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The protective effect of water-soluble C,, fullerenes on the development of slow and rapid fatigue of
rat skeletal muscles was analyzed. It was found that the reduction of muscle contraction force (muscle soleus)
by 50% of the initial values is almost twice as slow as stimulation with a frequency of 1 Hz (slow muscle fa-
tigue) than with 2 Hz (rapid muscle fatigue) stimulation after intramuscular injection of C fullerenes (dose
0.5 mg/kg). There is a clear tendency to decrease the values of biochemical parameters of the blood of animals
with the therapeutic effect of water-soluble C fullerenes by approximately 45-60% and 35-40% with the de-
velopment of slow and rapid muscle fatigue, respectively. Thus, C fullerenes, as powerful antioxidants, are
able to efficiently affect the prooxidant-antioxidant homeostasis of muscle tissue and thus help maintain its

normal physiological state.
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work only for a certain period of time, the du-

ration of which is inversely proportional to the
amount of load, after which there is a gradual de-
crease in the maximum level of strength that can be
generated and maintained by skeletal muscle. This
phenomenon is called muscle fatigue [1, 2].

Muscle fatigue is a protective mechanism of
the body against overload and further development
of pain sensitivity of muscle [1]. Its nature and op-
timal degree are key factors for the formation of
adaptation and increase the level of functional and
physical capabilities of the organism. There are two
main reasons for losing function by muscle due to
prolonged irritation. The first is accumulation of
metabolic products (lactic acid, free radicals, etc.)
during muscle contraction. Some of these products,
as well as potassium ions, diffuse from the fibers to
the outside and inhibit the ability of the stimulated
membrane of myocytes to generate action potentials.

S keletal muscles are able to perform physical

Another cause of muscle fatigue is the gradual de-
pletion of energy reserves. During long-term muscle
functioning, there is a sharp decrease in glycogen
reserve, which disrupts the processes of resynthesis
of ATP and creatine phosphate required for muscle
contraction [2].

Under natural conditions, fatigue of the mus-
culoskeletal system during prolonged work develops
more complex and depends on many factors. First-
ly, due to the fact that body’s muscle is continu-
ously supplied with blood and receives a certain
amount of nutrients (glucose and amino acids) and
is released from metabolic products that disrupt
the normal functioning of muscle fibers. Secondly,
in body fatigue depends not only on the dynamic
processes in the muscle, but also on the processes
that develop in the nervous system and are involved
in the management of motor activity [3]. For exam-
ple, fatigue is accompanied by incoordination and
dysfunction of many muscles that do not participate
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in the work. Other muscles are involved into the
work, first synergists, which compensate for the de-
crease in the strength of the main muscles, and then,
as the discoordination increases, other muscles, in
particular antagonists [4]. The movements become
less precise, their pace slows down [5]. Thus, the
level and quality of the body’s protective response
against overload depends on the rate of development
of pathological processes in an actively functioning
muscle. One of the important unresolved issues is
still the physiological difference between the forma-
tion of rapid muscle fatigue and its slow onset. This
is primarily due to the adaptive correction of muscle
fatigue processes, which do not take into account the
fast and slow ways of its development.

The greatest influence on the development of
muscle fatigue is caused by free radicals, in par-
ticular superoxide anion, hydrogen peroxide and
hydroxyl radicals [6]. This was initially confirmed
in rabbit muscles, where free radicals were regis-
tered before and after strenuous exercise [7]. Later,
the effect of free radicals on muscle fatigue of hu-
man limbs was demonstrated in [8]. Exercise has
been shown to increase markers of lipid peroxida-
tion, protein carbonylation, and DNA oxidation [9,
10]. The development of muscle fatigue disrupts the
activity of antioxidant enzymes, induces the oxida-
tion of glutathione, which belongs to the non-enzy-
matic part of the antioxidant system of protection of
the cell from free radicals, which leads to a general
decrease in its concentration [11].

One of the most powerful antioxidants that can
be used to correct skeletal muscle fatigue is the bio-
compatible water-soluble C, fullerene nanoparticles
[12-14]. The C,, molecule has a high reproducibility -
it can attach up to six electrons. Due to this property,
C,, fullerenes act in biological systems as effective
scavengers of free radicals, in particular ROS (reac-
tive oxygen species), the hyperproduction of which
leads to many pathologies, including ischemic inju-
ries [15], traumatic genesis [16]. It is confirmed that
C,, fullerenes normalize cellular metabolism and
Nervous processes, increasing resistance to stress,
enhance the activity of enzymes and tissue regen-
erative capacity, show pronounced antiviral, anti-in-
flammatory and anti-allergenic effects [17, 18]. It has
been experimentally confirmed that C,, fullerenes
and their derivatives can be adjuvants in complex
therapy due to their ability to intensify the protective
functions of the immune and antioxidant systems of
the human body [19, 20].

94

No toxic effects or fatalities were observed in
studies of C,, fullerenes after oral administration to
rats at a total dosage of 2 g/kg for 14 days [21].

The above data indicate the high prospects for
the use of water-soluble C_ fullerenes for therapeutic
purposes, the antioxidant effect of which far exceeds
that of known natural antioxidants - vitamins C, E
and carotenoids [22], in particular as potential nano-
agents to improve the functioning of human skeletal
muscle by modification of ROS-dependent mecha-
nisms that play an important role in the development
of muscle fatigue. Therefore, the aim of this study
was to evaluate the protective effect of water-soluble
C,, fullerenes on the dynamics of muscle contrac-
tion and biochemical composition of rat blood in the
formation of rapid and slow skeletal muscle fatigue
due to its prolonged activation.

Materials and Methods

To obtain water-soluble C,, fullerenes, a method
was used that is based on the transfer of C,, mole-
cules from toluene to water with subsequent soni-
cation [23]. C,, fullerene agueous solution (C,,FAS)
is a typical polydisperse nanocolloid [24], stable for
12-18 months at a storage temperature of 4°C.

The atomic force microscopy (AFM) was per-
formed to determine the size of C, fullerene parti-
cles (their aggregates) in aqueous solution. Measure-
ments were done with the “Solver Pro M” system
(NT-MDT, Russia). A drop of investigated solution
was transferred on the atomic-smooth substrate to
deposit layers. Measurements were carried out af-
ter complete evaporation of the solvent. For AFM
studies, a freshly broken surface of mica (SPI sup-
plies, V-1 grade) was used as a substrate. Meas-
urements were carried out in a semicontact (tap-
ping) mode with AFM probes of the RTPESPA150
(Bruker, 6 N/m, 150 kHz) type.

Experiments on rats were performed in
accordance with international guidelines for medical
and biological studies with the use of animals and
European Convention for the protection of vertebrate
animals used for experimental and other scientific
purposes (Strasbourg, 1986). Experiments on ani-
mals were carried out in accordance with the rules
of treatment of experimental animals, which was ap-
proved by the Academic senate of Taras Shevchen-
ko National University of Kyiv and in accordance
with the rules of the European Convention for the
Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes and the norms
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of biomedical ethics in accordance with the Law of
Ukraine N3446 - IV 21.02.2006, Kyiv, on the Protec-
tion of Animals from Cruelty during medical and
biological research.

The experiments were performed on white non-
linear rats weighing 135-140 g. The animals selected
for the experiment were divided into five groups
(n = 30): intact animals (n = 6); animals with skele-
tal muscle stimulation by electrical impulses with
a frequency of 1 Hz (slow muscle fatigue; n = 6);
animals with skeletal muscle stimulation by electri-
cal impulses with a frequency of 2 Hz (rapid muscle
fatigue; n = 6); animals with skeletal muscle stimula-
tion by electrical impulses with a frequency of 1 Hz
(slow muscle fatigue; n = 6) along with intramus-
cular injection of C, FAS at a dose of 0.5 mg/kg 1 h
before the experiment; animals with skeletal muscle
stimulation by electrical impulses with a frequency
of 2 Hz (rapid muscle fatigue; n = 6) along with in-
tramuscular injection of C_ FAS at a dose of 0.5 mg/
kg 1 h before the experiment.

The selected dose of C, FAS is based on experi-
mentally established data that indicate a high pro-
tective effect of water-soluble C, fullerenes in the
model of ischemia-reperfusion [25]. Also, it should
be noted that the used dose was significantly lower
than the LD, value, which after oral administration
to rats was 600 mg/kg body weight [26], and after
intraperitoneal administration to mice — 721 mg/kg
[27].

Anesthesia of animals was performed by intra-
peritoneal administration of nembutal (40 mg/kg).
Soleus muscle of rat was released from the surroun-
ding tissues and its tendon was cut across in distal
part. The ventral roots were cut in places of their
exit from the spinal cord for the modulated stimu-
lation of efferents. Changes in muscle contraction
were recorded using strain gauges to which tendons
of the test muscle were attached. Programmable sig-
nal generators of special shape were used to gene-
rate stimulus signals. Distributed stimulation al-
lowed to obtain a monotonous and uniform muscle
contraction with low-frequency (1 and 2 Hz) stimu-
lation of individual filaments. Stimulation was per-
formed with electrical pulses lasting 2 ms for 60 min
through platinum electrodes. The external load on
the muscle was controlled by a system of mechanical
stimulators. The perturbation of the load was carried
out by a linear electromagnetic motor.

The development of muscle fatigue was as-
sessed by calculating the time of reduction of its con-

traction force by 50% from the initial value during
stimulation.

The levels of creatinine, creatine phosphoki-
nase (CPK), lactate (LA), lactate dehydrogenase
(LDH), thiobarbituric acid reactive substances
(TBARS), hydrogen peroxide (H,0,), reduced
glutathione (GSH) and catalase (CAT) activity as
markers of muscle injury [28], were determined in
blood plasma of experimental animals using clinical
diagnostic equipment - a haemoanalyzer [25].

Statistical processing of results was performed
by methods of variation statistics using software
Original 8.0. Biochemical data are expressed as
the means = SEM for each group. The differences
among experimental groups were detected by one-
way analysis of variance followed by Bonferroni
multiple comparison test. Values of P < 0.05 were
considered significant.

Results and Discussion

The monitoring of C_ fullerene particle’ size
in aqueous solution is important for controlling the
degree of C_; fullerene aggregation which may influ-
ence its toxicity [29, 30]. The prepared C, FAS (con-
centration 0.15 mg/ml) was characterized by AFM
technique.

The study of C,, fullerene films deposited
from an aqueous solution revealed a high degree of
molecules dispersion in solution. It turned out that
prepared C FAS contains both single C,, fullerene
(~0.7 nm) and its labile nanoaggregates with size of
1.4-20 nm (Fig. 1). The majority of C,, molecules
were located chaotically and separately along the
surface, or in the form of bulk clusters consisting of
several tens C,, molecules [24]. Such arrangement
of C,, molecules formed because of electrostatic re-
pulsion between them: the zeta potential value was
-25.3 mV at room temperature [27], indicating a high
solute stabilization.

To ensure long-term development of muscle fa-
tigue, rat muscle soleus stimulation was performed
with electrical pulses of 1 Hz (slow muscle fatigue)
and 2 Hz (rapid muscle fatigue) without a period of
relaxation. Thus, with stimulation at a frequency of
1 Hz, the time to reach the force of muscle contrac-
tion 50% of the initial values was 3080 s (Fig. 2).

At the same time, the analysis of muscle mecha-
nograms after water-soluble C, fullerenes adminis-
tration revealed that the force of muscle contraction
decreased to 50% of the initial values for the time ex-
ceeding the duration of stimulation (3600 s), - 4300 s.
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Fig. 1. AFM image of the C, fullerene layer. Numbers with arrows show the height of nanoobjects
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Fig. 2. Curves of contraction force generation of rats muscle soleus caused by electrical stimulation with
frequency I and 2 Hz and duration 3600 s: mechanograms of muscles in control (a); muscle mechanograms
with prophylactic administration of water-soluble C fullerenes (b); At,,— time of reduction of the maximum

Jorce to 50% of the initial level

During stimulation with frequency of 2 Hz the time
to reach the force of muscle contraction 50% of the
initial level decreased significantly and amounted to
1890 s (Fig. 2). After injections of water-soluble C_,
fullerene to animals, this time increased to 2340 s. It
should also be noted that after the prophylactic use
of water-soluble C,, fullerenes, the force of isometric
muscle contraction, after some fall, reached a steady
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level. This confirms the fact that without the addition
of the drug, there is a constant decrease in the level
of muscle contraction throughout the period of stim-
ulation, meanwhile after administration of C,,FAS,
this decrease is significantly slowed down.

Data obtained in tensometric experiments
(Fig. 2) showed that the decrease in muscle con-
traction force after administration of water-soluble
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C,, fullerenes is almost two times slower than in
the control after stimulation with frequency 1 Hz,
and 45-55% slower than in control after stimula-
tion with frequency 2 Hz. Significant reduction in
the maximum level of strength developed by the
muscle during the entire period of stimulation af-
ter application of the drug was 23 and 26% for slow
and rapid muscle fatigue, respectively, while in the
control (without drug administration) this figure
reached 56 and 58%, respectively. This confirms our
previously obtained data on the protective effect of
water-soluble C_; fullerenes on the functions of the
immune and antioxidant systems of the body in in-
flammatory processes and fatigue [16, 31]. However,
a comparison of the development of rapid and slow
skeletal muscle fatigue shows that the therapeutic ef-
fect of injections of C, FAS significantly affects the
development of slow fatigue and almost in two times
differs from the effect after rapid fatigue.

Analysis of the biochemical composition of
the blood of animals makes it possible to assess the
functional changes that occur in the muscle due to its
contraction, as well as the effectiveness of the thera-
peutic effect of the drug on fatigue. The biochemical
parameters selected in the study, in particular creati-
nine, CPK, LA and LDH, are markers of physiologi-
cal disorders in muscle tissue due to the development
of fatigue.

The change in the level of creatinine, a product
formed in muscle fibers during their destruction,
allowed us to assess the level of myocyte damage
during the prolonged contractions. This parameter
increased from 59 £ 2 UM in the group of intact ani-
mals to 121 + 4 and 147 + 2 uM after stimulation
with frequency 1 and 2 Hz, respectively (Fig. 3).
Preliminary administration of C,, fullerenes reduced
these values to 97 £ 5 and 132 £ 3 uM, respectively
(Fig. 3).

The level of changes in LDH, an enzyme that
catalyzes the oxidation of lactic acid, made it possi-
ble to assess the general state of muscle performance.
The increase from 210 + 5 Units/l in the group of
intact animals to 381 + 12 and 582 + 12 Units/I af-
ter stimulation with frequency 1 and 2 Hz, respec-
tively, is evidence of the development of significant
muscle dysfunction associated with the development
of fatigue. The increase in the LDH fraction in the
blood is the result of both physiological destruction
of myocyte walls and an increase in lactate con-
tent with prolonged muscle activation. Administra-
tion of C, FAS reduced LDH levels to 303 + 11 and

521 + 19 Units/I, respectively (Fig. 3), which may
be the evidence of reduction in mechanical damage
to muscle fibers and in lactate concentrations in the
muscular system in general.

In active muscle, most metabolic processes oc-
cur under anaerobic conditions, as a result muscle
uses a significant amount of mitochondrial enzymes
and, thus, accumulates a large amount of LA, which
does not have time to oxidize with prolonged muscle
stimulation. An increase in the level of lactic acid in
the active muscle will indicate that its level of up-
take into cells exceeds the level of its oxidation and
excretion. Studies of individual muscle fibers have
shown that acidification affects isometric strength
and rate of contraction. At the same time, it has been
found that muscle can recover faster than the pH re-
turns to normal [32]. The effect of acidification on
the development of muscle fatigue is not constant:
a strong correlation was found between the level of
acidosis and the development of muscle fatigue at
a temperature of <15°C [33]. Experiments on indi-
vidual muscle fibers [34] and whole mice muscle [33]
have shown that at a temperature of 30°C, acidifica-
tion has a minimal effect on the contractile activity
of the muscle. Thus, under physiological tempera-
tures, muscle contraction is weakly dependent on
acidification. However, a possible alternative way for
acidosis to alter muscle strength is energy metabo-
lism. It is known that the key enzymes in glycogen-
olysis and glycolysis - phosphorylase and phospho-
fructokinase - are inhibited at acidic pH. There is
also a theory that acidification significantly affects
the release of calcium ions from the sarcoplasmic re-
ticulum during muscle contraction. Acidification is
thought to affect ryanodine-sensitive Ca?*-channels
and interfere with intracellular calcium release [35].

In the group of intact animals, the level of
LA was 10.6 = 2 M. After stimulation with a fre-
quency 1 and 2 Hz, its value increased to 15.3 + 1.0
and 23.4 + 3.0 M, respectively. Injections of C, FAS
reduced LA levelsto 11.3 + 1.0 and 21.4 + 1.0 M,
respectively (Fig. 3). Thus, C,, fullerene therapy
resulted in an increase in LA oxidation to almost
control values after 1 Hz stimulation (slow muscle
fatigue).

CPK is an enzyme from the energy supply
system of musculoskeletal fibers that catalyzes the
transfer of the phosphate group from ATP to the
creatine molecule to form the high-energy com-
pound creatine phosphate, which is used by the body
as an energy substance after increasing physical ac-
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Fig. 3. Biochemical parameters of muscle fatigue: levels of creatinine, LDH, LA and CPK in the blood of rats
after stimulation with frequency 1 and 2 Hz of muscle soleus for 3600 s (*P < 0.05 relative to the intact group;
**P < (.05 relative to the corresponding control fatigue group)

tivity. Changes in its concentration are one of the
key markers of pathological processes in the mus-
cle, which characterizes the depletion of energy re-
serves of the cell. Prolonged contraction results in
mechanical damage to the muscles and the release
of this enzyme from the cells and, consequently, an
increase in its activity in the blood. The increase in
CPK fraction from 780 + 18 Units/I in the group of
intact animals to 1010 + 27 and 1202 + 20 Units/|
with muscle stimulation of frequency 1 and 2 Hz,
respectively, is the result of physiological damage
to the myocyte membrane, which increases with ac-
tive long non-relaxation contraction. After admin-
istration of C_FAS, the CPK level was 920 + 24
and 1112 + 28 Units/l, respectively (Fig. 3). Thus,
therapeutic injections of C,, fullerene significantly
increase the energy capacity of a functioning mus-
cle, almost equally affecting the development of slow
and rapid fatigue.

Taking into account that development of muscle
fatigue is associated with an increase in the concen-
tration of ROS, cellular antioxidant systems can be
considered as components of the body’s defense sys-
tem against the effects of muscle fatigue.
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Thus, the change in the level of TBARS
was following: 2.63 + 0.3 and 3.18 + 0.4 pM
(2.02 £ 0.20 uM in the group of intact animals) after
development of fatigue caused by 1 and 2 Hz mus-
cle stimulation, respectively, and 2.09 + 0.20 and
2.93 + 0.40 uM after development of fatigue caused
by 1 and 2 Hz muscle stimulation and administration
of C,,FAS, respectively (Fig. 4).

The level of H,O, was 2.49 + 0.40 and
2.91 +0.50 mM (1.43 £ 0.1 mM in the group of intact
animals) with the development of fatigue after mus-
cle stimulation with frequency 1 and 2 Hz, respec-
tively, and 2.19 £ 0.6 and 2.82 + 0.6 mM with the
development of fatigue after muscle stimulation with
frequency 1 and 2 Hz and administration of C_ FAS,
respectively (Fig. 4).

CAT activity increased from 0.68 + 0.1 mM/
min in the group of intact animals to 0.81 + 0.3 and
0.93 £ 0.1 mM/min after muscle stimulation with
frequency 1 and 2 Hz, respectively, and decreased to
0.62 £ 0.1 and 0.76 £ 0.1 mM/min under the action
of C,,FAS (Fig. 4).

The content of reduced GSH was 2.43 + 0.5 and
292+ 0.3 M (1.32 £ 0.4 M in the group of intact
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Fig. 4. Indicators of pro- and antioxidant balance (TBARS, H,O,, CAT and GSH) in the blood of rats after
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stimulation of muscle soleus with frequency 1 and 2 Hz for 3600 s (*P < 0.05 relative to the intact group;
**P < (.05 relative to the corresponding control fatigue group)

animals) with the development of slow and rapid fa-
tigue, respectively, and 1.61 £ 0.2 and 2.59 £ 0.5 M
with the development of slow and rapid fatigue and
administration of C_FAS, respectively (Fig. 4).

Thus, muscle fatigue caused the increase of
the level of oxidative stress markers (TBARS and
H,0,), compensatory activation of the anti-peroxide
enzyme CAT, and increase of GSH level in blood of
rats. The use of water-soluble C,, fullerenes reduced
these values to the optimal level.

Conclusions. The analysis of the obtained data
shows a clear tendency to decrease the rate of meta-
bolic parameters in the blood of rats by approxi-
mately 45-60% with the development of slow fatigue
and 35-40% with the development of rapid fatigue
after administration of low doses of water-soluble
C,, fullerenes. In addition, under conditions of long-
term muscles activation C,, fullerene can normalize
the endogenous antioxidant system, which leads to
a weakening of prooxidant processes. At the same

time, tensometric test data show that water-soluble
C,, fullerenes significantly affect the development of
slow fatigue (the detected effect is almost twice as
different as the development of rapid fatigue). Thus,
C,, fullerenes, as potent antioxidants, can prevent
the onset of dysfunction in active muscle and thus
maintain it within physiological limits throughout
the contraction process. This opens the prospect of
further clinical trials of C, FAS as a potential thera-
peutic agent capable of correcting pathological con-
ditions of the muscular system.
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BIOXIMIYHHUN TA
TEH30METPUYHUNA AHAJI3N
MPOTEKTOPHOI A1i C,, ®YJIEPEHIB
HA PO3BUTOK BTOMHU
CKEJETHHUX M’SI3IB

JI. M. Hozopenko', K. I. Boeyybra?,
L B. Ilamnyxa®, O. O. I'onuap?,
O. M. Abpamuyk®, IO. I Hpunyyeruii™

'KHuiBCBhKMIA HAI[IOHATBHIN YHIBEPCHTET
imeHi Tapaca IlleBuenka Ykpaina;
“e-mail: prylut@ukr.net;
TuctutyT iziororii imeni O. O. Boromosbiis
HAH VYkpainu, Kuis, Ykpaina;
*BOJMHCHK Ui HAI[IOHATBHUN YHIBEPCUTET
imeni Jleci Ykpainku, Ykpaina

[IpoananizoBaHO TPOTEKTOPHY JIiH0 BOJO-
posunnnux C,, QynepeHiB Ha PO3BUTOK IOBiJIb-
HOI Ta IIBHJIKOI BTOMHU CKEJICTHHX M’SI3iB IIYpIB.
Tak, BCTAaHOBJICHO, IO MiCJIsl BHYTPIIIHHOM S30BOi
iwexuii C,; dynepenis (103a 0,5 MI/KT) 3HHKEHHS
CUJIH cKopoueHHst M’s13a (muscle soleus) Ha 50% Bij
[OYaTKOBUX 3HAYCHb BiJIOYBA€ThCS Maike BIBiYi
MOBiNBHIIIE 32 cTuMynsanii yacrotoro 1 I'm (mmo-
BUJIbHA BTOMA M’si3a), HI’kK 32 CTUMYJISIIT 4aCTOTO
2 I'u (mBHIka BTOMa M’513a). BusiBIeHO 4iTKy TeH-
JIEHIUIO 10 3MEHIIEHHs BEJIUYMH OlOXIMIYHUX IO-
Ka3HUKIB KPOBI TBapHH 3a TePaNeBTHYHOI A1l BOJIO-
posunnnux C,, Gynepenis npubausuo na 45-60%
1 35-40% 3a po3BUTKY MOBUIBHOI 1 ITBUAKOT BTOMHU
M’a3a, BinoBiaAHO. Takum unnoMm, C dynepenn, sk
MOTYKHI aHTHOKCHUJIAHTH, 3/IaTHI €()eKTUBHO BILIH-
BaTH Ha IPO/AHTUOKCUIAHTHUN TOMEOCTa3 M 30B01

HOPMAaJILHOTO (i310JI0TIYHOTO CTaHYy.

Knrmo4oB1 CJI0Ba: CKEJIETHUI M’93, BTOMA,
OloxiMIYHMI Ta TeH30MeTpuuHKi ananizu, C  dy-
JepeH.

References

1. Kostyukov Al, Day S, Hellstrom F, Radova-
novic S, Ljubisavljevic M, Windhorst U,
Johansson H. Fatigue-related changes in
electomyogram activity of the cat gastrocnemius
during frequency-modulated efferent
stimulation. Neuroscience. 2000; 97(4): 801-809.

2. Edwards RH, Hill DK, Jones DA. Metabolic
changes associated with the slowing of
relaxation in fatigued mouse muscle. J Physiol.
1975; 251(2): 287-301.

100

3. Nozdrenko DN, Bogutska KI. About molecular
mechanisms of fiber muscle contraction at
transition to new equilibrium state: analysis of
experimental data using three-componential
electrical stimulating signal. Biopolym Cell.
2005; 21(3): 283-286.

4. Nozdrenko DN, Shut AN, Prylutskyy Yul.
The possible molecular mechanism of the
nonlinearity muscle contraction and its
experimental substantiation. Biopolym Cell.
2005; 21(1): 80-83.

5. Woods JJ, Furbush F, Bigland-Ritchie B.
Evidence for a fatigue-induced reflex inhibition
of motoneuron firing rates. J Neurophysiol.
1987; 58(1): 125-137.

6. Vasilaki A, Mansouri A, Van Remmen H, van
der Meulen JH, Larkin L, Richardson AG,
McArdle A, Faulkner JA, Jackson MJ. Free
radical generation by skeletal muscle of adult
and old mice: effect of contractile activity. Aging
Cell. 2006; 5(2): 109-117.

7. Davies KJ, Quintanilha AT, Brooks GA,
Packer L. Free radicals and tissue damage
produced by exercise. Biochem Biophys Res
Commun. 1982; 107(4): 1198-1205.

8. Jackson MJ, Edwards RH, Symons MC. Electron
spin resonance studies of intact mammalian
skeletal muscle. Biochim Biophys Acta. 1985;
847(2): 185-190.

9. Duthie GG, Robertson JD, Maughan RJ,
Morrice PC. Blood antioxidant status and
erythrocyte lipid peroxidation  following
distance running. Arch Biochem Biophys. 1990;
282(1): 78-83.

10. Barreiro E, Gea J, Di Falco M, Kriazhev L,
James S, Hussain SN. Protein carbonyl formation
in the diaphragm. Am J Respir Cell Mol Biol.
2005; 32(1): 9-17.

11. Sen CK, Marin E, Kretzschmar M, Hanninen O.
Skeletal muscle and liver glutathione
homeostasis in response to training, exercise,
and immobilization. J Appl Physiol. 1992; 73(4):
1265-1272.

12. Ferreira CA, Ni D, Rosenkrans ZT, Cai W.
Scavenging of reactive oxygen and nitrogen
species with nanomaterials. Nano Res. 2018;
11(10): 4955-4984.

13. Gonchar OO, Maznychenko AV, Bulgakova NV,
Vereshchaka 1V, Tomiak T, Ritter U,
Prylutskyy Yul, Mankovska IM, Kostyukov Al.
C,, Fullerene Prevents Restraint Stress-Induced



D. M. Nozdrenko, K. I. Bogutska, I. V. Pampuha et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Oxidative Disorders in Rat Tissues: Possible
Involvement of the Nrf2/ARE-Antioxidant
Pathway. Oxid Med Cell Longev. 2018; 2018:
2518676.

Halenova T, Raksha N, Savchuk O, Ostap-
chenko L, Prylutskyy Y, Ritter U, Scharff P.
Evaluation of the biocompatibility of water-
soluble pristine C,, fullerenes in rabbit.
BioNanoSci. 2020; 10(3): 721-730.

Zay SYu, Zavodovskyi DA, Bogutska KiI,
Nozdrenko DN, Prylutskyy Yul. Prospects of
C,, fullerene application as mean of prevention
and correction of ischemic-reperfusion injury in
the skeletal muscle tissue. Fiziol Zhurn. 2016;
62(3): 66-77.

Nozdrenko DN, Matvienko TYu, Vygovska QV,
Soroca VM, Bogutska KI, Nuryshchenko NE,
Prylutskyy Yul, Zholos AV. Activation of the
cold and menthol receptor TRPM8 improves
post-traumatic recovery of rat muscle soleus
during fullerene treatment. Nanosistemi,
Nanomateriali, Nanotehnologii. 2020; 18(1):
205-216.

Goodarzi S, Da Ros T, Conde J, Sefat F,
Mozafari M. Fullerene: biomedical engineers
get to revisit an old friend. Mater Today. 2017;
20(8); 460-480.

Kuznietsova HM, Dziubenko NV, Lynchak OV,
Herheliuk TS, Zavalny DK, Remeniak OV,
Prylutskyy Yul, Ritter U. Effects of Pristine
C,, Fullerenes on Liver and Pancreas in
a-Naphthylisothiocyanate-Induced Cholangitis.
Dig Dis Sci. 2020; 65(1): 215-224.

Didenko G, Prylutska S, Kichmarenko Y,
Potebnya G, Prylutskyy Y, Slobodyanik N,
Ritter U, Scharff P. Evaluation of the antitumor
immune response to C; fullerene. Mat-wiss u
Werkstofftech. 2013; 44(2-3): 124-128.
Vereshchaka 1V, Bulgakova NV, Mazny-
chenko AV, Gonchar OO, Prylutskyy Yul,
Ritter U, Moska W, Tomiak T, Nozdrenko DM,
Mishchenko 1V, Kostyukov Al. C,, Fullerenes
Diminish Muscle Fatigue in Rats Comparable
to N-acetylcysteine or B-Alanine. Front Physiol.
2018; 9: 517.

Mori T, Takada H, Ito S, Matsubayashi K,
Miwa N, Sawaguchi T. Preclinical studies on
safety of fullerene upon acute oral administration
and evaluation for no mutagenesis. Toxicology.
2006; 225(1): 48-54.

Wang IC, Tai LA, Lee DD, Kanakamma PP,
Shen CK, Luh TY, Cheng CH, Hwang KC.

23.

24,

25.

26.

21.

28.

29.

30

C(60) and water-soluble fullerene derivatives
as antioxidants against radical-initiated lipid

peroxidation. J Med Chem. 1999; 42(22): 4614-
4620.

Prylutskyy Yul, Yashchuk VM, Kushnir KM,
Golub AA, Kudrenko VA, Prylutska SV,
Grynyuk II, Buzaneva EV, Scharff P,
Braun T, Matyshevska OP. Biophysical
studies of fullerene-based composite for bio-
nanotechnology. Mater Sci Engineer C. 2003;
23(1-2): 109-111.

Prilutski Yul, Durov SS, Yashchuk VN,
Ogul’chansky TYu, Pogorelov VE,
Astashkin YuA, Buzaneva EV, Kirghizov YuD,
Andrievsky GV, Scharff P. Theoretical
predictions and experimental studies of self-
organization C_ nanoparticles in water solution
and on the support. Europ Phys J D. 1999; 9(1-

4): 341-343.
Nozdrenko DM, Zavodovskyi DO,
Matvienko TYu, Zay SYu, Bogutska KiI,

Prylutskyy Yul, Ritter U, Scharff P. C,
Fullerene as Promising Therapeutic Agent for
the Prevention and Correction of Skeletal Muscle
Functioning at Ischemic Injury. Nanoscale Res
Lett. 2017; 12(1): 115.
Gharbi N, Pressac M, Hadchouel M, Szwarc H,
Wilson SR, Moussa F. [60]fullerene is a powerful
antioxidant in vivo with no acute or subacute
toxicity. Nano Lett. 2005; 5(12): 2578-2585.
Prylutska SV, Grebinyk AG, Lynchak QV,
Byelinska 1V, Cherepanov VYV, Tauscher
E, Matyshevska OP, Prylutskyy Yul,
Rybalchenko VK, Ritter U, Frohme M. In vitro
and in vivo toxicity of pristine C,, fullerene
aqueous colloid solution. Fullerenes, Nanotubes,
Carbon Nanostruct. 2019; 27(9): 715-728.
Brancaccio P, Lippi G, Maffulli N. Biochemical
markers of muscular damage. Clin Chem Lab
Med. 2010; 48(6): 757-767.
Tolkachov M, Sokolova V, Loza K, Korolovych V,
Prylutskyy Yu, Epple M, Ritter U, Scharff P.
Study of biocompatibility effect of nanocarbon
particles on various cell types in vitro. Mat-wiss
u Werkstofftech. 2016; 47(2-3): 216-221.
Kraemer AB, Parfitt GM, Acosta DDS,
Bruch GE, Cordeiro MF, Marins LF, Ventura-
Lima J, Monserrat JM, Barros DM. Fullerene
(C60) particle size implications in neurotoxicity
following infusion into the hippocampi of
Wistar rats. Toxicol Appl Pharmacol. 2018; 338:
197-203.

101



ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 4

31. Prylutskyy Yul, WVereshchaka 1V, Mazny-
chenko AV, Bulgakova NV, Gonchar OO,
Kyzyma OA, Ritter U, Scharff P, Tomiak T,
Nozdrenko DM, Mishchenko 1V, Kostyukov Al.
C(60) fullerene as promising therapeutic agent
for correcting and preventing skeletal muscle
fatigue. J Nanobiotechnology. 2017; 15(1): 8.

32. Sahlin K, Ren JM. Relationship of contraction
capacity to metabolic changes during recovery
from a fatiguing contraction. J Appl Physiol.
1989; 67(2): 648-654.

33. Wiseman RW, Beck TW, Chase PB. Effect of
intracellular pH on force development depends

102

34.

35.

on temperature in intact skeletal muscle from
mouse. Am J Physiol. 1996; 271(3): C878-C886.
Westerblad H, Bruton JD, Lénnergren J. The
effect of intracellular pH on contractile function
of intact, single fibres of mouse muscle declines
with increasing temperature. J Physiol. 1997,
500(Pt 1): 193-204.

Lamb GD, Recupero E, Stephenson DG. Effect
of myoplasmic pH on excitation-contraction
coupling in skeletal muscle fibres of the toad. J
Physiol. 1992; 448: 211-224.



