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Abstract

:

The biomechanical parameters of muscle soleus contraction in rats and their blood biochemical indicators after the intramuscular administration of water-soluble C60 fullerene at doses of 0.5, 1, and 2 mg/kg 1 h before the onset of muscle ischemia were investigated. In particular, changes in the contraction force of the ischemic muscle soleus, the integrated power of the muscle, the time to achieve the maximum force response, the dynamics of fatigue processes, and the parameters of the transition from dentate to smooth tetanus, levels of creatinine, creatine kinase, lactate and lactate dehydrogenase, and parameters of prooxidant–antioxidant balance (thiobarbituric acid reactive substances, hydrogen peroxide, and reduced glutathione and catalase) were analyzed. The positive therapeutic changes in the studied biomechanical and biochemical markers were revealed, which indicate the possibility of using water-soluble C60 fullerenes as effective prophylactic nanoagents to reduce the severity of pathological conditions of the muscular system caused by ischemic damage to skeletal muscles.
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1. Introduction


Among the muscle pathologies that develop in skeletal muscles in various injuries, ischemic injuries account for more than 35% of the total number of injuries to the musculoskeletal system. Ischemic reperfusion injuries of skeletal muscles after acute arterial occlusion, in many cases, are the cause of severe pathologies and mortality [1]. Ischemic tissue damage is a cascade of biochemical reactions that are initiated under conditions of hypoxia after a few minutes of ischemia as a result of insufficient blood supply [2]. The ischemic cascade usually continues for 2–3 h after ischemia, but can last for several days, even after normal blood flow has been restored [3]. At the same time, with ischemia lasting 3 h or more, both muscle necrotic changes and nervous degradation occur. The amount of necrosis in the muscle tissue can be up to 60% [4]. In addition, with ischemic reperfusion, the expression of adhesive molecules on the endothelium is increased. Activated neutrophils attracted to the site of injury release free radicals [2]. The last ones provoke vasoconstriction, which is a characteristic manifestation of ischemic damage. In addition, ischemia−reperfusion injury of skeletal muscles is one of the main causes of post-traumatic pathologies after surgical procedures [5,6]. The main goal in the treatment of muscle ischemia is the rapid restoration of blood flow in the damaged areas. However, such therapy often leads to a new pathophysiological process-reperfusion injury, which can also cause significant damage to the muscle tissue. The rapid establishment of the severity of ischemic injury is critical for further therapy; however, there are currently no accurate diagnostic tests to achieve this goal [7]. Literature data indicate that during reperfusion, free radicals, together with calcium activated caspases and calpains, can lead to apoptosis and damage to the DNA and mitochondria, resulting in additional loss of muscle functions [8,9]. So, the interaction of the hydroxyl radical with the hydrogen atoms of the methyl groups of polyunsaturated fatty acids initiates the peroxidation of the membrane lipids, which in turn leads to increased permeability of the cell membranes [2].



It is known that C60 fullerenes efficiently capture and inhibit free radicals in in vivo and in vitro systems [10,11,12]. Whether the double chemical bonds in the structure of C60 fullerene are electron-deficient determines its ability to attach up to six electrons [13]. In our previous work, it was shown that the administration of biocompatible water-soluble C60 fullerenes [14] after the initiation of ischemic damage to the skeletal muscle leads to a significant positive therapeutic effect [15]. At the same time, it was revealed that the administration of C60 fullerenes directly into the damaged muscle complicates their steady distribution over the tissues and, thus, reduces the antioxidant effect of the drug. In this case, the time elapsed after the initiation of ischemia before the administration of the therapeutic drug is of great importance, as the beginning of the ischemic cascade of muscle tissue damage occurs already in the first seconds after reperfusion [16]. All of this served as the basis for further investigation of the effect of C60 fullerene aqueous solution (C60FAS) on the dynamics of the contractile process of muscle soleus in rats against the background of ischemic pathology when administered intramuscularly 1 h before the initiation of ischemia, depending on the dose (protective effect).




2. Results and Discussion


2.1. Characterization of C60FAS


The monitoring of the C60 fullerene morphology in an aqueous solution is important for controlling the particle size distribution profile, which may influence the C60FAS bioactivity and toxicity [17,18,19,20]. The prepared C60FAS was characterized by atomic force microscopy (AFM) and scanning tunneling microscopy (STM).



The study of the C60 fullerene films deposited from an aqueous solution revealed a high degree of molecule dispersion in the solution. It turned out that the prepared C60FAS contained both single C60 fullerene and its labile nanoaggregates with a size of 1.3–35 nm. The majority of C60 molecules were located chaotically and separately along the surface (see the objects with a height of ~0.7 nm in Figure 1), or in the form of bulk clusters consisting of several tens of C60 molecules [21] (objects with a height of 1.3–2 nm in Figure 1. Such an arrangement of C60 molecules formed because of electrostatic repulsion between them; the zeta potential value was −25.3 mV at room temperature [22], indicating a high solute stabilization.




2.2. Biomechanics of Injured Muscle Contractions


After the initiation of ischemic damage, the contraction force of the rat muscle soleus, caused by 6 s non-relaxation stimulation pools, decreased to 28 ± 2% of the control values at the first contraction and to 9 ± 1% at the tenth (Figure 2). The decrease in the integrated power of the muscle contraction was 39 ± 2% of the control values at the first contraction and 6 ± 2% at the tenth, respectively. The time to reach the maximum force response increased from 451 ± 5 ms at the first contraction to 978 ± 7 ms at the tenth. Thus, a sharp decrease in the force activity of the muscle was observed at the first contractions with a progressive decrease in biomechanical parameters. This confirms the literature data that in the process of ischemia−reperfusion, a significant decrease in the force of the contraction of skeletal muscle occurs. The progressive decrease in the force response lasts at least 5 days, after which the recovery process takes place [23,24].



The use of C60FAS injections increased the muscle force response as follows: at a dose of 0.5 mg/kg of C60FAS, 58 ± 1% and 51 ± 1% of the control values on the first and tenth contractions, respectively; at a dose of 1 mg/kg of C60FAS, 78 ± 2% and 56 ± 2%, respectively; and at a dose of 2 mg/kg of C60FAS, 79 ± 1% and 58 ± 1%, respectively. At a dose of 0.5 mg/kg of C60FAS, the integrated power of the muscle contraction was 54 ± 2% of the control values at the first contraction and 52 ± 2% at the tenth, respectively. After increasing the doses of C60FAS, this parameter was 76 ± 1% and 55 ± 1% at 1 mg/kg and 78 ± 2% and 59 ± 2% at 2 mg/kg, respectively. The time to reach the maximum force response increased from 373 ± 3 ms at the first contraction to 755 ± 6 ms at the tenth at a dose of 0.5 mg/kg C60FAS; from 343 ± 4 ms at the first contraction to 457 ± 6 ms at the tenth at a dose of 1 mg/kg of C60FAS; and from 291 ± 5 ms at the first contraction to 399 ± 7 ms at the tenth at a dose of 2 mg/kg of C60FAS.



It is important to note that after the administration of C60FAS, the force response of the ischemic muscle did not decrease by more than 50% of the control values, even with the tenth act of contraction. At the same time, the C60FAS dose increasing from 1 to 2 mg/kg did not lead to significant therapeutic effects. Thus, the data obtained indicate a significant positive trend in the use of C60FAS for prophylactic purposes. Based on the data obtained, it can be concluded that pretraumatic administration of C60FAS at a dose of 1 mg/kg reduces the severity of ischemic damage in the muscle by 60–75%. A decrease in the C60FAS dose leads to a decrease in the therapeutic effect, while its increase does not lead to a significant increase in the biomechanical parameters. In addition, it should be noted that the use of C60 fullerene therapy did not eliminate the developing fatigue processes in the ischemic muscle; the integrated muscle power decreased with each subsequent pool of the stimulation signal. Therefore, the next stage of the study was to investigate the nature of the muscle response during prolonged fatigue stimulation. At this stage, we applied only one, the most optimal, dose of C60FAS of 1 mg/kg.



It has been shown that ischemia−reperfusion increases the degree of fatigue processes development and reduces the force of muscle contraction to 40% after 1 h of ischemia and to 70% after 3 h. Recovery of the muscle force response was observed only at the end of the second week after ischemia−reperfusion [6]. Registration of the contraction force of the ischemic muscle soleus of a rat with 1 Hz stimulation for 1800 s (Figure 3b,c) revealed a decrease in the integrated muscle power (Figure 3d), which was 35 ± 4% of the control value. Intramuscular injections of C60FAS changed this parameter to 67 ± 4%. The time for the decrease in the force response by 50% and 25% from the initial values was 940 ± 11 s and 1580 ± 18 s, respectively, without C60 fullerene therapy, and 1430 ± 17 s and 1690 ± 14 s, respectively, with the administration of C60FAS (Figure 3e). The maximum and minimum recorded contraction forces of the ischemic muscle throughout the entire duration of stimulation were 1.8 ± 0.3 N (3.1 ± 0.4 N in control) and 0.18 ± 0.01 N (2.9 ± 0.4 N in control), respectively (Figure 3f). When C60FAS was injected, this indicator was 2.5 ± 0.4 N and 0.6 ± 0.1 N, respectively, which shows its 52% therapeutic effect at the stages of maintaining maximum force responses during the development of fatigue processes.



In the process of skeletal muscle functioning, the most important quality indicator of its work is the rate of occurrence of smooth tetanic contraction (a state of continuous muscle tension after complete summation of single contractions). Even minimal changes in the structure of the impulses generated by motor neurons, damage to myocyte membranes, development of the inflammatory process, changes in muscle stiffness, electrical properties of membranes, and the duration of hyperpolarization significantly change the time of occurrence of smooth tetanic contractions [25,26]. In addition, during muscle activity, its individual motor units generate non-fused tetanic contractions, which are characterized by variable strength and varying degrees of fusion. The synchronization of this process depends on many factors and is also a vulnerable link in the development of pathological processes in the muscle [27,28]. Therefore, the next stage of the study was to investigate the biomechanical markers of the appearance of smooth tetanic contractions in the ischemic muscle soleus of the rat.



The smooth tetanic contractions (maximum force response) appeared in 3450 ± 12 ms and reached 70 ± 8 mN after using stimulation pools of increasing frequency (Figure 4). The ischemically damaged muscle throughout the entire stimulation pool did not reach the stage of smooth tetanic contraction. The maximum force of a single contraction increased from 24 ± 2 mN to 37 ± 3 mN. The minimum value of the force response in one spike of the dentate tetanus decreased to 12 ± 1 mN. It should be noted that a decrease in this parameter to zero leads to the appearance of smooth tetanus. Preliminary injections of C60FAS changed the biomechanical parameters of ischemized muscle soleus transition from dentate to smooth tetanus, which appeared after 4950 ± 32 ms and reached 58 ± 2 mN. It should be noted that the injection of C60FAS eliminated both the abrupt decrease in the force of contraction and the fluctuation component of the contractile process. Thus, the preventive effect of C60FAS injection on the biomechanical parameters of the transition of ischemic muscle from dentate to smooth tetanus was 68 ± 4% of the control values.




2.3. Blood Biochemical Indicators of Rats with Injured Muscle


The analysis of the biochemical composition of the blood of rats during the development of ischemia−reperfusion reflected the changes occurring in the damaged skeletal muscle and made it possible to evaluate the therapeutic effect of the applied drug on the pathological process. The biochemical indicators of the development of fatigue processes selected by us for the study, such as creatinine, lactate dehydrogenase (LDH), lactate (LA), and creatine kinase (CK) are also indicators of physiological disorders in the muscle tissue due to the development of ischemic damage (Figure 5).



The change in the level of creatinine, a product formed in the muscles during the destruction of intramuscular structures, made it possible to assess the level of damage to the myocytes during prolonged contractions. This indicator increased from 50 ± 2 µM/L in the control to 25,750 ± 51 µM/L after muscle ischemia. The administration of C60FAS prior to muscle ischemia reduced this indicator to 122 ± 2 µM/L. In our opinion, the decrease in the creatinine fraction was due to the C60 molecules that protect the membranes of skeletal muscle cells from nonspecific free radical destruction, effectively absorbing the reactive oxygen species (ROS).



The level of changes in LDH, an enzyme that generates lactic acid, made it possible to assess the muscle performance after ischemia. The change in the level of this enzyme from 220 ± 8 units/l in the control to 1115 ± 22 units/l after ischemia is evidence of the development of significant muscle dysfunctions associated with the development of the inflammatory process. An increase in the LDH fraction in the blood is the result of both the physiological destruction of the myocyte walls caused by their performance [29] and an increase in LA content during prolonged muscle activation. Preliminary administration of C60FAS reduced the LDH level to 442 ± 11 units/l. A decrease in this enzyme upon the administration of C60FAS may indicate both a decrease in mechanical damage to muscle fibers and in LA concentration in the muscular system in general.



In active muscle, most metabolic and biochemical processes occur under anaerobic conditions; the muscle uses a significant amount of mitochondrial enzymes and, as a result, a large amount of LA accumulates in it, which cannot be oxidized during prolonged muscle stimulation. An increase in the level of lactic acid in active muscle indicates that the level of its entry into the cell exceeds the level of its oxidation and excretion. In the control values, the LA level was 11 ± 2 mM/mL. After ishimization, its value increased to 27 ± 3 mM/mL. C60FAS injections reduced the LA level to 17 ± 1 mM/mL. Thus, pre-C60 fullerene therapy led to a decrease in the LA level by almost 50%.



CK is an enzyme found in high concentrations in the skeletal muscle. The release of this enzyme from the cells and, accordingly, an increase in CK activity in the blood are observed after mechanical damage to the muscles. The increase in the CK fraction in the blood during the induction of ischemia from 560 ± 13 units/l in the control to 2830 ± 22 units/l is the result of the rapid physiological destruction of the myocyte walls, which intensifies during active prolonged non-relaxation muscle contraction. The CK level decreased significantly (more than three times) and reached 820 ± 23 units/l after the application of C60FAS. CK is an enzyme from the energy supply system of musculoskeletal cells that catalyzes the transfer of a phosphate group from ATP to a creatine molecule with the formation of a high-energy compound creatine phosphate, which is used by the body as an energy substance when physical activity increases. A change in its concentration is one of the known markers of the pathological processes in the muscle and characterizes the depletion of the cell’s energy reserves. So, it was shown that during 3 h of ischemia-reperfusion of muscle soleus the depletion of ATP reserves was about 95%, and glycogen was depleted by 88% [6]. From a functional point of view, these data indicate that a large amount of high-energy phosphate compounds is consumed by an ischemic-damaged muscle cell so as to maintain homeostasis and, as a consequence, metabolic disorders occur, leading to a significant increase in ischemic muscle fatigue. Thus, preliminary injections of C60FAS significantly increase the energy capabilities of actively contracting ischemic muscle.



The pathological inflammatory processes that occur immediately after ischemia-reperfusion are a source of ROS and contribute to the intensification of lipid peroxidation processes [8]. This interferes with the adequate performance of muscle work and significantly increases the duration of the recovery period. During reperfusion, oxygen entering the tissues initiates the oxidation of xanthine and hypoxanthine by xanthine oxidase, which leads to the formation of a large amount of superoxide anion radical and hydrogen peroxide. Hydrogen peroxide is converted to hydroxyl radicals by the reduction of metal ions. Mitochondria damaged by ischemia can produce more electrons because of their “leakage” from the electron transport chain. These electrons are involved in the formation of the superoxide radical anion. In addition, during ischemia−reperfusion, the expression of adhesive molecules on the endothelium increases. Activated neutrophils attracted to the site of injury also release free radicals and provoke vasoconstriction, which is a characteristic manifestation of ischemic damage [2,3,4,5]. As a result of biochemical tests, the increased level of peroxidation markers and oxidative stress (catalase (CAT), hydrogen peroxide (H2O2), and thiobarbituric acid reactive substances (TBARS), and the reduced glutathione (GSH)) after muscle ischemia, as well as their significant decrease after C60FAS injections before muscle ischemia (Figure 6), were revealed.



So, the CAT activity increased from 0.9 ± 0.1 µM/min/mL in the control to 5.1 ± 0.3 µM/min/mL after muscle ischemia, and decreased to 2.1 ± 0.1 µM/min/mL with C60 fullerene therapy. The H2O2 level was 5.4 ± 0.4 µM/mL during ischemia (0.8 ± 0.1 µM/mL in the control) and 2.2 ± 0.2 µM/mL after the administration of C60FAS. The GSH concentration was 8.3 ± 0.6 mM/mL with ischemia (1.8 ± 0.1 mM/mL in the control) and 3.9 ± 0.2 mM/mL with C60FAS injection. Finally, the TBARS level was 9.8 ± 1.0 nM/mL with ischemia (2.3 ± 0.2 nM/mL in the control) and 5.8 ± 0.5 nM/mL with the administration of C60FAS.



Thus, there is a clear tendency towards a decrease in the described biochemical parameters by about 45–60% with the prophylactic use of C60FAS. We suppose that C60 fullerenes can affect the activity of endogenous antioxidants, preventing the onset of dysfunction in the active muscle and, thus, maintaining it within the physiological norm during the entire process of its contraction.



In summary, oxidative stress causes cellular damage in ischemic pathology. The mediators of oxidative stress are ROS, including superoxide anion radical, hydroxyl radical, singlet oxygen, and hydrogen peroxide, which damage cellular targets such as DNA, proteins, and lipids [30]. After ischemia, a sequential chain of pathophysiological cascades occurs, including massive intracellular release of Ca2+, disruption of the mitochondrial electron transport chain, release of neutrophils, acute inflammatory reactions, and the formation of free radicals, which, in turn, enhance apoptotic or necrotic cell death. The endogenous antioxidant defense system of the body, at the beginning of the development of the ischemic cascade, can neutralize only a small amount of ROS by enzymatic and non-enzymatic pathways [31].



The chemical structure of C60 fullerene with an abundance of conjugated double bonds and low-lying lower unoccupied molecular orbitals makes it very susceptible to free radicals. Thanks to this, C60 fullerene can react with many ROS without losing its antioxidant properties [32]. The protective effect of C60 fullerene on the absorption of superoxide anions does not lead to an increased production of hydrogen peroxide [33]. C60 fullerene promotes cell survival by altering the cellular redox state and enzyme activity [34]. C60 fullerene reduces lipid peroxidation by actively absorbing ROS [35]. C60 fullerenes can penetrate the cell membrane and localize in the mitochondria [36,37], which are the source of ROS during the development of ischemic cell damage. Finally, the obtained above results are also confirmed by the previously obtained data on the effect of water-soluble C60 fullerenes on the functions of the antioxidant systems of the body in inflammatory and pathological processes [38,39,40,41]. They indicate that the development of medical nanotechnology based on water-soluble C60 fullerenes, considering their powerful antioxidant properties, opens up new possibilities in the treatment and prevention of ischemic damage to skeletal muscles.





3. Materials and Methods


To obtain C60FAS, a method was used that is based on the transfer of C60 molecules from toluene to water, followed by sonication [42,43]. Briefly, a saturated solution of pure C60 fullerene in toluene (purity >99.5%), where its concentration corresponds to a maximum solubility of ~2.9 mg/mL, was mixed with the same volume of distillate in an open beaker. The formed aqueous phases was subjected to ultrasound (frequency 8 Hz, duration 8 h). The obtained C60FAS at the maximum concentration of C60 fullerene 0.15 mg/mL remained stable for 18 months at a temperature of +4 °C.



AFM and STM were performed to determine the size of the C60 fullerene particles in aqueous solution. Measurements were done with the “Solver Pro M” system (NT-MDT, Moscow, Russia). A drop of investigated solution was transferred on the atomic-smooth substrate to deposit layers. Measurements were carried out after complete evaporation of the solvent. For AFM studies, a freshly broken surface of mica (SPI supplies, V-1 grade) was used as a substrate. Measurements were carried out in a semicontact (tapping) mode with AFM probes of the RTPESPA150 (Bruker, Billerica, MA, 6 N/m, 150 kHz) type. STM studies were performed with the Au (111) surface obtained after annealing the substrates of Au/mica (Phasis, Switzerland) in a gas burner flame (propane−butane). The typical tunneling current and voltage values were 0.027–0.1 nA and 0.1–1 V, respectively.



The experiments were performed on male Wistar rats aged 3 months, weighing 170 ± 5 g. The study protocol was approved by the bioethics committee of ESC “Institute of Biology and Medicine”, Taras Shevchenko National University of Kyiv, in accordance with the rules of the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, and the norms of biomedical ethics in accordance with the Law of Ukraine № 3446—IV 21.02.2006, Kyiv, on the Protection of Animals from Cruelty during medical and biological research.



Fifty rats divided into five groups (10 animals each) were used in the study—the control group (native muscle; n = 10); the ischemia group without C60FAS administration (ischemic muscle; n = 10); and the group where C60FAS was administered once intramuscularly 1 h before muscle ischemia at doses of 0.5 (n = 10), 1 (n = 10), and 2 mg/kg (n = 10), respectively.



It should be emphasized that during the experiments, the control group of ischemic animals received injections of saline with the same dose as C60FAS (1 mg/kg; n = 10). However, the results obtained did not reveal significant differences in the studied biomechanical and biochemical parameters in this group and in the group of ischemic animals without C60FAS administration. It is also important to note that, in accordance with our previous study, the maximum tolerated dose of C60FAS was 721 mg/kg for i.p. administration to mice [22].



Anesthesia of the animals was performed by the intraperitoneal administration of nembutal (40 mg/kg). Standard preparation of the experiment also included the cannulation (a. carotis communis sinistra) for the therapeutic administration of the drug and pressure measurement, tracheotomy, and laminectomy at the lumbar spinal cord level. For muscle ischemia, the branch of the femoral artery of the animal, which provides blood supply of the experimental muscle, was dragged by ligatures. The duration of ischemia was 3 h. Muscle soleus of the rats were released from the surrounding tissues and their tendons were cut across in a distal part. The ventral roots were cut in places of their exit from the spinal cord for the modulated stimulation of efferents in L4–L5 segments. Filaments of the ventral roots were cut and fixed on stimulating electrodes, and a special device was used for cyclic sequence distribution of electrical signals via the filaments. Stimulation of the efferents was performed by electric impulses with a frequency of 1 to 50 Hz, and the duration of each pulse was 2 ms, formed by using a pulse generator. A control of the external load on the muscle was carried out with the help of an original mechanical stimulator [44]. In the process of analyzing the obtained results, the next parameter was used, namely the integrated muscle power (calculated area under the force curve), which is an indicator of the general performance of the muscle with the applied stimulation pools. The development of the muscle contractile activity was assessed using the method of calculating time intervals when 50% and 25% of the levels of force responses were reached during stimulation.



The level of enzyme content in the blood of the experimental animals (creatinine, LDH, LA, CK, TBARS, H2O2, GSH, and CAT), as markers of muscle injury [45,46], was determined using clinical diagnostic equipment, namely a haemoanalyzer [15].



Statistical processing of the results was performed using methods of variation statistics using software Original 9.4. At least six repetitions for each measurement were conducted. Data are expressed as the means ± SEM for each group. The differences among the experimental groups were detected by one-way ANOVA followed by Bonferroni’s multiple comparison test. Values of p < 0.05 were considered significant.




4. Conclusions


Thus, it was shown that the pretraumatic administration of water-soluble C60 fullerenes (nanoparticles with size of 0.7–35 nm) at a dose of 1 mg/kg reduces the severity of ischemic damage in the rat muscle soleus by 60–75%. In particular, intramuscular injection of C60FAS produces a 52% therapeutic effect at the stages of maintaining maximum force responses during the development of fatigue processes. The preventive effect of C60FAS injections on the biomechanical parameters of the transition of ischemic muscle from dentate to smooth tetanus is about 68% of the control values. Finally, the administration of C60FAS before muscle ischemia significantly reduced the blood biochemical parameters of the rat (by about 45–60%), which indicates the promise of its use for prophylactic purposes.
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Figure 1. (a) Atomic force microscopy (AFM) and (b) scanning tunneling microscopy (STM) images of the C60 fullerene nanoparticles on the mica and gold surfaces, respectively, and their profiles along the marked lines. C60 fullerenes were precipitated from C60FAS with a 0.15 mg/mL concentration. 
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Figure 2. The force of contraction of the rat muscle soleus, caused by 10 (indicated 1,2, …, 10) consecutive 6 s non-relaxation pools of stimulation: ischemic muscle without C60FAS (control: native muscle) (a); administration of C60FAS 1 h before muscle ischemia at doses of 0.5 (b), 1 (c), and 2 mg/kg (d). Integrated muscle power, calculated area under the force curve, as a percentage of control values (e). Time to reach the maximum force response (f). 






Figure 2. The force of contraction of the rat muscle soleus, caused by 10 (indicated 1,2, …, 10) consecutive 6 s non-relaxation pools of stimulation: ischemic muscle without C60FAS (control: native muscle) (a); administration of C60FAS 1 h before muscle ischemia at doses of 0.5 (b), 1 (c), and 2 mg/kg (d). Integrated muscle power, calculated area under the force curve, as a percentage of control values (e). Time to reach the maximum force response (f).



[image: Ijms 22 06812 g002]







[image: Ijms 22 06812 g003 550] 





Figure 3. Registration of the force of contraction of the muscle soleus of the rat with the use of 1 Hz stimulation with a duration of 1800 s: control, native muscle (a); ischemic muscle without the administration of C60FAS (b); administration of C60FAS (1 mg/kg) 1 h before muscle ischemia (c); integrated muscle power, presented as a percentage of the control values (d); the time of the decrease in the force response by 50% and 25% of the initial values (t50 and t25) (e); and maximum (fmax) and minimum (fmin) fixed forces of muscle contraction throughout the entire duration of stimulation (f). * p < 0.05 relative to the control group; ** p < 0.05 relative to the ischemia group. 
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Figure 4. Biomechanical parameters of muscle soleus transition from dentate to smooth tetanus after using increasing stimulation with a maximum frequency of 30 Hz for 6 s: mechanograms of the native muscle contraction, control (a); fmax is the maximum force of a single contraction, fmin is the minimum value of the force response in one spike of the dentate tetanus (a decrease in this parameter to zero leads to the appearance of smooth tetanus) (b); and changes in the parameters fmax (c) and fmin (d) for each of the single contractions before the transition of the force response to smooth tetanus when an increasing stimulation signal is applied. 
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Figure 5. Biochemical indicators (creatinine, lactate dehydrogenase (LDH), lactate (LA), and creatine kinase (CK)) in the blood of rats after 1 Hz stimulation of the ischemic muscle soleus for 1800 s. * p < 0.05 relative to the control group; ** p < 0.05 relative to the ischemia group. 
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Figure 6. Levels of catalase (CAT), hydrogen peroxide (H2O2), and thiobarbituric acid reactive substances (TBARS) in rat blood after 1 Hz stimulation of the ischemic muscle soleus for 1800 s. * p < 0.05 relative to the control group; ** p < 0.05 relative to the ischemia group. 
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