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The effect of water-soluble pristine Cg, fullerenes as powerful antioxidants
on the biochemical parameters of blood of rats under the ischemia-
reperfusion injury of the skeletal muscle depending on its active and inactive
states, as well as duration of this pathology, is studied. Levels of enzymes
(creatine phosphokinase and lactate dehydrogenase) and their metabolic
products (creatinine and lactic acid) in blood are measured for the evaluation
of general physiological state of experimental rats. Moreover, levels of some
components of antioxidant system, namely catalase, reduced glutathione,
thiobarbituric-acid reactive substances, and hydrogen peroxide as indicators
of lipid peroxidation and oxidative stress, are also measured. The pronounced
tendency to decrease of these biochemical parameters of the blood at average
by 20—25% in the experimental groups (1 mg/kg intramuscular introduction
of water-soluble pristine Cy, fullerene immediately after muscle reperfusion)
compared to animals without the Cgy-fullerene introduction is shown regard-
less of the muscle-ischemia duration of 1, 2 or 3 h.

Hocrim:xeHo BILINB BOJOPO3YNHHNX HeMogudikoBaHux Cqy-DyiiepeHiB AK 1mo-
TYKHIX aHTUOKCHUIAHTIB Ha 6ioxeMiuHi MOKa3sHUKM KPOBi ITypiB 3a imemiuno-
pernepdy3iiiHOro MOIIKOAKEeHH CKeJIeTHOTO M’ s3a 3aJIe}KHO BiJ 0T0 aKTHUBHO-
ro Ta HEaKTUBHOI'O CTaHiB, a TAKOXK TpUBAJIOCTH Iriei martosorii. [iad ominku
3araJibHOro (hiziosoriuHoro crany migmocaigHMX IMypiB BU3HAYaJ W PiBHI (ep-
MeHTiB (KpeaTuH(MochoKiHAZY Ta TaKTaTAeTiAPOoTeHA3M) I IXHiX MeTa00 TivHIX
MIPOAYKTiB (KpeaTuHiHy Ta MOJOUYHOI KucyoTu) vy KpoBi. Kpim Toro, 6yniu Bu-
3HAUEHi PiBHI AeAKMX KOMIIOHEHTIiB aHTHMOKCUIAHTHOI CUCTEMHU, 30KpeMa Ka-
Tajaasu, BiTHOBJIEHOI'O IJIyTATiOHY, PEaKTUBHUX PEYOBUH Tio0apbiTypoBOi K1c-
JIOTH Ta MEePOKCUY BOAHIO AK iHAUKATOPIB IIEPEeKUCHOTO0 OKMCHEHHA JIMigiB Ta
OKMCHIOBAJIBHOTO cTpecy. IlokasaHo, 110 y Aocaigfamx rpynax TBapuH (1 Mr/Kr-
BHYTPIITHbOM’130B€ BBEJIEHHA BOAOPO3UYMHHOTO HeMoaumpixkoBanoro Cgq-
dynnepeny oapasy micasa pemepdysii m’a3a) cmocTepiraeTbcs BUpakeHa TeH-
JeHIliA 00 3MEeHINeHHA IMUX 6ioxXeMiuHuX IMOKa3HUKIiB KPOBi B cepegHLOMY Ha
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20-25% mnopiBHSAHO 3 KOHTpoJieM (TBapuHu 6e3 BBegeHHA Cqy-QyiiiepeHny) He-
3aJIe’KHO Biff TpUBaAJIOCTH inmemisarrii m’a3a B 1, 2 uu 3 roquHM.

HccimemoBaHo BIUAHWE BOAOPACTBOPUMBIX  HeMOAUDUIIUPOBAHHBIX  Cgy-
¢ yIepeHOB KaK MOIIMHBIX AHTUOKCUAAHTOB Ha OMOXMMHUYECKUE IIOKAas3aTesu
KPOBM KDPBIC IIPU UIIEeMUYECKU-PernepHy3MOHHOM MIOBPEKAEHUU CKeJIeTHOM
MBIIIIBI B 3aBUCUMOCTH OT €€ aKTUBHOI'O ¥ HeaKTHUBHOTO COCTOAHUM, a TaKKe
IIPOJOJIKUTEIBHOCTHU 3TOM maToJaoTuu. [[Jia oeHKY 0011ero (hu3noJ0THIEeCKOTO
COCTOAHUSA IOJOIMBITHBIX KPBIC U3MePsIn YPOBHU (epMeHTOB (KpeaTuHMOCHO-
KMHA3bl U JIAKTATAETHIPOTeHAa3bl) U UX MeTa0OJNUEeCKUX IIPOAYKTOB (KpeaTu-
HUHA U MOJIOUHOM KUCJIOThI) B KpoBU. Kpome TOro, ObLIM M3MepeHbl YPOBHU He-
KOTOPBIX KOMIIOHEHTOB aHTHOKCHUAAHTHOM CHCTE€MBI, B YACTHOCTH KaTaJjashbl,
BOCCTaHOBJIEHHOTO TJIYTATHOHA, PEAKTHUBHBLIX BEIIECTB THO0APOUTYPOBOM KuC-
JIOTHI ¥ TIEPOKCHIa BOZOPOIa B KAUECTBE UHAUKATOPOB IIEPEKMCHOTO OKUCIEHN A
JUTHUI0B ¥ OKHUCJIUTEILHOTO cTpecca. [fokaszaHo, UTO B OMBITHBIX I'PYIIIIaX JKU-
BOTHBIX (1 MI/Kr-BHYTPUMBIIIIEUHOE BBeJeHNEe BOJAOPACTBOPHUMOTO Hemoampu-
nupoBarHOTro Cqy-yiliepeHa cpasy mocie perepdys3uy MBIIIIIB) HaGI0naeTCs
BLIpAKEHHAS TEHAEHIINA K YMEHBIIEHUIO dTUX OMOXMMHUUYECKHUX ITOKasaTeseit
KpoBu B cpenueM Ha 20—25% Mo cpaBHEHUIO ¢ KOHTPOJEM (KHUBOTHBIE 6e3 BBe-
meaud Cg-QysiepeHa) He3aBUCHUMO OT HPOAOJIKUTEIHHOCTH UIIEMU3AINN
MbIIIIe B 1, 2 niau 3 uaca.
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1. INTRODUCTION

Ischemia—reperfusion injury of skeletal muscle could be explained via
the cascade of cellular events, which were triggered by the following
reperfusion [1]. During ischemia, the constant decline of the cellular
energy store takes place. Despite the role of creatine phosphate that is
present in muscles, the concentration of ATP falls. Also by producing a
little energy and lactate, the glycogen store becomes depleted [2]. Un-
der the reperfusion, reactive hyperaemia develops that leads to the in-
crease of blood circulation in a muscle. However, this flow of blood
washes out the substances, which are needed as precursors of adenine
nucleotide resynthesize.

Reactive oxygen species (ROS) are formed in a process of membrane
lipid peroxidation (LPO) and reoxygenation under the effect of im-
paired phosphorylation in mitochondria. Sequestration of white blood
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cells and molecules of leucocyte adhesion into the muscle provokes the
enlargement of injury during reperfusion. This leads to the consequen-
tial damage of organs, which are located far from a place of injury,
namely, lungs, heart and kidneys [3]. Therapy of ischemia injuries de-
pends on its level that has a connection with the time of ischemia in-
duction. Early-stage treatment of the light forms of ischemia gives
near 100% positive results. In contrast, curing of severe forms of is-
chemia almost always is ineffective. Time wasted for incorrect therapy
of full damaged muscle often leads to the complications related to or-
ganism intoxication or even death. The future of therapeutic ap-
proaches for minimization of ischemia trauma belongs to those, which
are focused on modulation of ischemia—reperfusion effect for effective
diagnostic of severity of ischemia-induced damage. In this context, an
antioxidant therapy may play an important role [3, 4].

The ability of the biocompatible Cg, fullerenes and their derivatives
to inactivate the ROS was first demonstrated in Ref. [5]. C4, fullerene
is more powerful antioxidant than natural antioxidant Vitamin E in
preventing the integrity of membranes from damage and, thus, con-
tributes to the maintenance of transmembrane potential [6]. It has
been established that pristine Cg, fullerenes have a dose-dependent
protective effect against oxidative-mediated muscle trauma[7, 8].

The majority of experimental data show that pristine Cg, fullerenes
are not toxic nanostructures of in vitro and in vivo systems [9, 10]. So,
Ceo fullerene aqueous colloid solutions show no in vivo toxicity in doses
lower 25 mg/kg [11]. Water-soluble Cy, fullerene derivatives do not
show acute in vivo toxicity for 200—-500 mg/kg [12]. It was established
that intraperitoneal introduction of C4, fullerene suspension in a dose
of 2.5 g/kg does not lead to mice death or to violations of their behav-
iour within 8 weeks [13].

Moreover, Cq, fullerene aqueous colloid solutions protect rats’ liver
for the ROS [14, 15]. Herewith, the concentration of accumulated Cg,
fullerenes in hepatocytes decreased in time that indicates their ability
to excrete from rats’ liver.

Water-soluble pristine Cg, fullerenes in low concentrations are not
toxic for normal cells [16]. Recently, the impact of water-soluble pris-
tine Cg4, fullerene on Drosophila melanogaster at DNA, tissue and or-
ganism levels was tested [17]. It was found that Cg, fullerene at the
concentration of 40 ug/ml does not affect the reproductive system and
embryogenesis. At the same time, Cg, fullerene can induce DNA dam-
age, but activation of DNA-repair decreases this negative effect at the
organismal level. It contributes for further medical and biological ap-
plications of Cg4, fullerene.

Given the accumulated data about the powerful antioxidant proper-
ties of G4, fullerenes [18, 19], the purpose of this work was to study
their effect on the some biochemical parameters of blood in rats under
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ischemia—reperfusion injury of the skeletal muscle depending on its
active and inactive states as well as duration of this pathology.

2. EXPERIMENTAL
2.1. Nanomaterials

A highly stable reproducible Cg,-fullerene aqueous colloid solution
(CsoFAS) was prepared according to protocol [20, 21]. Briefly, for the
preparation of C4,FAS, we used a saturated solution of pure Cg, fuller-
ene (purity > 99.99%) in toluene with a C4, molecule concentration
corresponding to maximum solubility near 2.9 mg/ml, and the same
amount of distilled water in an open beaker. The two phases formed
were treated in ultrasonic bath. The procedure was continued until the
toluene had completely evaporated and the water phase became yellow
coloured. Filtration of the aqueous solution allowed separating the
product from undissolved Cg, fullerenes. The purity of prepared
CeoF'AS samples was determined by HPLC and GC/MS techniques using
standard programs. The concentration of Cq, fullerene in the prepared
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Fig. 1. The scanning tunnelling microscopy image of C4, fullerenes deposited
from C4 FAS (0.15 mg/ml) on Au(111) surface (SPI Supplies, USA). Scanning
parameters: I, =93 pA, U,= 713 mV. The height of nanoparticles was estimat-
ed along the cross-section line (Z-profile) marked by yellow.
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CeoFAS sample was determined as the concentration of total organic
carbon in aqueous solution (Analytik Jena TOC Analyser multi N/C
3100). In our experiments, the C4;FAS sample with 0.15 mg/ml con-
centration of Cg, fullerene was used.

The scanning tunnelling microscopy (STM; NT-MDT, Russia) data
(Fig. 1) clearly indicates the presence in C4FAS of both the individual
Ceo fullerenes (0.72 nm in diameter) and their nanoparticles with a
height more than 1.2 nm.

2.2. Animals

Animals (male rats of Wistarline) were kept under standard conditions
in the vivarium of the ESC ‘Institute of Biology and Medicine’, Taras
Shevchenko National University of Kyiv. Animals had free access to
food and water. All experiments were conducted in accordance with the
international principles of the European Convention for protection of
vertebrate animals under a control of the Bio-Ethics Committee of the
above-mentioned institution.

All studied animals (weight 150-170 g) were divided into following
groups: intact group (n = 10), control group (animals after ischemia
with saline 1 mg/kg intramuscular injection immediately after reper-
fusion; n =10), and experimental group (animals after ischemia with
CsoFAS 1 mg/kg intramuscular injection immediately after reperfu-
sion; n = 10).

Under deep anaesthesia (ketamine; 100 mg/kg ‘Pfizer’, USA), after
tracheotomy, an artificial lung ventilation has been started. In a re-
gion of popliteal fossa, a musculus soleus was separated, cut proximal-
ly and mounted to the force transducers. The animal was immobilized
in the stereotaxic frame with strong fixation of head, pelvis and limbs.
Nerve that innervates a musculus soleus was mounted on the bipolar
platinum electrode, which was used for stimulation. During the sur-
gery and the whole experiment, the animal heart rate was constantly
monitored. To develop ischemia injury, the branch of femoral artery,
which supplies blood flow to muscle, was ligated for 1, 2 or 3 h.

The control of muscle contraction force was performed using strain
gauges [22]. Electrical impulses lasted 2 ms with frequency 2 Hz were
applied during 30 min for stimulation of afferents in L7-S1. External
load on the muscle was controlled by the system of mechanical stimula-
tors[23].

2.3. Biochemical Analysis

Levels of enzymes (creatine phosphokinase (CPK) and lactate dehydro-
genase (LDH)) and their metabolic products (creatinine and lactic acid
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(LA)), as well as components of antioxidant system (catalase (CAT),
reduced glutathione (GSH), thiobarbituric acid reactive substances
(TBARS) and hydrogen peroxide (H,0,)) in blood of rats, which charac-
terize their muscle activity, were examined by clinic-diagnostic meth-
ods and equipment (Selectra Pro XL EliTechGroup, France).

Biochemical data are expressed as the means + SEM for each group.
The differences among experimental groups were detected by one-way
ANOVA followed by Bonferroni’s multiple comparison test. Values of
p <0.05 were considered as significant.

3. RESULTS AND DISCUSSION

Such oxygen active compounds as superoxide and hydroxyl radicals
could mediate microvascular and parenchyma damage induced by is-
chemia—reperfusion injury of the skeletal muscle [3, 4]. Death of the
majority of muscular cells occurs to chemical substances, which are
formed during and after ischemia and can last several days even after
normalization of blood supply [3]. That is why biochemical changes in
blood under ischemia are important parameters during the prophylac-
tic treatment and, especially, for making fast decisions.

Until now, it is known that, after 2 h of the skeletal muscle ischemia
with following reperfusion, an ATP concentration decreases dramati-
cally. At the same time, the level of lactate significantly increases. Af-
ter 3 h of ischemia, the pool of ATP in a muscle is only 5% from initial
value, and glycogen stored falls up to 88% [2]. This indicates the sig-
nificant amount of energy used for homeostasis maintenance, especial-
ly, during the first hour of ischemia [24]. As a result, the metabolic
disturbance leads to a marked increase of muscular fatigue.

However, the ROS production is the main pathological cause in a
process of ischemia—reperfusion damage of muscular tissue. Free radi-
cal processes include triggering of LPO, direct inhibition of mitochon-
drial respiratory chain enzymes, inactivation of glyceraldehyde-3-
phosphate-dehydrogenase, suppression of APTase activity, inactiva-
tion of membrane sodium channels, and some other pathological events
[3, 25].

All facts listed above make ischemia—reperfusion trauma to be con-
sidered as the complex pathological process that affects many metabol-
ic aspects directly in site of injury as well as in the whole organism. Be-
cause biochemical changes in blood were found to reflect those in a
muscle during pathological process, evaluation of blood biochemical
content give direct data about biochemical changes in an active muscle.
Blood parameters selected for this investigation display a strong ten-
dency to enlarge both with the development of pathology and after in-
tensive physical activity [2, 3, 24, 25].

For the evaluation of the general physiological state of the ischemic



C¢o FULLERENES IMPROVE THE PHYSIOLOGICAL STATE OF RATS 415

muscle, we chose those markers, which could be measured using stand-
ard biochemical methods and are specific for ischemia-damaged mus-
cles. Such markers include CPK, LDH, creatinine and LA.

CPK is an enzyme that catalyses transfer of phosphate group from
ATP to creatine with formation of creatine phosphate, which is the en-
ergy substrate. When muscle is damaged, this enzyme is released from
cells into the blood. We suggest that increase of a CPK fraction with
the increase of ischemia time (Fig. 2) from 789 units/I in a control up
to 1178, 1346 and 167 units/1 after 1, 2 and 3 h of ischemia (without
muscle stimulation), respectively, is the result of pathological destruc-
tion of myocytes’ cell membrane that is followed by intracellular-
enzymes’ release into the tissue environment. This is also the reason
for the increase in CPK level after activation of ischemia-damaged
muscle from 854 units/l in a control (intact rats) to 1334, 1664 and
2208 units/1 after 1, 2 and 3 h of ischemia, respectively. It is im-
portant to note that, in active state of a muscle, a CPK level after 1 h of
ischemia is almost equal to that after 2 h of ischemia but for an inac-
tive muscle. After 2 h of ischemia in active muscle, a CPK output is the
same as in resting muscle after 3 h of ischemia.

LDH catalyses oxidation of lactate to pyruvate with generation of
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Fig. 2. Levels of enzymes (CPK and LDH) and their metabolic products (creat-
inine and LA) in blood of rats without muscle stimulation (a) and after 30 min
of stimulation with 2 Hz-frequency of a current (b): control—intact rats; 1, 2
and 3—experimental rats under ischemia—reperfusion trauma of muscle for
1, 2 and 3 h, respectively. Values are M + SD, n = 10; “p < 0.05 in comparison
with control (experiment without muscle stimulation); “p < 0.05 in compari-
son with control (experiment with muscle stimulation).
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NADP in almost all cells in the body. In diseases, which are followed
with tissue damage and cell destruction, the LDH blood level increases.
The LDH concentration had elevated after even 1 h of ischemia of mus-
culus soleus (without stimulation): from 261 units/l in a control (intact
rats) to 578 units/1 (Fig. 2). Moreover, it was increasing with the en-
largement of ischemia period: up to 649 and 742 units/1 for 2 and 3 h of
ischemia, respectively. These data are consistent with those from other
studies [2, 3, 22] in the aspect of LDH concentration increases in re-
sponse to enlargement of ischemia duration. Activation of ischemic
muscle results in significant increase of LDH level, namely, up to 690,
724 and 887 units/l for 1, 2 and 3 h of ischemia, accordingly. It is
worth mentioning that mostly LDH concentration was higher in active
ischemic muscle than its level in inactive muscle during increase of is-
chemia time.

Creatinine is formed in muscles from creatine, which provides the
body with energy for muscle contraction. In case of ischemia—
reperfusion trauma, significant increase of creatinine release from
impaired tissue occurs. This creatinine elevation is observed after even
1 h of muscle ischemia (Fig. 2) and reaches from 50 to 98 uyM/1 compar-
atively to the control group (intact rats). At ischemia time of 2or 3 h, a
creatinine level rises up to 161 or 167 nM/Il, respectively. This is the
evidence of serious mechanic damage of muscular fibres in experi-
mental limb. At 30 min of muscle activation, a creatinine level increas-
es a little (from 50 to 54 uM/1) in a control (intact rats) and illustrates
long relaxation activity of experimental muscle. The described eleva-
tion of a creatinine level is much higher under ischemia: 98 pyM/]1 with-
out activation and 134 pmol/l during muscle activation at 1 h of is-
chemia, 121 and 164 nM/l—at 2 h of ischemia, as well as 167 and 208
nM/1 after 3 h of ischemia. Finally, as well as in case of a CPK, in ac-
tive state of a muscle, a creatinine level after 1 and 2 h of ischemia is
almost equal to that after 2 and 3 h of ischemia, respectively, but for
an inactive muscle.

LA level significantly increased compared to the control value 4.2
mM/ml for 1, 2 and 3 h of muscle ischemia and was 7.7, 10.8 and 14.1
mM /ml without muscle activation, accordingly (Fig. 2). After stimuli,
these rates increased to 15.4, 17.4 and 19.3 mM/ml, respectively, with
a significant increase in the level of LA in control (intact rats)—12.8
mM /ml.

Membrane lipids become more sensitive for peroxidation after cell
death, which occurs in severe forms of ischemia. This should be taken
into account in evaluation of the general state of ischemic muscle.
There are well-known mechanisms for elimination of the harmful hy-
droperoxides of fatty acids [2, 26]. Nevertheless, when they are over-
loaded, it is obvious that damaged cell is going to die. This actually
happens under severe ischemia. Collagen and hyaluronic acids are
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those extracellular components, which are mostly affected by free rad-
icals. Thus, an activation of free-radical formation under ischemia
triggers the complex process that complicates determination of the
level of ischemic trauma based on biochemical parameters [27].

Obtained data give the evidence that ischemic cell damage is a two-
stage process with the primary effect during ischemia itself and sec-
ondary during reperfusion [28]. Primary effects of ischemia are well
characterized; energy deficit in the cell that causes homeostasis and
ion gradients shifting accompanied with enzymatic insufficiency lead
to the cell death. Injury due to reperfusion is developed because of free
radicals, endothelial factors and neutrophils [28]. Under ischemia in-
jury during the reperfusion time, several types of free radicals are
formed, among which the most reactive is hydroxyl due to its ability to
trigger LPO. Endothelium is the most sensitive in this case. Its damage
changes the intracellular environment, can provoke muscular fibre
fragmentation and neutrophils chemotaxis. Ischemia—reperfusion im-
pairs the balance that maintains homeostasis in microcirculation. It
results in involvement, activation, adhesion and migration of neutro-
phils that leads to local tissue destruction by released proteases and
free radicals[3, 4].

At the same time under prolonged stimulation of a muscle, the
changes in its metabolism rise that is the main factor in the develop-
ment of muscular fatigue. Special tests have revealed accumulation of
LPO derivatives and changes in antioxidants quantity in muscular tis-
sue that becomes fatigued [29, 30]. Obtained data demonstrate the ele-
vated level of such indicators of LPO and oxidative stress as CAT,
TBARS, GSH and H,0, after activity of muscle.

Experiments on ischemic inactive muscles show that these biochem-
ical markers were significantly higher in comparison with intact mus-
cles and, for 1, 2 and 3 h of ischemia, they were as follow: 2.9%,
145.1% and 224.3% —for CAT; 62.5%, 109.2% and 161.7% —for
TBARS; 71.6%, 138.1% and 245.6% —for GSH, as well as 262%,
329% and 414% —for H,0, (Fig. 3).

After 30 min of muscle stimulation, levels of these substances sub-
stantially rise in comparison with inactive muscle with the same rate of
ischemic trauma. Increase of H,0, under physical activity of ischemic
muscle leads to the elevation of CAT activity. CAT develops protective
antioxidant function facilitating transformation of hydrogen peroxide
into water and oxygen [30]. In experiments, a CAT level significantly
raises from 2.21 to 2.83 ptM/min/ml (28% ) in a muscle under 1 h of is-
chemia, from 3.31 to 4.12 pyM/min/ml (24%) in 2 h of ischemia, and
from 4.48 to 5.41 pM/min/ml (22% ) in case of 3 h of ischemia (Fig. 3).

During an activation of ischemic muscle, the elevation of a TBARS
level was found from 4.21 to 5.25 nM/ml (24%), from 5.42 to 6.26
nM/ml (15%), and from 6.78 to 7.32 nM/ml (7.9%) for 1, 2, and 3 h of
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Fig. 3. Components of antioxidant system in blood of rats without muscle
stimulation (a) and after 30 min of stimulation with 2 Hz-frequency of a cur-
rent (b): control—intact rats; 1, 2 and 3—experimental rats under ischemia—
reperfusion trauma of muscle for 1, 2 and 3 h, respectively. Values are
M + 8D, n=10; ‘p<0.05 in comparison with control (experiment without
muscle stimulation); “p < 0.05 in comparison with control (experiment with
muscle stimulation).
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ischemia, respectively, compared to resting ischemic muscle (Fig. 3).

Increased quantity of GSH in stimulated ischemic muscle (in com-
parison with that muscle in rest) indicates a compensatory activation
of endogenous antioxidant system in response to the irritant of a
threshold value (Fig. 3). A significant decrease of GSH and increase of
its oxidized form under intensive physical activity were described in
Ref. [30]. Investigation shows the elevation of GSH level from 2.97 to
3.68 mM/ml (23%) for 1 h of ischemia, from 4.12 to 5.32 mM/ml
(29%) for 2 h of ischemia, and from 5.98 to 7.18 mM/ml (20%) for 3 h
of ischemia.

Based on the data obtained, it can be concluded that, during the in-
duced muscle stimulation, the level of LPO and oxidative stress mark-
ers TBARS, CAT and GSH increased by more than 20% (p <0.05) in
comparison with their levels in muscle at rest.

A significant increase in the amount of H,0, in the stimulated is-
chemic muscle in comparison with the muscle at rest was established.
Quantitative indices were 3.68, 4.32 and 5.15 uM/ml, respectively, for
1, 2 and 3 h of muscle ischemia. In percentage rate to ischemic muscle
without activation, the growth of H,O, level was 123%, 116% and
110% (Fig. 3).
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Thus, we showed that muscle stimulation led to an increase in the
metabolic products (LA) and intensification of the oxidative processes,
namely, a significant increase in ROS production and LPO. As a result,
an increase in CAT and GSH activity relative to the intact muscle oc-
curs. The increased LA level further reduced the pH value, which could
induce various biochemical and physiological effects during muscular
contractions, including glycolysis, phosphofructokinase and calcium
release. Therefore, LA is an important marker for evaluating the de-
gree of fatigue of aliving organism.

With a moderate external load on the muscle, the metabolism in it
occurs aerobically. In the muscle, which is actively contracting, me-
tabolism increases significantly that leads to accumulation of products
of secondary oxidation in the muscle fibres [31]. It was proved that
such metabolic processes become a source of ROS and contribute to the
intensification of LPO [32, 33]. The presence of such metabolic prod-
ucts increases the level of ischemic damage and prevents an adequate
diagnosis of ischemic injury levels. In this case, an antioxidant thera-
py may be effective.

In the case of water-soluble Cg, fullerene introduction, all afore-
mentioned biochemical markers of muscle tissue damage tended to de-
crease regardless of muscle-ischemia duration. So, the CPK level was
978, 1123 and 1388 units/l for inactivated muscle, and 1121, 1267 and
1764 units/1 for activated muscle for 1, 2 and 3 h ischemia, respective-
ly (Fig. 4). The therapeutic effect of C;,FAS compared to ischemic ani-
mals without C4, fullerene introduction (Fig. 2) was 83%, 83% and
82% for inactivated muscle, and 84%, 76% and 79% for activated
muscle for 1, 2 and 3 h of ischemia, respectively.

The LDH level was 321, 478 and 623 units/1 for inactivated muscle,
and 598, 678 and 776 units/l for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 4). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cg, fullerene introduction (Fig. 2)
was 65%, 73% and 82% for inactivated muscle, and 86%, 83% and
87% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

The level of creatinine was 68, 95 and 123 uM/I1 for inactivated mus-
cle, and 79, 121 and 134 uM/1 for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 4). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cgy-fullerene introduction (Fig. 2)
was 69%, 73% and 79% for inactivated muscle, and 57%, 64% and
73% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

Finally, the LA level was 5.7, 8.6 and 11.8 mM/ml for inactivated
muscle, and 14.3, 16.1 and 18.7 mM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 4). The therapeutic effect of
CsoFAS compared to ischemic animals without Cgy-fullerene introduc-
tion (Fig. 2) was 74%, 77% and 83% for inactivated muscle, and 92%,
92% and 96% for activated muscle for 1, 2 and 3 h of ischemia, respec-
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Fig. 4. Levels of enzymes (CPK and LDH) and their metabolic products (creati-
nine and LA) in blood of rats without muscle stimulation (a) and after 30 min
of stimulation with 2 Hz-frequency of a current (b): control—intact rats after
intramuscular injection of 1 mg/kg saline; 1, 2 and 3—experimental rats after
intramuscular injection of 1 mg/kg C;FAS under ischemia—-reperfusion trau-
ma of muscle for 1, 2 and 3 h, respectively. Values are M +SD, n=10;
*p < 0.05 in comparison with control (experiment without muscle stimulation);
“p < 0.05 in comparison with control (experiment with muscle stimulation).

tively.

After water-soluble C4y-fullerene introduction, a decrease in the lev-
els of LPO and oxidative stress markers was established. So, the CAT
level was 2.02, 2.87 and 3.43 uM/min/ml for inactivated muscle, and
2.2, 3.41 and 4.11 uM/min/ml for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 5). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cgy-fullerene introduction (Fig. 3)
was 91%, 86% and 78% for inactivated muscle, and 77%, 72% and
75% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

The TBARS level was 3.77, 4.02 and 5.15 nM/ml for inactivated
muscle and 4.05, 5.23 and 6.31 nM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 5). The therapeutic effect of
CeoF'AS compared to ischemic animals without Cg,-fullerene introduc-
tion (Fig. 3) was 89%, 74% and 79% for inactivated muscle, and 77%,
82% and 79% for activated muscle for 1, 2 and 3 h of ischemia, respec-
tively.

The GSH level was 2.21, 3.45 and 4.28 mM/ml for inactivated mus-
cle, and 3.04, 4.56 and 5.88 mM/ml for activated muscle for 1, 2 and 3
h of ischemia, respectively (Fig. 5). The therapeutic effect of C;,,FAS
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Fig. 5. Components of antioxidant system in blood of rats without muscle
stimulation (a) and after 30 min of stimulation with 2 Hz-frequency of a cur-
rent (b): control—intact rats after intramuscular injection of 1 mg/kg saline;
1, 2 and 3—experimental rats after intramuscular injection of 1 mg/kg
CeoF'AS under ischemia—reperfusion trauma of muscle for 1, 2 and 3 h, respec-
tively. Values are M = SD, n = 10; “p < 0.05 in comparison with control (exper-
iment without muscle stimulation); “p < 0.05 in comparison with control (ex-
periment with muscle stimulation).
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compared to ischemic animals without Cgy-fullerene introduction (Fig.
3) was 74% , 83% and 72% for inactivated muscle, and 82%, 85% and
81% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

Finally, the H,0, level was 2.12, 3.06 and 3.78 pM/ml for inactivat-
ed muscle, and 2.65, 3.67 and 4.43 uM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 5). The therapeutic effect of
CeoF'AS compared to ischemic animals without Cg,-fullerene introduc-
tion (Fig. 3) was 71%, 82% and 80% for inactivated muscle, and 72%,
84% and 85% for activated muscle for 1, 2 and 3 h of ischemia, respec-
tively.

Thus, the treatment groups marked tendency to decrease above-
mentioned biochemical parameters at average by 20—25% compared to
animals without C4y-fullerene application.

During ischemia development, there is a significant depletion of cel-
lular energy substances, especially, ATP decomposition, which leads to
a sharp disruption of homeostasis and loss of ionic gradient through
cell membranes [34]. At the same time, there are NAD, lactate and H"
accumulation, and, consequently, acidification of the intracellular and
extracellular media [35]. The ATP-production decrease suppresses the
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activity of Na'—K'-ATPase that leads to increase in intracellular Na*
concentration and, as a consequence, intracellular Ca®" [36]. The high
K" content causes a delay in the action potential generation and, ac-
cordingly, its distribution in T-tubes [37]. It can be assumed that ionic
changes impair the ability of muscle to respond to electrical impulses,
because the loss of ischemic muscle ability to a contraction is associat-
ed with the depolarization of membrane systems of myocytes and viola-
tion of intracellular conductivity that prevents the development of ex-
citation and leads to its extinction.

At the same time, the ischemic injury leads to the ROS overabun-
dance [38]. It was shown that ROS are formed during both ischemia
and reperfusion. The main radicals produced in the myocytes are su-
peroxide anion (O, ) and nitric oxide (NO), which lead to the formation
of several secondary reactive compounds such as hydrogen peroxide
(H,0,), hydroxyl radicals (HO), and peroxynitrites (ONOO") [39]. In
case of ischemia, a xanthine dehydrogenase, which is contained in the
microvascular endothelial cells of the skeletal muscle, converted into
xanthine oxidase [40], which, in turn, catalyses the conversion of hy-
poxanthine to xanthine by forming a superoxide anion. Other poten-
tially important sources of free radicals’ generation include NADP ox-
idase, NO synthase and XO [41]. It has been established that physical
activity results in muscles’ fatigue and H,0, formation that normally
do not have a significant effect on changes in myoplasmic Ca?" levels
during single and tetanus muscle contractions [40, 42], but, in case of
ischemia, they inhibit Ca®" withdrawal from a sarcoplasmic reticulum
during muscle contraction.

The obtained results show the pronounced therapeutic effect of Cg,
fullerene on the ischemic pathological process development in a muscu-
lus soleus of rats. Such impact, in our opinion, is due to the neutraliza-
tion of part of the ROS by water-soluble Cg, fullerenes at the early
stage of the development of the ischemic process.

Thus, the development of biomedical nanotechnologies using the
water-soluble pristine C4, fullerenes, as powerful antioxidants [43],
opens up new opportunities in the therapy and prevention of the skele-
tal-muscles’ ischemic pathologies, in the basis of which is the action of
free radical processes.
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