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Open injuries are one of the most common skeletal muscle traumas. The study aimed to estimate the
effect of the oral administration of C, fullerene aqueous solution (C_ FAS) daily at a dose of 1 mg/kg on the
restoration of rat skeletal muscle functional activity on the 5, 10" and 15" day after the open trauma. Male
Wistar rats were randomly divided into three groups of 12 animals in each: control, with muscle injury and
with muscle injury+C_ FAS. The isolated gastrocnemius muscle was subjected to open injury by transverse
dissection with a depth of 1 mm. Stimulation of muscle efferents was carried out by electrical impulses gene-
rated using a strain gauge generator. The content of C-reactive protein, creatinine, lactate, reduced glu-
tathione and the activity of catalase and superoxide dismutase in the rat blood were determined. According to
the data obtained, application of C, FAS promotes the restoration of the functional activity of injured muscle,
which was confirmed by a significant increase in gastrocnemius muscle force impulse, attenuation of the in-
flammatory and development of fatigue and normalization of pro- and antioxidant balance in the process of
regeneration.

Keywords: C,, fullerene, gastrocnemius muscle, open injury, muscle force impulse, protein C, lactate,

pro-antioxidant balance.

pen injuries are one of the most common
O skeletal muscle traumas, which are often the

leading cause of death and disability among
civilians and military personnel [1, 2]. It is related to
the fact that there is not only a high heterogeneity in
the severity of the injuries sustained, but they occur
in different muscle groups, which makes it very dif-
ficult to conduct clinical trials.

Post-traumatic skeletal muscle repair is a series
of complex processes involving coordinated stages
of degeneration, inflammation, regeneration and fi-
brosis. The sequence of events includes initial dam-
age, which is primarily mechanical, and secondary,
metabolic or biochemical damage, which peaks 1-5
days after the traumatic events. Recovery from inju-
ry is usually completed within 30 days [3]. However,
with incomplete or poor-quality repair, mechanical
loads on the injured skeletal muscle usually exceed
its biomechanical capabilities, causing additional
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acute injury. In addition, the superficial location of
many muscles makes them even more vulnerable to
reinjury due to the occurrence of tears [4]. Also, pre-
clinical studies [5] have revealed that muscle mass
remaining after injury or incomplete repair func-
tions suboptimally and the percentage of strength
deficit is significantly higher than can be explained
by the initial mass loss of the contractile apparatus.

Thus, the long healing time combined with a
high frequency of repeated injuries of the musculo-
skeletal system make them the main cause of work
capacity loss and subsequent disability. Given this,
there is a clinically justified need to accelerate the
Kinetics of tissue healing after open injuries [6]. The
phase of muscle regeneration is complicated by a
large amount of free radicals produced during the de-
veloped inflammatory process. Since inflammation
is the main factor determining the level of adverse
pathologies, a promising direction is the search for
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drugs that reduce its development in muscle injuries
[7, 8]. Antioxidant therapy is effectively used for this
purpose [9]. In particular, biocompatible C,, fullere-
ne [10] is known as a powerful antioxidant capable
of simultaneously attaching up to 34 free methyl
radicals [11]. In our previous works, it was shown
that the application of C, fullerene aqueous solu-
tion (C,,FAS) leads to significant therapeutic effects
in muscle pathologies of different nature [12-14].
Based on the above data, the aim of the present study
was to investigate the effect of C,FAS (daily oral
administration at a dose of 1 mg/kg throughout the
experiment) on the process of restoration of func-
tional activity of rat skeletal muscle (gastrocnemius
muscle) on the 5, 10" and 15" day after the initia-
tion of open trauma.

Materials and Methods

To obtain C_ FAS, we used a method based on
the transfer of C,, molecules from toluene to water,
followed by sonication [15]. The resulting C, FAS
at a maximum concentration of 0.15 mg/ml remains
stable for 12-18 months at 4-25°C. It is a typical na-
nocolloid containing both single C_, molecules as
well as their nanoaggregates [16].

The experiments were conducted on 3-month-
old male Wistar rats weighing 170 + 5 g. The ex-
perimental animals were housed in Plexiglas cages
and kept in an air-filtered, 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 Avrticle 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 =12); open injury group (n = 12); open injury+C,
group (oral daily use of C, FAS in a dose of 1 mg/kg
animal body weight after initiation of injury; n = 12).

The choice of 1 mg/kg dose of C, FAS is based
on our previous results [12-14] demonstrating its

high efficacy in the therapy of various muscle pa-
thologies in vivo. Moreover, this dose is significantly
lower than the LD, value, which was 600 mg/kg of
animal weight when administered orally to rats [17]
and 721 mg/kg when administered intraperitoneally
to mice [18].

Anesthesia of experimental animals was car-
ried out by intraperitoneal injection of nembutal
(40 mg/kg), which allowed putting the animals into
deep surgical anesthesia for at least 2 h. If necessary,
anesthesia was continued by intraperitoneal injection
of ketamine/xylazine mixture (% of the initial dose)
every 30-40 min until the end of the experiment.

Gastrocnemius muscle was isolated from sur-
rounding tissues in the area of the hamstring fossa.
All muscle branches except for those innervated,
were cut. The isolated muscle was fixed on a bi-
polar platinum wire electrode for further electrical
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 vaseline
oil.

The studied gastrocnemius muscle was
subjected to transverse dissection with a depth of
1 mm in three equidistant places [19]. After that, we
sutured the wound skin opening with synthetic ab-
sorbable suture material made of copolymer (Liberti,
Germany).

Analysis of mechanograms of muscle contrac-
tion and blood biochemical analysis of rats were
performed 5, 10 and 15 days after the beginning of
the experiment. This is due to the fact that the main
processes of repairing damaged muscles in the con-
ditions of their natural post-traumatic recovery last
for 12-15 days [20].

Stimulation of gastrocnemius muscle efferents
was carried out by electrical impulses generated
using a strain gauge generator. Each series of stimu-
lation consisted of 100 consecutive 2 ms rectangular
pulses with a frequency of 1 Hz. The current inten-
sity at which the muscle started to contract was con-
sidered as a threshold, and further stimulation was
performed at an intensity of 1.3-1.4 threshold. The
external load on the muscle was controlled using a
mechanostimulator system. The change in the force
of muscle contraction was measured using strain
gauges [21].

Analyzing the obtained mechanograms, the
muscle force impulse was calculated as the value
of the area under the force curve using Origin 9.4
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software (S = | f(t)dt, where f is the force of gas-
trocnemius muscle contraction). The analysis of this
parameter allows us to evaluate the activity of mus-
cle functioning in the system of equilibrium *force -
external load’, which is a physiological analog of the
performance of the muscle system as a whole [12-14].

Changes in the concentrations of C-reactive
protein (CRP), creatinine and lactate, as well as
indicators of pro- and antioxidant balance (activity
of catalase (CAT) and superoxide dismutase (SOD)
and concentration of reduced glutathione (GSH)) in
the blood plasma of rats were studied using clinical
diagnostic 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: 1) open injury; 2) C_ FAS treatment (two
levels — no and use of C, FAS). The factor of time
was supposed as within-group with three levels (5,
10 and 15 days after muscle injury initiation). The
Shapiro-Wilk W-test was used to test for normal-
ity. Levene’s test was used to assess the equality of
variances across groups. Multiple pairwise compari-
sons between different groups and conditions were
performed using Bonferroni post-hoc test. The dif-
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ferences between the groups were considered sig-
nificant at P < 0.05. Each of the experimental force
curves is the result of averaging 10 similar tests.
Each biochemical measurement was carried out
at least three times. The statistical evaluation was
performed by software package Statistica 8.0 (Dell,
USA).

Results and Discussion

Biomechanics of injured gastrocnemius muscle
contraction. Fig. 1 shows the results of force changes
of 100 consecutive non-relaxation contractions of
muscle gastrocnemius of rats 5, 10 and 15 days after
the initiation of open muscle injury. On the basis of
the obtained mechanograms, the changes in the force
impulse of gastrocnemius muscle (S, %) describing
its dysfunction were calculated.

Five days after the initiation of open gastroc-
nemius muscle injury, the muscle force impulse val-
ue decreased to 23 + 2% of control. Application of
C,,FAS improved this parameter to 49 + 3% relative
to control. On days 10 and 15, this biomechanical
parameter showed the presence of repair processes
at 41 + 3% and 51 + 3% of the control, respectively.
The application of C FAS improved this parameter
to 58 + 3% and 77 £ 4% of the control, respectively.
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Fig. 1. The force generation curves of rat gastrocnemius muscle contraction at 100 consecutive non-relaxa-
tion contractions and application of fatigue stimulation at a frequency of 1 Hz: control, open injury and open

injury+C_,

—the control, groups of injured rats and rats receiving C, ,FAS (daily dose 1 mg/kg) after initiation

of open muscle injury, respectively; 5, 10 and 15 days — 5, 10 and 15 days after initiation of open muscle injury,
respectively. S — the calculated gastrocnemius muscle force impulse (relative to the control, which was taken

as 100%)
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Thus, a significant increase of gastrocnemius
muscle force impulse was recorded when C, FAS
was applied to the open injury group (17-26 + 2%) in
the process of regeneration of the injured muscle. In
our opinion, the effect of water-soluble C,, fullerenes
on this biomechanical parameter can be explained by
their powerful antioxidant properties, which lead to
a decrease in myocyte membrane damage, the time
of muscle fatigue and muscle fibrosis during the de-
velopment of muscle injuries [7, 22].

Blood biochemical indicators of rats with inju-
red gastrocnemius muscle. To confirm the biome-
chanical data obtained above, the changes in the
biochemical composition of rat blood with damaged
gastrocnemius muscle were analyzed.

CRP, a protein whose level rises in response to
inflammatory processes in the body, is produced by
the liver. Its concentration doubles approximately
every two hours during infection or the acute phase
of a reaction. It is generally accepted that CRP is
a marker of systemic inflammation, but it can also
be elevated due to tissue damage, including skele-
tal muscle damage. CRP level in the blood is deter-
mined in the clinic to monitor the inflammatory pro-
cess associated with rhabdomyolysis [23, 24].

The increase of CRP concentration in blood
from 0.50 + 0.03 mg/I in control to 4.1 = 0.3 mg/I
after 5 days of experiment was revealed, which is an
indicator of high-level inflammatory processes in the
injured muscle (Fig. 2). The application of C,_ FAS
reduced this index by almost 40 + 3% relative to
the open injury group, which was 2.5 + 0.1 mg/I.
On the 10" day of the experiment, this index
was 2.3 £ 0.1 mg/l in the open injury group and
1.5 £ 0.1 mg/l in the open injury+C_ group. As we
can see, the positive effect of C,FAS in this case
was about 35 + 2% relative to the open injury group.
Finally, on the 15" day CRP concentration signifi-
cantly decreased to 1.5 + 0.1 mg/l, and C_ FAS ap-
plication improved this index to 0.92 + 0.05 mg/I,
which indicates the prospective use of antioxidants
in the therapy of muscle inflammation [25].

During intense prolonged work, skeletal mus-
cles produce large amounts of lactate. Increased in-
tramuscular pressure and fibrosis, as well as dama-
ge to the accessory muscle apparatus, shunt muscle
strength. Therefore, the lactate level is a quantitative
indicator of the development of fatigue processes in
pathological muscle [26].

In control, the lactate concentration in blood
was 5.3 + 0.4 mM. After the initiation of open gas-

trocnemius muscle injury, its value increased to
12.5 + 0.6, 11.2 + 0.6 and 7.9 £ 0.3 mM on the 5",
10" and 15" day of the experiment, respectively.
C,,FAS administration decreased the lactate level to
85+0.3,7.5+0.3and 6.6 + 0.3 mM on the 5™, 10t
and 15" day of the experiment, respectively (Fig. 2).
Thus, C, FAS therapy resulted in a 16-33 + 2% in-
crease in lactate oxidation relative to the open injury
group.

Creatinine is a product of creatine phosphate
decay from muscle and protein metabolism. It is ex-
creted by the body at a constant rate depending on
muscle mass, which varies during metabolism in dif-
ferent physiological and pathological states of muscle
[27].

Blood creatinine concentration increased from
48 £ 1 uM in the control to 179 £ 5, 149 + 4 and
121 + 2 uM on day 5, 10 and 15 of the experiment,
respectively. The application of C, FAS decreased
itto 119 + 2, 98 + 2 and 69 + 1 uM, respectively
(Fig. 2). The significant reduction of creatinine frac-
tion upon application of water-soluble C, fullerenes
by 34-43 + 3%, in our opinion, indicates that they
effectively protect skeletal muscle cell membranes
from non-specific free-radical destruction by inten-
sively absorbing free radicals.

To confirm the assumption about the positive
effect of water-soluble C, fullerenes as antioxidants,
we analyzed the levels of markers of peroxidation
and oxidative stress (SOD, CAT and GSH). We im-
mediately note that the data obtained clearly demon-
strate their reduction with C_ FAS therapy (Fig. 3).

SOD catalyzes the conversion of superoxide an-
ions into oxygen and hydrogen peroxide, protecting
cells from the toxic effects of oxygen metabolism.
SOD activity in cells is induced as the first line of
defense against free oxygen radicals and its value de-
pends on the level of the inflammatory process [28].

SOD activity in blood on the 5", 10t and 15
day of the experiment was 5.7 £ 0.3, 4.1 + 0.2 and
3.4 + 0.2 Units/ml, respectively, while the control
was 1.8 + 0.1 Units/ml (Fig. 3). When C, FAS was
administered, this index was significantly decreased
and was 4.1 £ 0.2, 2.6 £ 0.1 and 2.2 £ 0.1 Units/ml,
respectively. Thus, the positive effect of C, FAS was
about 28-37 + 3% relative to the open injury group.

CAT converts hydrogen peroxide formed by
SOD into water and molecular oxygen. It also uses
hydrogen peroxide to oxidize toxins such as phe-
nols, formic acid, formaldehyde and alcohols. In
clinical studies, directly or indirectly, CAT serves

7
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Fig. 2. Concentrations of CRP, lactate and creati-
nine in rat blood plasma 5, 10 and 15 days after the
initiation of open gastrocnemius muscle injury: con-
trol, open injury and open injury+C_ - the control,
groups of injured rats and rats receiving C, FAS
(daily dose of 1 mg/kg) after initiation of open mus-
cle injury, respectively; 5, 10 and 15 days — 5, 10
and 15 days after initiation of open muscle injury,
respectively, *P < .05 relative to the control group;
#P < 0.05 relative to the open injury group

as a marker of inflammation in the development of
various diseases and infections [25].

CAT activity in blood after the initiation of
open trauma to the gastrocnemius muscle increased
from 0.7 =+ 0.1 mM/min in control to 3.5 + 0.2,
2.6 +0.2 and 2.1 = 0.2 mM/min on the 5", 10" and
15" day of the experiment, respectively (Fig. 3). The
application of C_FAS significantly decreased this in-
dex, whichwas 2.2 +0.2, 1.5+ 0.1 and 1.1 £ 0.1 mM/
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Fig. 3. Indices of pro- and antioxidant balance
(SOD, CAT and GSH) in rat blood plasma 5, 10
and 15 days after the initiation of open gastrocne-
mius muscle injury: control, open injury and open
injury+C_, — the control, groups of injured rats and
rats receiving C, FAS (daily dose of 1 mg/kg) after
the initiation of open muscle injury, respectively; 5,
10 and 15 days - 5, 10 and 15 days after the initia-
tion of open muscle injury, respectively; *P < 0.05
relative to the control group; *P < 0.05 relative to
the open injury group

min on day 5, 10 and 15, respectively. The positive
effect of C, FAS was about 37-48 + 3% relative to the
open injury group.

Glutathione is an antioxidant present in al-
most every cell of the body and plays an important
role in the detoxification of xenobiotics. In the hu-
man body, glutathione exists in two forms: reduced
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(GSH) and oxidized (GSSG). GSH ‘neutralizes’ free-
radical foci, is oxidized and becomes inactive, thus
becoming GSSG. Inactive GSSG can be recycled
back into the active form of GSH by the enzyme
glutathione reductase. When this enzyme is over-
loaded and too much oxidized GSSG (compared to
active GSH) accumulates, cells become susceptible
to damage. Thus, GSH level is an important clinical
marker of inflammatory process development [29].

After the initiation of open trauma to the gas-
trocnemius muscle, GSH concentration was 7.4 £ 0.5,
6.1+0.3and 5.1 + 0.2 uM on the 5™, 10*" and 15" day
of the experiment, respectively (1.9 £ 0.1 uM in con-
trol) (Fig. 3). After the application of C_FAS, this
value was 5.2 £ 0.2, 40 + 0.2 and 3.0 £ 0.1 pM on
the 5", 10" and 15" day of the experiment, respec-
tively. The positive effect of C, FAS was about 30-
41 + 3% relative to the open injury group.

Thus, the use of water-soluble C,, fullerenes
significantly reduces oxidative processes in the in-
jured muscles by maintaining the balance between
prooxidants and antioxidant defense system of the
organism. This indicates the presence of compensa-
tory activation of the endogenous antioxidant sys-
tem by C,, fullerenes in the process of pathological
changes of gastrocnemius muscle caused by open
injury.

Conclusions. Application of C, FAS (daily oral
dose of 1 mg/kg during the whole experiment) pro-
motes the restoration of functional activity of injured
muscle gastrocnemius of rats, which is confirmed
by the data of biomechanics of muscle contraction
and blood biochemistry of experimental animals.
Thus, a significant increase of gastrocnemius mus-
cle force impulse at the application of C_FAS in the
process of regeneration of the injured muscle at the
level of 17-26 £ 2% relative to the open injury group
was registered. In addition, there is an increase in
the studied biochemical indices in the blood of rats
throughout the experiment at the level of 16-48 + 3%
relative to the open injury group. In our opinion, C_;
fullerenes influence the activity of endogenous an-
tioxidants, suppressing the occurrence of destruc-
tions in the muscle and, thus, reduce its degradation
during the repair of traumatic injuries. This opens
the possibility of using water-soluble pristine C,,
fullerenes as promising nanoagents capable of ef-
fectively correcting the state of the damaged muscle
system.
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Bigkputi TpaBMH € OXHUMH 3 HaWIO-
LIUPEHIIINX TpPaBM CKEJIETHHX M’s3iB. Mera
JOCII/IKeHHSI — OLIHHUTH BIUIMB IIOACHHOIO Ie-
POpPaJILHOTO BBEICHHS BoAHOro posunny C, ¢dy-
nepeny (C,,BP®) y no3i 1 MI/Kr Ha BiJHOBIEHHS
(yHKIIOHANBHOI aKTHUBHOCTI CKEJNETHUX M’SI31B
mrypiB Ha 5, 10 i 15 noOy micis iHimiarii BiIKpuToi
tpaBMu. CamuiB mrypiB Wistar BUITaJKOBUM YH-
HOM DO3IINMMIM Ha TpH rpynu no 12 TBapuH y
KOXKHIN: KOHTPOJIBHY, 13 YIIKOIKEHHSIM M’SI3iB 1
YILIKOJKEHH M M’;I3iB+C60BP<D. Ha i3ompoBaHOMY
gastrocnemius muscle poOwuiu monepeyHnit po3TUH
rnmubuHoo 1 MM. M’30Bi edepeHTH CTHUMYIIIOBa-
JU eJNCKTPUYHUMH IMITyJIbCaMH, sKi TeHepyBa-
JHUCs 32 JONOMOIOI0 T'eHepaTopa TEH30METPHYHOI
YCTaHOBKH. Y KpOBI HIypiB BH3HAYaJIHd BMICT
C-peakTHBHOro NPOTEiHY, KpEaTHHIHY, JaKTaTy,
BiJIHOBJICHOTO TJIYTaTiOHy Ta aKTHBHICTh Kara-
Ja3d Ta CyNepOKCUIAMCMYyTasu. 3rigHO 3 OTpH-
MaHUMHU JaHUMH, 3aCTOCYBaHHS CGOBPd) CIIpUsie
BiTHOBJICHHIO (PyHKILIOHAJIBHOT aKTHUBHOCTI YII-
KOJDKEHOI'0 M’§I3a, IO MiATBEPIKEHO 3HAYHUM
30UIBIICHHSIM ~ IMITyJIbCY CHIM  gastrocnemius
muscle, ocnabiieHHSM 3anajaeHHs i PO3BUTKY BTOMH
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Ta HOpMaJi3ali€lo npo- Ta aHTHOKCHJIAHTHOTO Oa-
JIAHCY B TIPOIIEC] perenepariii.

KnmodoBi cnosa: C,,  dynepen,
gastrocnemius  muscle,  BigkpuTa  TpaBMa,
IMITyJIbC M’5130BOT cuitu, mpoTein C, jakTat, mpo-
AHTUOKCHJIAHTHUI OaaHc.
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