heart disease, multiple scle-
rosis, and atrophic tissue transformations (Grebowski et al., 2013). This study aimed to
evaluate the potential of C, fullerene, a powerful antioxidant, to improve the contractile
dynamics of rat muscle soleus following achillotomy-related atrophy.

MATERIALS AND METHODS

To obtain C, fullerene aqueous solution, we used a method based on the transfer
of C,, molecules from toluene to water, followed by sonication (Scharff et al., 2004). The
resulting Cy, fullerene aqueous solution at a maximum concentration of 0.15 mg/mL is
a typical nanocolloid (Prilutski et al., 1999), which remains stable for 12—18 months at
a temperature of +4-25 °C.

The experiments were conducted on 2-month-old male Wistar rats weighing
200+10 g. The study protocol (No. 9, dated September 4, 2023) was approved by the
Bioethics Committee of the Institute of Biology and Medicine of Taras Shevchenko
National University of Kyiv following the regulations of the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes,
as well as the norms of biomedical ethics under the Law of Ukraine No. 3447-1V of
21.02.2006, Kyiv, ,On the Protection of Animals from Cruelty” during biomedical research.

Prior to the commencement of the study, the rats were subjected to Achillotomy,
which involved cutting of the Achilles tendon. Seven experimental groups of animals
were studied, with 7 animals in each group: control, atrophy after 15, 30, and 45 days,
and atrophy+C,, after 15, 30, and 45 days. The animals received daily oral adminis-
tration of C,, fullerene aqueous solution (beginning immediately after the initiation of
atrophy) and continuing throughout the experiment. It is noteworthy that the way of oral
administration of water-soluble C, fullerenes was tested in in vivo experiments for their
further clinical trials. Importantly, the dosage of water-soluble Cg, fullerenes at 1 mg/kg
was selected as the most optimal when studying their antioxidant effect in other models
of muscle pathology (Nozdrenko et al., 2021b; 2022) and it was significantly lower than
the LD,, value of 600 mg/kg when administered orally to rats (Gharbi et al., 2005).

Animals were anesthetized by intraperitoneal injection of Nembutal (40 mg/kg).
Muscle soleus was freed from the surrounding tissues; in the distal share, its tendon
part was connected to force measurement sensors. The dynamic properties of muscle
contraction were studied using the method of modulated efferent stimulation. To prepare
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for the modulated stimulation of efferents in the corresponding segments, the ventral
roots were cut directly at the places of their exit from the spinal cord. Stimulation was
carried out with electric pulses lasting 2 ms, generated by a pulse generator. Three
pools of non-relaxation stimulation with a frequency of 1 Hz and duration of 1800 s each
were used, after each pool the relaxation time was 5 min.

The usage of three-component stimulation of muscle soleus allowed us to evaluate
the level of fatigue processes development in the injured muscle during a prolonged
low-frequency stimulation and a standard relaxation period. This approach allows us to
evaluate changes in biomechanical parameters of muscle contraction caused by insuf-
ficient relaxation period, the increase of which is associated with pathological processes
in muscle tissue.

The external load on the muscle was controlled with a system of mechanical stimu-
lators. The force of muscle contraction was measured with strain gauges. The muscle
force impulse (area under the force curve), as an indicator of the overall muscle perfor-
mance at the applied stimulation pools, was calculated numerically using the Origin 9.4
software.

Statistical analysis of the results was done using the methods of variational statis-
tics in Statistica 8.0. Each of the obtained experimental mechanokinetic curves is the
result of averaging 10 similar measurements, which were performed from the muscle
soleus of each animal (n = 7 in each experimental group). To assess the reliability of
the detected changes, two-way ANOVA was used, followed by the Bonferroni multiple
comparison test. Values of p <0.05 were considered significant.

RESULTS AND DISCUSSION

The study of the impact of immobilization on muscle capillarization in rats has shown
that the number of capillaries significantly decreased to 65 % of the normal capillary
density (Jozsa et al., 1988). An increase in the amount of intramuscular connective tis-
sue was also observed during immobilization, apparently occurring simultaneously with
muscle atrophy and loss of muscle capillarity. These factors undoubtedly play a crucial
role in the initiation of increased fatigue in active muscles.

Recording of muscle soleus contraction force, when applying 1 Hz stimulation las-
ting 1800 s with three pools, revealed a decrease in the maximum force responses after
15 days of atrophy by 61+3 %, 77+3 %, and 8213 % at the 1st, 2nd, and 3rd stimulation
pools, respectively, compared to the control (p <0.05) (Figs. 1 and 2).

Under the administration of the C, fullerene aqueous solution, the level of maxi-
mum muscle strength increased by 41+2 %, 492 %, and 5712 % at the 1st, 2nd, and
3rd stimulation pools, respectively (p <0.05 compared with the atrophy group). Thus,
the Cq, fullerene therapy is most effective for the prolonged nature of the contractile
process, which is in good agreement with previous findings (Vereshchaka et al., 2018).

After 30 days of the experiment, the level of maximum effort decreased by 49+2 %,
5612 %, and 6113 % of the control values (p <0.05) at the 1st, 2nd, and 3rd stimula-
tion pools, respectively (Fig. 2). The use of C,, fullerene aqueous solution increased
the levels of these indicators by 3111 %, 39+1 %, and 4312 % at the 1st, 2nd, and 3rd
stimulation pools, respectively, compared to the atrophy group (p <0.05).

The 45th day after atrophy is considered to be the limit for the fastest possible muscle
recovery after immobilization, with further recovery taking place over several months in
rats or years in humans (Tidball & Villalta, 2010). The decrease in the maximum muscle
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force generation on day 45 was 3211 %, 41+2 %, and 4912 % of the control values
(p <0.05) at the 1st, 2nd, and 3rd stimulation pools, respectively (Fig. 2). At the same
time, the use of Cy, fullerenes injections increased the level of these indicators by 22+1 %,
29+2 %, and 3611 % at the 1st, 2nd, and 3rd pools of stimulation, respectively, compared

with the atrophy group (p <0.05).

Control

Atrophy

Force contraction
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Fig. 1. Contractile force of the rat muscle soleus after 15 days of atrophy with three pools of 1 Hz non-
relaxing stimulation lasting 1800 s: control, atrophy and atrophy+Cy, — contraction force of the intact
muscle soleus, atrophied muscle soleus without C, fullerenes and under their administration, respec-
tively; the yellow line indicates changes in maximum contraction forces throughout the entire stimula-
tion period; 1, 2 and 3 — the 1st, 2nd, and 3rd pools of stimulation

The significant differences observed in the severity of muscle fatigue at the 1st,
2nd, and 3rd stimulation pools after 15, 30, and 45 days of atrophy can be explained by
the insufficient time of the relaxation period (sufficient in the control) during the develop-
ment of the studied pathology. The described effect of C,, fullerenes can be due to both
a decrease in the development of inflammatory processes in muscle tissue and an
increase in the force response of an active muscle under their action, which was shown
in a previous study (Prylutskyy et al., 2017).

The dynamics of muscle contraction is determined by the subtle mechanisms of
interaction between motor neuron pools that transmit signals to the muscle, and actin
and myosin myofilaments. Changes in the elastic properties of muscle fibers, the struc-
ture of tendon elements, and connective tissue determine the shape of the stimulation-
force relationship, which is a consequence of the development of a pathological process
in the muscle. The analysis of the muscle force impulse allowed us to assess changes in
the level of performance of the muscular system after prolonged immobilization (Fig. 3).
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The impulse of muscle strength on day 15 after atrophy decreased by 59+2 %,
6313 %, and 7513 % of the control values (p <0.05) at the 1st, 2nd, and 3rd stimulation
pools, respectively. The use of C,, fullerene aqueous solution increased this index by
33+1 %, 3712 %, and 4012 % at the 1st, 2nd, and 3rd stimulation pools, respectively,
compared with the atrophy group (p <0.05).

0 T T T v t,s
0 900 1800

Fig. 2. Curves of maximum force contractions of the rat muscle soleus after atrophy with three 1 Hz pools
of non-relaxation stimulation lasting 1800 s: atrophy and atrophy+C,, — force of contraction of the
atrophied muscle soleus without C,, fullerenes and under their administration, respectively; 1, 2 and
3 —the 1st, 2nd and 3rd pool of stimulation, respectively; 15, 30 and 45 days — the corresponding day
after the initiation of atrophy

On day 30 after atrophy, the muscle force impulse decreased by 35+1 %, 45+2 %,
and 4912 % at the 1st, 2nd, and 3rd stimulation pools, respectively, compared with the
control (p <0.05). The use of water-soluble C,, fullerenes showed an increase in these
indicators by 21+1 %, 29+1 %, and 311 % at the 1st, 2nd, and 3rd stimulation pools,
respectively, compared with the atrophy group (p <0.05).

After a period of 45 days following the atrophy, the muscle force impulse decreased
by 101 %, 13+1 %, and 3912 % at the 1st, 2nd, and 3rd stimulation pools, respectively,
compared with the control (p <0.05). The positive effect of C,, fullerenes was 171 %,
1911 %, and 2711 % at the 1st, 2nd, and 3rd stimulation pools, respectively, compared
to the atrophy group (p <0.05).
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Fig. 3. Muscle soleus force impulse (S; relative to the control, taken as 100%) of a rat after atrophy with three
1 Hz pools of non-relaxation stimulation lasting 1800 s: atrophy and atrophy+C,, — force of contraction
of atrophied muscle soleus without and with C, fullerenes, respectively; 1, 2 and 3 — the 1st, 2nd, and
3rd stimulation pools, respectively; 15, 30 and 45 days — the corresponding day after the initiation of
atrophy; *p <0.05 compared with the control; #p <0.05 compared with the atrophy group

In conclusion, it should be noted that up to now no effective drugs have been deve-
loped to prevent the development of atrophic processes in skeletal muscle during pro-
longed immobilization. For example, the MG132 proteasome inhibitor is only slightly
able to prevent muscle atrophy (Jamart et al., 2011). Research (Cozzoli et al., 2013)
has demonstrated the use of anabolic steroids to counteract muscle atrophy, but their
effectiveness remains controversial due to side effects that occur in the cardiac tissue.
Recent studies (Yoshihara et al., 2022) revealed that losartan, as antagonist of angio-
tensin Il type 1 receptor, is able to partially protect the muscle soleus from hindlimb
atrophy by reducing TGF- signaling and inhibiting remodeling. However, for moderate
and severe atrophy, the described positive effects do not apply. Finally, as A. Shally and
B. McDonagh (2020) showed, oxidative stress, which is a consequence of the develop-
ment of muscle atrophy after immobilization, plays a key role in the development of this
pathology, and its reduction leads to a significant positive therapeutic effect confirmed
by the above results on the use of antioxidants Cg, fullerenes.

CONCLUSIONS

During the experiments lasting 15, 30, and 45 days after modeling muscle atrophy
(achillotomy) in rats, an increase in the biomechanical parameters of muscle soleus
contraction was recorded, namely by about 29-49+2 % for the maximum contraction
force and by 21-37+2 % for the muscle force impulse with daily oral administration of
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C,, fullerene aqueous solution at a dose of 1 mg/kg. Therefore, the use of water-soluble
C,, fullerene as a therapeutic nanoagent is promising for reducing dystrophic changes
in muscle soleus caused by prolonged immobilization.
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C., PYINEPEH ClnpPusi€ BIAHOBIEHHIO AUHAMIKWA CKOPOYEHHA
MUSCLE SOLEUS nicnsi CNIPUYUHEHOI AXIITNTOTOMIEIO ATPO®II

Amumpo HozdpeHko, KamepuHa boayuybka,
lzop Mamnyxa, Mukona lNempoeckkut, Opit Mpunyubkul

Kuiscbkuli HauioHanbHiIl yHisepcumem imeHi Tapaca LllegyeHka
8yn. Bonodumupceka, 64, Kuie 01601, YkpaiHa

O6rpyHTYyBaHHA. [Mowyk HOBUX 3acobiB, siki Aanu 6 3Mory eeKkTMBHO BNANBaTH
Ha NaToJIoriYHi HACNigKN 3HEPYXOMIIEHHST M’A3iB, € BKpal HEOOXiAHMM 3annToM cy4ac-
Hol GiomeauumHK. PaHiwe 6yno BCTaHOBMEHO NO3UTUBHUIA BMMUB BOAHOTO po3uunHy Cg,
dynepeHiB sK NOTYXXHWUX aHTUOKCUAAHTIB Ha TNi M’A30BOI iLeMii, MexaHi4HOT M’A30BOI
TpaBMM Ta OESKUX HWUX M’A30BUX AUCKYHKLINA, O OOCTOBIPHO 3axuLiano M's30BY
TKaHMHY BiJ, NMOLUKOOKEHHS!, 3yMOBIIEHOIO OKMCHMM CTPECOM.

Matepianu Ta meTogu. [locnigxxeHo GiomexaHi4Hi napaMeTpun CKOpoveHHs1 muscle
soleus WwypiB 3a iMiTauil He(PYHKLiIOHYBaHHS 3a4HIX KiHLIBOK 3 BUKOPUCTAHHAM KniHiY-
HOI Mofeni — PO3puBY axiffioBOro CyxoXxunng (axinnotomis). biomexaHivHi napameTtpum
CKOPOYEHHS M’S13a, a caMe MaKCUMarbHa Cuna CKOPOYEHHS Ta iMMyrbC M’AI30BOi CUMK,
BM3Ha4Yanu Ha 15-Ty, 30-Ty i 45-Ty goby nicns iHiuiauii aTpodii 3a BUKOPUCTaHHA TeH-
30MeTpii. Ak TepaneBTUYHMIA HAHOArEHT BMKOPUCTOBYBanu nepoparsbHe WoaeHHe BBe-
AEHHs BOgHOro po3unHy C,, dpynepeHiB y 4o3i 1 Mr/Kr yNpOAOBX EKCNEPUMEHTY.

PesynbraTtn. NonepegHsa peecTtpauia cunm CKOpodeHHa muscle soleus nig vac
3actocyBaHHA 1 'y ctumynadii Tpusanictio 1800 ¢ Tpboma nynamu BusaBnsna 3MeH-
LLIEHHS MakcMMarnbHUX cnnosux Bignosigewn nicns 15, 30 Ta 45 nobwu atpodii. 45-Ty foby
nicnst aTpodii BBaXatoTb rPaHMYHOO A5 MakCUManbHO LUBUAKOIO BiAHOBIEHHS M’s3a
nicns 3HepyXoMIeHHS, NoganbLUMi NpoLec BiAOyBaeTbCA YNPOOOBX KiNbkox MicauiB. 3a
TepaneBTUYHOro BBEAEHHSA BOAHOIo po3ynHy Cy, bynepeHis (8o3a 1 mr/kr) y BCix npose-
OEHNX TecTax qoikcyBanm 3pocTaHHsA GioMexaHiuHMX napamMeTpiB (MakCMMarbHOI CUmn
CKOPOYEHHS — 3MiHa OOPMM 3aneXHOCTI “CTUMYnSUiS—cuna CKOpoYeHHA” € HaCniaKoM
PO3BUTKY MaTOMOrYHOro npouecy y M’'s3i Ta iMnyrnbcy M’A30BOi CUNK, KU Jae 3Mory
OUIHUTY Npaue3aaTHICTb M’I30BOI CUCTEMU NICNSA TPUBANOro 3HEPyXOMSIEHHS!), a came
NpnbnmaHo Ha 29—49+2 % ans makcuManbHOT CUINN CKOPOYEHHS Ta Ha 21-37+2 % ans
iMNynbCy M’A30BOI CWK, NOPIBHSAHO 3 rpynoto atpodis ynpogosx 15, 30 Ta 45 fib.
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BucHoBkK. OTpuMaHi pesynsrati cBigyaTb MpPO MEPCNeKTUBHICTb 3aCTOCYyBaHHS
BOAHOMO po3unHy C,, dynepeHris, 30aTHNX 3MEHLLYBaTWU/KOPUryBaTy NaTonoriyHi CTaHu
M’A30BOI CUCTEMM, LLIO BUHMKAIOTb 3a aTpoqii CKENETHMUX M’A3iB YHACTiAOK IXHbOro 3He-
PYXOMJTEHHSI.

Knroyoei crioea: muscle soleus, atpodis, C,, dhynepeH, 6iomexaHivHi napameTpu
M’s130BOr0 CKOPOYEHHS
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