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C60 fullerene as promising therapeutic 
agent for correcting and preventing skeletal 
muscle fatigue
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and Alexander I. Kostyukov2

Abstract 
Background: Bioactive soluble carbon nanostructures, such as the C60 fullerene can bond with up to six electrons, 
thus serving by a powerful scavenger of reactive oxygen species similarly to many natural antioxidants, widely used 
to decrease the muscle fatigue effects. The aim of the study is to define action of the pristine C60 fullerene aqueous 
colloid solution (C60FAS), on the post-fatigue recovering of m. triceps surae in anaesthetized rats.

Results: During fatigue development, we observed decrease in the muscle effort level before C60FAS administration. 
After the application of C60FAS, a slower effort decrease, followed by the prolonged retention of a certain level, was 
recorded. An analysis of the metabolic process changes accompanying muscle fatigue showed an increase in the 
oxidative stress markers H2O2 (hydrogen peroxide) and TBARS (thiobarbituric acid reactive substances) in relation to 
the intact muscles. After C60FAS administration, the TBARS content and H2O2 level were decreased. The endogenous 
antioxidant system demonstrated a similar effect because the GSH (reduced glutathione) in the muscles and the CAT 
(catalase) enzyme activity were increased during fatigue.

Conclusions: C60FAS leads to reduction in the recovery time of the muscle contraction force and to increase in the 
time of active muscle functioning before appearance of steady fatigue effects. Therefore, it is possible that C60FAS 
affects the prooxidant-antioxidant muscle tissue homeostasis, subsequently increasing muscle endurance.
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Background
Skeletal muscle fatigue is the defence mechanism against 
overload and leads to the development of painful muscle 
sensitivity [1–3]. Muscle fatigue develops after physi-
cal activities of varying intensities and often leads to 
acute pain, which can then lead to various chronic dis-
ease states [4, 5]. Muscle fatigue is a result of the prod-
ucts of incomplete oxygen oxidation, such as reactive 
oxygen species (ROS), including peroxides, free radicals, 
and oxygen ions [6]. During the course of lipid peroxi-
dation, unsaturated fatty acids are formed from various 

fatty acid derivatives and metabolites, such as malondi-
aldehyde and hydroperoxide fatty acid [7]. The excessive 
accumulation of ROS (oxidative stress) can lead to signif-
icant functional changes due to damage to different cell 
components [8]. An example is the lipid peroxidation of 
biological membranes, which promotes the disruption of 
their structure and increases their permeability [9]. Cell 
protection against such damage is provided by the anti-
oxidant system. Mach et  al. [10] used pycnogenol as an 
antioxidant, and its use is accompanied by an increase 
in the levels of both oxidized and reduced NAD+ in the 
serum, as well as increased muscle strength. In studies 
of muscle fatigue, endogenous antioxidants, such as an 
N-acetylcysteine [11] and β-alanine [12], are widely used 
and speed up the muscle recovery process after fatigue. 
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In this context, bioactive soluble carbon nanostruc-
tures, such as the pristine C60 fullerenes, may be con-
sidered potential antioxidants [13]. C60 fullerene easily 
bonds with up to six electrons, can serve as a powerful 
scavenger of ROS [13–15], and is superior to the major-
ity of natural antioxidants, including vitamins C and E 
and carotenoids, in regard to its antioxidant capacity. 
As a result, it prevents oxidative stress dissemination in 
thymocytes [16] and shows a protective effect following 
the ischemia–reperfusion injury of skeletal muscle [17]. 
Additionally, water-soluble pristine C60 fullerenes can 
penetrate through the plasma membrane of cells [18, 19]. 
Therefore, the use of C60 fullerenes may have a powerful 
antioxidant effect on the contractile apparatus of striated 
muscle, thereby facilitating its functional recovery after 
experimentally induced fatigue.

The aim of this study was to investigate the effect of 
water-soluble pristine C60 fullerenes on the recovery 
dynamics of the contractile properties of rat m. triceps 
surae (TS) after the development muscle fatigue under 
conditions of long-term activation.

Methods
Material preparation and characterization
A highly stable reproducible pristine C60 fullerene aque-
ous colloid solution (C60FAS) at a concentration of 
0.15  mg/ml was prepared according to a previous pro-
tocol [20, 21]. Briefly, for the preparation of C60FAS 
we used a saturated solution of pure C60 fullerene 
(purity  >99.99%) in toluene with a C60 molecule con-
centration 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 colored. Filtration of the aqueous solu-
tion allowed to separate the product from undissolved 
C60 fullerenes. The pore size of the filter during the filtra-
tion of the aqueous solution was smaller than 2 µm (Typ 
Whatmann 602 h1/2). The purity of prepared C60FAS 
(i.e., the presence/absence of any residual impurities, for 
example carbon black, toluene phase) was determined by 
HPLC and GC/MS analysis. The maximal concentration 
of C60 fullerenes in water 0.15  mg/ml was obtained by 
this method.

The state of C60 fullerenes in aqueous solution was 
monitored using atomic force microscopy (AFM). Under 
AFM analysis, the sample was deposited onto a cleaved 
mica substrate (V-1 Grade, SPI Supplies) by precipitation 
from an aqueous solution droplet. Sample visualization 
was performed in semi-contact (tapping) mode (Fig. 1a, 
b). AFM measurements were performed after the com-
plete evaporation of the solvent.

Small-angle neutron scattering (SANS) measurements 
(Fig.  1c) were carried out at the YuMO small-angle dif-
fractometer at the IBR-2 pulsed reactor (JINR, Dubna, 
Russia) in the time-of-flight mode with the two-detector 
setup [22]. Treatment of the raw data was performed by 
the SAS program [23].

Procedure and experimental groups
Male Wistar rats, weighing 280–350 g, were used in the 
study. The use of the animals was approved by the Ethics 
Committee of the Institute and performed in accordance 
with the European Communities Council Directive of 24 
November 1986 (86/609/EEC).

The animals were divided into 4 groups. In the experi-
ments, the m. triceps surae fatigue was induced by elec-
trical stimulation of n. tibialis. Saline solution (group 1, 
n = 6) or C60FAS (F-injection) 0.1–0.15 mg/kg (group 2, 
n = 6) was administered into the left TS after the devel-
opment of fatigue. Then, fatigue of the right TS was 
induced. The data obtained from the ipsilateral (left) 
side were considered to be the control values vs. those 
obtained from the contralateral side. The dose range of 
0.1–0.15  mg/kg C60FAS does not present any acute or 
subacute toxicity in rats [13]. The rats of group 3 (n = 6; 
animals with fatigue of both TS without any injections) 
and group 4 (n =  6; intact animals) were used only for 
biochemical studies. After the experiment, the TS of 
all animals in all groups were removed for biochemical 
analysis.

It is important to note that a dose of 0.1–0.15  mg/kg 
C60FAS applied in our experiments does not present any 
acute or subacute toxicity in animals: it was significantly 
lower than the maximum tolerated dose of C60 fullerene, 
which was found to be 5 g/kg both for oral or intraperito-
neal administration to rats [13]. No toxic effects or death 
have been fixed under the action of C60 fullerenes after 
their oral administration to rats in total dosage of 2 g/kg 
for 14 days [24]. Finally, it was shown [13] that water-sol-
uble C60 fullerenes administered intraperitoneally to rats 
(0.5 mg/kg) were subjected to clearance from the organ-
ism within 2–4 days.

The animals in groups 1 and 2 were anaesthetized 
with ketamine (100 mg/kg “Pfizer”, USA) combined with 
xylazine (10  mg/kg, “Interchemie”, Holland), tracheos-
tomized and artificially ventilated (out of necessity). The 
left and right TS muscles were separated from the sur-
rounding tissue, and their tendons were detached at the 
distal insertions. The n. tibialis was separated from the 
tissue and cut proximally, and all branches of the nerve, 
except those innervating the TS, were cut. This nerve was 
mounted on a bipolar platinum wire electrode for elec-
trical stimulation. The hindlimb muscles and nerves were 
covered with paraffin oil in a pool formed from skin flaps. 
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The TS muscle was connected via the Achilles tendon to 
the servo-control muscle puller. The muscle tension was 
measured by semi-conductor strain gauge resistors glued 
on a stiff steel beam mounted on the moving part of a lin-
ear motor.

To induce muscle fatigue, 1–3 (30 min duration) series 
intermittent high-frequency electrical stimulation was 
used (Fig. 2a), separated by rest intervals of 10–20 min. 
Each series consisted of trains of 0.2-ms rectangular 
pulses at a rate of 40/s at 12.4 s duration and separated 
by 5 s intervals of rest (Fig. 2b). The stimulus current was 
set to 1.3–1.4 times the motor threshold. Note, if mus-
cle fatigue developed in less than 30  min, stimulation 
was interrupted (it was predicted that fatigue develop-
ment occurred when there was a muscle force decrease 
of more than 50% of the initial data). After the end of the 
12.4-s-stimulation, the muscle was stretched, and the 
change in length had a bell-shaped form (one period of 
4  Hz sinusoidal signal with corresponding phase lock-
ing) of 3.5 mm amplitude and 2 s duration (Fig. 2b; bot-
tom row). The muscle reaction to the stretches appeared 
as a tension increase after continuous stimulation. These 
stretches were applied before the post-stimulation 
twitches to remove, or at least diminish, the after-effects 
remaining from the continuous stimulation [1]. The sig-
nals (stimulus pulses, muscle tension and other) were 
sampled via DAC-ADC device (CED Power 1401).

Biochemical experiment
For biochemical analysis, the excised m. triceps surae 
(soleus and gastrocnemius) were rapidly dissected, free of 
fat and tendon, divided into several portions and stored 
in liquid N2. For reduced glutathione (GSH) analysis, tis-
sue samples were transferred into a medium containing 
1  N perchloric acid (1:10 w/v) and homogenized with 
a motor-driven Potter–Elvehjem glass homogenizer. 
The resultant homogenate was centrifuged at 10,000g 
for 10  min (4  °C). The GSH content was spectropho-
tometrically measured [25]. For the enzyme activity 
assays and H2O2 and lipid peroxidation assays, the mus-
cle samples were thawed and homogenized in 50  mM 
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Fig. 1 AFM images (tapping mode) of C60 fullerene particles on the 
mica surface, which were precipitated from C60FAS with an initial 
concentration of 0.15 mg/ml (a, b). Arrows indicate the height of 
the individual particles. Experimental SANS curve (points) for C60FAS 
(0.15 mg/ml). Solid lines correspond to the model curve obtained by 
the IFT procedure. Insert: the pair distance distribution function as a 
result of the IFT procedure for scattering from C60 fullerene nanoparti-
cles present in the C60FAS (c)

◂
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phosphate buffer with 2 mM EDTA (pH 7.4) at 4 °C (1:9 
w/v). Homogenates were then centrifuged for 15 min at 
15,000g (4  °C), and the post mitochondrial supernatant 
was stored at −70 °C.

Oxidative damage in the tissue was measured using the 
thiobarbituric acid reactive substances (TBARS) assay. 
TBARS were isolated by boiling tissue homogenates for 
15  min at 100  °C with thiobarbituric acid reagent (0.5% 
2-thiobarbituric acid/10% trichloroacetic acid/0.63  M/
dm3 hydrochloric acid) and measuring the absorbance at 
532 nm. The results are expressed as nM TBARS/mg pro-
tein, using ɛ = 1.56 × 105 dm3/M1/cm1 [26].

The H2O2 concentration in the tissue homogenates was 
measured using the FOX method, which is based on the 
peroxide-mediated oxidation of Fe2+, followed by the 
reaction of Fe3+ with xylenol orange (o-cresolsulphoneph-
thalein 3′,3″-bis[methylimino] diacetic acid, sodium salt). 
This method is extremely sensitive and is used to meas-
ure low levels of water-soluble hydroperoxide present in 
the aqueous phase. To determine the H2O2 concentra-
tion, 500 μl of the incubation medium was added to 500 μl 
of assay reagent (500  μM ammonium ferrous sulphate, 
50 mM H2SO4, 200 μM xylenol orange, and 200 mM sorb-
itol). The absorbance of the Fe3+-xylenol orange complex 
(A560) was detected after 45 min. Standard curves of H2O2 
were obtained for each independent experiment by add-
ing variable amounts of H2O2 to 500 μl of basal medium 
mixed with 500 μl of assay reagent. Data were normalized 
and expressed as μM H2O2 per mg protein [27].

Catalase activity was measured by the decomposition 
of hydrogen peroxide, determined by a decrease in the 
absorbance at 240 nm [28].

GSH was determined using Ellman’s reagent. One mil-
lilitre of supernatant was treated with 0.5 ml of Ellman’s 

reagent (5.5′-dithio-bis-nitrobenzoic acid in abs. ethanol) 
and 0.4 M Tris HCl buffer with 2 mM EDTA, pH 8.9. The 
absorbance was read at 412 nm in a spectrophotometer 
[25].

The protein concentration was estimated using the 
method of Bradford with bovine serum albumin as a 
standard. All chemicals were purchased from Sigma, 
Fluka and Merck and were of the highest purity.

Data analysis
In the electrophysiological part of the study, each stimula-
tion series (30 min) was divided into three equal portions 
(Fig. 2a), which were averaged (maximum 33 stimulation 
in one portion). The average value of the first portion was 
set to 100%, and the other series were normalized in rela-
tion to this (for each hindlimb). The peak amplitudes of 
the front (P1) and rear of the front (P2) (maxima ampli-
tudes at the site, duration of 1  s, Fig.  2b) of the muscle 
strength of each single series (12.4 s) were identified and 
the difference between P1 and P2 (ΔP) was calculated. 
This difference determines the dynamic component of 
the muscle force decrease in a short period of continuous 
stimulation. Mean values (mean ±  SD) of the TS mus-
cle strength before and after F-injection were compared 
using a two-way statistical analysis of variance (ANOVA). 
The factors of variation included two conditions, time and 
the effects of the C60FAS. A Bonferroni post hoc analysis 
was used to determine the differences between groups. 
The level of significance was set at p < 0.001.

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 significant.
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Fig. 2 Strength of the contralateral (right) m. triceps surae (TS) contraction during the 2nd series of 30-min intermittent stimulations of the n. tibialis 
at 42 min after C60FAS administration into the left TS (a). The superposition of individual tetanic contractions 2 and 28 are presented at the higher 
time scale (b). P muscle force, st stimulation mark, L muscle length (mm); S1, S2 and S3 equal parts of the stimulus series, used for the quantitative 
analysis of data; P1 and P2 sites at the beginning and at the end of tetanic contraction
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Results
Analysis of AFM and SANS data
Because the C60 fullerene particle size directly correlates 
with their biodistribution and toxicity [29, 30], the AFM 
and SANS studies were performed.

The AFM images (Fig. 1a, b) clearly demonstrate ran-
domly arranged, individual C60 fullerenes (0.7  nm in 
diameter) and their bulk clusters with a height of 1.5–
200 nm. At the same time, some individual C60 fullerene 
aggregates with a height of >200 nm are also seen in the 
AFM image (Fig. 1b). The results obtained are consistent 
with the theoretical calculations and experimental meas-
urements [20, 21, 31, 32] and demonstrate the polydis-
persity of the C60FAS used in our study.

Experimental SANS curve for C60FAS is shown in 
Fig. 1c. The scattering curve of C60FAS is well described 
by the form-factor of polydisperse spherical particles. 
The mean radius of gyration of the particle cross section, 
Rg, and pair distance distribution function, P(r), were 
found by using indirect Fourier transformation (IFT) 
approach [33]. We can calculate the radius of particles, 
R, present in the C60FAS according to well-known equa-
tion Rg

2 = 0.6R2 assuming of homogeneous and spherical 
of C60 fullerene clusters. This conclusion follows from 
previous experimental data [20, 21] and the estimates 
of the average cluster density according to the contrast-
variation experiments [31, 32, 34]. The data given by this 
procedure indicate that C60FAS consists of C60 fullerene 
sphere-like nanoparticles with an average size of ~56 nm 
that is in a good agreement with above AFM data.

It is known [35, 36] that the permeability and cyto-
chemical behavior of nanoparticles strongly depend on 
their size and, correspondingly, mass (number) distri-
bution. In this regard, our previous studies [16, 18, 19, 
29] clear demonstrate that the used C60 fullerene nano-
particles can effectively penetrate through the plasma 
membrane of cells by passive diffusion or endocytosis 
(depending on the size) and do not exhibit cytotoxic 
effects.

Electrophysiological experiments
Changes in the TS force reaction under fatigue conditions 
due to prolonged high frequency stimulation (30  min, 
40/s) of the n. tibialis for animal groups 1 (before and 
after administration of saline solution) and 2 (before the 
application of C60FAS) did not significantly differ. The 
analysis was performed by determining the force level 
at the beginning (P1) and end (P2) of single tetanic con-
tractions and the difference between these values (ΔP), 
which determines the dynamic component of the force 
decrease during a short period of continuous stimulation 
(Fig.  2b). The muscle was considered tired if the ampli-
tude of the single tetanic contractions decreased by more 

than 50% relative to the initial level. When muscle fatigue 
was reached, the stimulation was stopped and followed 
by a 10–20 min rest period. Therefore, in the case of one 
animal, as a result of muscle fatigue stimulation of the 
left TS, a 50% fatigue level was reached in approximately 
12 min; during the next 4 min of stimulation, it contin-
ued to decrease [Fig. 3a (IL), b(IL)]. After 10 min of rest, 
a single tetanic contraction force was slightly restored, 
but it did not reach the initial muscle activity level and 
continued to decrease rapidly [Fig.  3a (IIL), b(IIL)]. In 
this case, there was also a simultaneous decrease in the 
dynamic component of the force drop ΔP. Note that the 
dynamic component was the most highly expressed at 
the beginning of the first experimental series and that 
the P1 amplitude was higher relative to the P2 amplitude 
[Fig.  3b (IIL)]. After tetanic contractions for 1.5–2  min, 
difference between amplitudes P1 and P2 was reduced 
to zero, with moderate variations both in one and the 
opposite direction over the additional fatigue stimulation 
period. Simultaneously with the decrease in ΔP values, 
there was a constant decrease in the developed force. In 
the following stimulation series, after a period of rest, the 
initial amplitude of the dynamic component was usually 
decreased [Fig. 3b (IIL, IIIL)].

When a predetermined level of muscle fatigue was 
reached, C60FAS (0.1–0.15  mg/kg) was injected intra-
muscularly [at 45  min after the beginning of fatigue 
stimulation; Fig. 3a (IFL, IIFL), b(IFL, IIFL)]. At the same time, 
the dynamic changes in the muscle strength level in 
response to stimulation reflected the further develop-
ment of fatigue, and the single contraction forces were 
reduced rapidly [Fig.  3b(IFL)]. However, F-injection led 
to the gradual recovery of the isometric force levels (at 
32 min after drug application; Fig. 3a [(IIFL), b (IIFL)]. The 
appearance of negative ΔP values (P2 amplitude increase 
compared to P1 amplitude) indicated the beginning of the 
recovery [Fig. 3b (IIFL), 10th min]. In this series of stimula-
tions, the level of the muscle contraction force was recov-
ered to that developed during the initial stages of fatigue 
stimulation.

Power reaction of the right TS was significantly differ-
ent from the left TS. Notably, the TS of the right limb was 
not previously fatigued before the F-injection (Fig.  3c, 
d). At 52 min after drug administration, a certain force 
muscle decrease was observed. In this case, the P1 ampli-
tude was higher than the P2 amplitude, as indicated by 
the increase in ΔP values [Fig.  3c (IFR), d (IFR)]. However, 
at 6  min after the beginning of fatigue stimulation, the 
force developed by the muscle appeared at a certain sta-
tionary level, which was held during the experimental 
series. The difference between the P1 and P2 amplitudes 
disappeared (value of ΔP decreased to zero), which may 
indicate a constant force level at the time of loading. It 
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Fig. 3 Strength of the ipsi- and contralateral m. triceps surae (TS) contraction induced by electrical fatigue stimulation before and after C60FAS injec-
tion into the left TS: a, c time protocol registrations of the left and right TS contraction, respectively (triangles indicate the moment the of the C60FAS 
injection); b, d amplitude values of the muscle force (P1) at the beginning of single tetanic contractions (squares) and ∆P (the difference between 
the force values at the beginning and at the end of muscle contraction; triangles). The rapid development of fatigue (a) (decrease in the muscle 
strength of more than 50%) led to shortening of the stimulation time (I–III). Designations for I–IV (a) and I–III at (c) correspond to recordings on (b) 
and (d), respectively. Indices: L, R left and right TS; F registration of muscle force after the administration of C60FAS into the left TS
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is significant that the muscle maintained the developed 
force level for an additional 1 h [Fig. 3c (IIFR, IIIFR), d(IIFR , 
IIIFR)]. For this muscle, the total time of the decrease of 
the isometric force contraction by 50% was 120 min after 
drug administration. For comparison, the control dura-
tion of the fatigue occurrence period was 42 min.

In Fig.  4a, b, a comparison of the force level changes 
developed by the left TS before (IL) and after (IFL) F-injec-
tion in two different experiments is presented. The sta-
tistical analysis showed a significant (p  <  0.001) force 
decrease during the series of fatigue stimulation before 
C60FAS administration [Fig. 4a (IL), b(IL)]. After F-injec-
tion, a recovery of the muscle force for the first animal 
[Fig. 4a (IFL)] and its holding for the second animal [Fig. 4b 

(IFL)] was observed. At the end of the experimental 
series, the recovery of the active muscle force response 
was significant compared to that at the beginning and 
nearly reached the control values. The analysis showed 
a significant effect for the factors: drug administration 
(D) and time (T) after administration and their interac-
tion. The corresponding results of this analysis were as 
follows: F(D)  =  2904.47, p(D)  <  0.001, F(T)  =  42.420, 
p(T)  <  0.001, F(DxT)  =  1350.58, p(DxT)  <  0.001 (first 
animal) and F(D) = 122.80, p(D) < 0.001, F(T) = 1058.29, 
p(T) < 0.001, p(DxT) = 1287.35, p(DxT) < 0.001 (second 
animal). The data obtained in all experiments (Fig. 4c–h) 
indicate that the decrease in the developed force after 
C60FAS administration (IFL, IIFR) was almost two times 
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stimulation (S1, S2, and S3; Fig. 2) before and after (white and grey bars, respectively) C60FAS administration into the left m. triceps surae (TS): a, b 
the results of two fatigue tests before and after C60FAS administration into the left TS; c–h the results of six fatigue tests of the left TS (open bars) 
before C60FAS administration, and right TS (grey bars) at 52 min after C60FAS administration into the left TS. Asterisks significant differences (p < 0.001) 
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TS. Triangle marks the moment of C60FAS injection
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slower than in controls. The maximum significant reduc-
tion of the muscle force developed during the entire 
period of fatigue stimulation was 44% after drug admin-
istration, whereas in the control this was 85%. For all 
experimental animals, similar dynamics of the force level 
decrease in the control and its more gradual decrease 
after F-injection were observed.

Biochemical experiments
During long-term stimulation of the muscle, meta-
bolic processes change and are a main factor of muscle 
fatigue. As a result of the fatigue test, the accumulation 
of lipid peroxidation secondary products and changes 
in the levels of antioxidants in the tissue of the fatigued 
muscle were determined. The data clearly demonstrate 

the increased level of peroxidation and oxidative stress 
marker TBARS and H2O2 after fatigue stimulation 
(Fig. 5a, b). This increase was significant in relation to the 
intact muscle (‘norm’) and was 23% (p < 0.05) for TBARS 
and 38% (p  <  0.05) for H2O2. After C60FAS administra-
tion into the left TS, the TBARS concentration was sig-
nificantly reduced compared to fatigue as follows: 29% 
(p < 0.05) for the left TS and 12% (p < 0.05) for the right 
one. The H2O2 level decreases in comparison to the 
‘fatigue’ group (by 6% for the left TS and 7% for the right 
one), although the H2O2 level remained higher in relation 
to the intact group (p < 0.05). In turn, in response to such 
changes in the working muscle, an activation of endog-
enous antioxidants occurred. During fatigue stimulation, 
the amount of muscle GSH quantitatively increased more 
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than two-fold (p  <  0.05) and the activity of the antiper-
oxide enzyme CAT also increased. After C60FAS admin-
istration, the GSH and CAT activities were significantly 
decreased compared to the group ‘fatigue’ by 41.8 and 
15.4% for GSH and 53 and 43% for CAT (p < 0.05) for the 
left and right TS, respectively (Fig. 5c, d).

Discussion
In this study, we investigated changes in the contraction 
force of the rat m. triceps surae under fatigue develop-
ment before and after C60FAS administration. We did not 
use a level of stimulation above 40 Hz, and the rest period 
between the experimental series was 15–20 min [2]. This 
experimental approach allows us to analyse the nature of 
the muscle contraction force parameter changes under 
fatigue stimulation before C60FAS application (into the 
left TS) and directly after F-injection. A marked decrease 
in the muscle effort level before C60FAS administra-
tion (control) was observe in the all experiments both IL 
and IIL stimulation series (Fig. 4a–h). It was the result of 
modified stimulation pattern action, which was due to 
the influence of the central and peripheral mechanisms 
of the development of skeletal muscle fatigue [2]. After 
intramuscular injection of the C60FAS partial ipsilateral 
TS muscle recovery was registered in two rats. However, 
the main finding was observed after the application of 
C60FAS. Not significant a slower effort decrease, followed 
by the prolonged retention of a certain level was recorded 
contralaterally in all animals. Decrease in the muscle con-
traction force was developed more slowly after C60FAS 
administration compared to the control. It indicates 
a deceleration of the fatigue process, and the strength 
restraint at the constant level for a long time (120 min) 
indicates an increase in the muscle endurance during 
such conditions. The data obtained in this study indicate 
that after drug injection, the time for the TS force maxi-
mal level decrease to 44% was 120 min. At the same time 
in the control, the force level of this muscle during the 
same period decreased to 85%. We suppose, it was caused 
by antioxidant effects C60FAS on the fatiguing muscle. 
The duration of the muscle recovery and its rest peri-
ods are also important factors for maintaining efficiency 
and the normal physiological state of the muscle during 
dynamic work execution [12]. The dynamic component 
of the single tetanic contraction is likely a reflection of 
the interaction of the efficiency of the initial increase of 
the fast motor unit contractile properties and processes 
of the fatigue strength reduction [37]. Thus, recovery of 
muscle strength after F-injection both for the preliminary 
tired and at fresh muscles indicate, that water-soluble 
pristine C60 fullerenes can penetrate through the plasma 
membrane of cells [18, 19] and render of powerful anti-
oxidant effect on the contractile apparatus of striated 

muscle, thereby facilitating its functional recovery after 
experimentally induced fatigue.

Under a moderate external load on the muscle, metab-
olism occurs aerobically. In the actively contracted mus-
cle, metabolism significantly increases, resulting in the 
accumulation of secondary oxidation products in muscle 
fibres, which leads to fatigue development [38]. These 
metabolic processes are a source of oxygen free radicals 
and contribute to the intensification of lipid peroxida-
tion processes [39–41]. The presence of such metabo-
lism products prevents the adequate implementation of 
muscle work and increases the duration of the recovery 
period. Strenuous exercise and endurance training cause 
oxidative stress in skeletal muscle and can therefore alter 
the prooxidant-antioxidant balance [42, 43]. Despite 
extensive research over the years, the relationship 
between free radical generation, antioxidant enzymes 
and exercise in skeletal muscle remains controversial 
[44, 45]. These discrepancies may be related to differ-
ences in exercise mode, intensity, duration of the train-
ing program, and muscle fibre type. Skeletal muscles are 
highly heterogeneous. Each muscle fibre type has distinct 
metabolic characteristics and oxidative potential as well 
as antioxidant defence capacity [41]. In our study, as a 
result of fatigue stimulation in working muscle, there was 
a significant increase in the secondary products of lipid 
peroxidation and H2O2 compared to the intact (unstim-
ulated muscle) muscle (Fig.  5). During intense (physical 
activity) contraction, the flow of oxygen through muscle 
cells is greatly increased. High levels of oxygen uptake 
(up to 100-fold) can lead to excessive ROS generation and 
are implicated in fatigue, muscle soreness, and myofibril 
disruption [45]. Moreover, another potential mechanism 
involved in the oxidative stress response to high-intensity 
exercise is the redistribution of blood flow, such as ele-
vated blood flow in the heart, lung, and red slow-twitch 
muscle fibres, leading to increased mitochondrial respi-
ration, which results in an increase in the production of 
ROS. We found that long-term electrical stimulation of 
the muscle induced a significant increase in TBARS and 
H2O2 content that led to an increase of CAT activity and 
GSH content in both fast- and slow-twitch muscle fibres. 
In this case, after C60FAS administration, the oxygen 
metabolite concentration was significantly lower. This 
confirms the previous data regarding the protective effect 
of C60FAS on the immune and antioxidant systems of the 
body in various pathologies [15, 46]. The mechanisms of 
effects of this drug can positively influence the processes 
of endurance and recovery of the active muscles, inacti-
vating the products of its metabolism.

Increased amounts of GSH in the stimulated mus-
cle (without drug administration and after its applica-
tion) are evidence of the compensatory activation of the 
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endogenous antioxidant systems on the irritant action 
of sufficient strength (Fig. 5). Many studies showed that 
during intense stress, there is a significant decrease of 
reduced GSH and an increased concentration of its oxi-
dative form in the myocardium and m. soleus [47, 48]. 
Simultaneously, contradictory data were obtained in the 
experiments studying endurance [47, 49]. It was found 
that under physical activity, the amount of reduced GSH 
in the m. gastrocnemius and DVL increase. It is likely that 
in m. soleus, a muscle with a high content of myoglobin, 
all metabolic and biochemical processes occur under aer-
obic conditions, which use a large number of mitochon-
drial enzymes, and the accumulation of oxidized GSSG 
does not have time to reduce [50]. At the same time, 
the above mentioned processes in the m. gastrocnemius 
occur anaerobically, in contrast to the m. soleus. This 
causes a slow oxidation process and increases the amount 
of reduced GSH [51, 52]. Under fatigue, after C60FAS 
administration, the GSH content was somewhat reduced 
compared to the “fatigue” state, indicating a reduction in 
oxidative stress and a normalization of the pro- and anti-
oxidant balance in rat muscle tissue (Fig. 5).

An increase of H2O2 during exertion leads to an 
increase in CAT enzyme activity that has a protective 
antioxidant function by catalysing the decomposition of 
hydrogen peroxide to water and oxygen. These results are 
confirmed by previously obtained data from acute experi-
ments on rats with DVL stimulation [47, 52]. An increase 
of the enzyme activity in response to exercise was also 
shown in humans [53]. Moreover, some studies indicate 
an absence of any changes in CAT concentration in the 
muscles during physical activity [44, 54, 55]. In fact, sev-
eral reports demonstrated decreases in catalase activity 
in both oxidative and mixed fibre limb muscles [56, 57]. 
In our study, after C60FAS administration under fatigue 
development, the CAT activity was significantly reduced 
compared to pure fatigue and remained at the control 
level. It is hypothesized that C60FAS influence the con-
tent and activity of endogenous antioxidants and prevent 
the occurrence of fatigue in actively contracting muscle, 
thereby contributing to maintenance of its normal physi-
ological state.

Free radical processes increasing is the main patho-
genic factor during skeletal muscles fatigue develop-
ment [58]. Under significant physical activity there is 
highly overproduction of free radicals in muscle tissue 
that intensifies the processes of lipid peroxidation, cell 
membranes damage and antioxidant enzymes inactiva-
tion [59]. The active oxygen metabolites cause direct 
inhibition of respiratory chain mitochondrial enzymes 
and reducing the balance of ATP/ADF [59]. The above 
processes in the background of the lactate accumulation 
with subsequent development of acidosis and blockage of 

membrane Ca2+ channels lead to a pronounced energy 
deficit and a significant functional activity reduction of 
muscle tissue [60].

It is known that application of different nature exog-
enous antioxidants leads to a significant reduction of 
fatigue skeletal muscle during intense physical activ-
ity and increases the onset time of muscle fatigue under 
prolonged intense endurance exercise [10, 61, 62]. These 
data demonstrate the feasibility of using antioxidants to 
correct the level of oxidative stress in the muscle tissue 
under extreme influences on the body and its efficiency 
increasing. Since pristine C60 fullerenes, as previously 
shown in various models in vitro and in vivo [13, 15, 63], 
actively bind free radicals and display a powerful anti-
oxidant properties of direct action, we can assume that 
the application of water-soluble C60 fullerenes led to the 
prooxidant-antioxidant balance normalization in the 
muscle tissue of rats and helped improve the dynamic 
parameters of muscle contraction.

Conclusion
The use of C60FAS, even at a low therapeutic dose (0.1–
0.15 mg/kg) leads to a reduction in the recovery time of 
the muscle contraction force (after its complete exhaus-
tion state) on the one hand, and an increase in the time 
of the muscle active work (endurance) until fatigue devel-
opment on the other. This result illustrates the effect 
of C60FAS, along with other possible mechanisms, on 
prooxidant-antioxidant homeostasis in the muscle tissue 
of rats.

Abbreviations
C60FAS: pristine C60 fullerene aqueous colloid solution; H2O2: hydrogen perox-
ide; TBARS: thiobarbituric acid reactive substances; GSH: reduced glutathione; 
CAT: catalase; ROS: reactive oxygen species; NAD+: nicotinamide adenine 
dinucleotide; HCl: hydrochloric acid; AFM: atomic force microscopy; SANS: 
small-angle neutron scattering; FOX: ferrous ion oxidation xylenol orange; 
H2SO4: sulphuric acid; EDTA: ethylenediaminetetraacetic acid; DAC: digital 
to analogue converter; ADC: analogue to digital converter; ANOVA: analysis 
of variance; DVL: deep portion of vastus lateralis muscle; GSSG: glutathione 
disulfide.

Authors’ contributions
IVV, AVM and NVB designed and performed the experiments, and the in vitro 
assays were performed by OOG. UR, PS and OAK were responsible for C60FAS 
synthesis and characterization. TT helped with preparation of the manuscript 
and provided funding support. DMN and IVM helped collect and analyze data. 
YuIP and AIK provided supervision and guidance throughout this work. The 
manuscript was written through contributions of all authors. All authors read 
and approved the final manuscript.

Author details
1 Department of Biophysics, Taras Shevchenko National University of Kyiv, 
Volodymyrska Str. 60, Kiev 01601, Ukraine. 2 Department of Movement 
Physiology, Bogomoletz Institute of Physiology, Bogomoletz Str. 4, Kiev 01024, 
Ukraine. 3 Department of Hypoxic States Investigation, Bogomoletz Institute 
of Physiology, Bogomoletz Str. 4, Kiev 01024, Ukraine. 4 Joint Institute 
for Nuclear Research, Joliot-Curie Str. 6, Dubna, Moscow Region, Russia. 
5 Institute of Chemistry and Biotechnology, Technical University of Ilmenau, 



Page 11 of 12Prylutskyy et al. J Nanobiotechnol  (2017) 15:8 

Weimarer Str. 25, 98693 Ilmenau, Germany. 6 University of Physical Education 
and Sport, Kazimierza Górskiego Str.1, 80-336 Gdansk, Poland. 7 Lesia Ukrainka 
Eastern European National University, Volya Avenue 13, Lutsk 43025, Ukraine. 

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
The use of the animals was approved by the Ethics Committee of the Institute 
and performed in accordance with the European Communities Council Direc-
tive of 24 November 1986 (86/609/EEC).

Funding
This work was supported by Grant 0024/RSA2/2013/52 from Rozwoj Sportu 
Akademickiego, POLAND.

Received: 7 November 2016   Accepted: 30 December 2016

References
 1. Kostyukov AI, Hellström F, Korchak OE, Radovanovic S, Ljubisavljevic 

M, Windhorst U, Johansson H. Fatigue effects in the cat gastrocnemius 
during frequency-modulated efferent stimulation. Neuroscience. 
2000;92:789–99.

 2. Kostyukov AI, Kalezic I, Serenko SG, Ljubisavljevic M, Windhorst U, 
Johansson H. Spreading of fatigue-related effects from active to inactive 
parts in the medial gastrocnemius muscle of the cat. Eur J Appl Physiol. 
2002;86:295–307.

 3. Ervilha UF, Farina D, Arendt-Nielsen L, Graven-Nielsen T. Experimental 
muscle pain changes motor control strategies in dynamic contractions. 
Exp Brain Res. 2005;164:215–24.

 4. Kadetoff D, Kosek E. The effects of static muscular contraction on 
blood pressure, heart rate, pain ratings and pressure pain thresholds 
in healthy individuals and patients with fibromyalgia. Eur J Pain. 
2007;11:39–47.

 5. Schomburg ED, Steffens H, Pilyavskii AI, Maisky VA, Brück W, Dibaj P, Sears 
TA. Long lasting activity of nociceptive muscular afferents facilitates 
bilateral flexion reflex pattern in the feline spinal cord. Neurosci Res. 
2015;95:51–8.

 6. Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular 
mechanisms. Physiol Rev. 2008;88:287–332.

 7. Aruoma OI. Free radicals, oxidants and antioxidants: trend towards the 
year 2000 and beyond. In: Aruoma O, Halliwell B, editors. Molecular biol-
ogy of free radicals in human disease. London: OICA International; 1998. 
p. 1–28.

 8. Martarelli D, Pompei P. Oxidative stress and antioxidant changes during a 
24-hours mountain bike endurance exercise in master athletes. J Sports 
Med Phys Fit. 2009;49:122–7.

 9. Richter C. Biophysical consequence of lipid peroxidation in membranes. 
Chem Phys Lipids. 1987;44:175–89.

 10. Mach J, Midgley AW, Dank S, Grant R, Bentley DJ. The effect of antioxidant 
supplementation on fatigue during exercise: potential role for NAD + (H). 
Nutrients. 2010;2:319–29.

 11. Reid MB, Stokić DS, Koch SM, Khawli FA, Leis AA. N-acetylcysteine inhibits 
muscle fatigue in humans. J Clin Invest. 1994;94:2468–74.

 12. Harris RC, Sale C. Beta-alanine supplementation in high-intensity exercise. 
Med Sport Sci. 2012;59:1–17.

 13. Gharbi N, Pressac M, Hadchouel M, Szwarc H, Wilson SR, Moussa F. C60 
fullerene is a powerful antioxidant in vivo with no acute or subacute 
toxicity. Nano Lett. 2005;5:2578–85.

 14. Sun T, Xu Z. Radical scavenging activities of alpha-alanine C60 adduct. 
Bioorg Med Chem Lett. 2006;16:3731–4.

 15. Prylutska SV, Grynyuk II, Matyshevska OP, Prylutskyy YuI, Ritter U, Scharff P. 
Anti-oxidant properties of C60 fullerenes in vitro. Fuller Nanotub Carbon 
Nanostruct. 2008;16:698–705.

 16. Prylutska SV, Grynyuk II, Grebinyk SM, Matyshevska OP, Prylutskyy YI, 
Ritter U, Siegmund C, Scharff P. Comparative study of biological action 
of fullerenes C60 and carbon nanotubes in thymus cells. Mat Wiss Werkst. 
2009;40:238–41.

 17. Nozdrenko DM, Prylutskyy YuI, Ritter U, Scharff P. Protective effect of 
water-soluble pristine C60 fullerene in ischemia-reperfusion injury of skel-
etal muscle. Int J Phys Pathophys. 2014. doi:10.1615/IntJPhysPathophys.
v5.i2.10.

 18. Prylutska S, Bilyy R, Overchuk M, Bychko A, Andreichenko K, Stoika 
R, Rybalchenko V, Prylutskyy Y, Tsierkezos NG. Water-soluble pristine 
fullerenes C60 increase the specific conductivity and capacity of lipid 
model membrane and form the channels in cellular plasma membrane. J 
Biomed Nanotechnol. 2012;8:522–7.

 19. Panchuk RR, Prylutska SV, Chumak VV, Skorokhyd NR, Lehka LV, Evstigneev 
MP, Prylutskyy YuI, Berger W, Heffeter P, Scharff P, et al. Application of 
C60 fullerene-doxorubicin complex for tumor cell treatment in vitro and 
in vivo. J Biomed Nanotechnol. 2015;11:1139–52.

 20. Prylutskyy YI, Petrenko VI, Ivankov OI, Kyzyma OA, Bulavin LA, Litsis 
OO, Evstigneev MP, Cherepanov VV, Naumovets AG, Ritter U. On 
the origin of C60 fullerene solubility in aqueous solution. Langmuir. 
2014;30(14):3967–70.

 21. Ritter U, Prylutskyy YuI, Evstigneev MP, Davidenko NA, Cherepanov VV, 
Senenko AI, Marchenko OA, Naumovets AG. Structural features of highly 
stable reproducible C60 fullerene aqueous colloid solution probed by 
various techniques. Fuller Nanotubes Carbon Nanostruct. 2015;23:530–4.

 22. Kuklin AI, Islamov AKh, Gordeliy VI. Two-detector system for small-angle 
neutron scattering instrument. Neutron News. 2005;16:16–8.

 23. Soloviev AG, Solovieva TM, Stadnik AV, Islamov AH, Kuklin AI. The upgrade 
of package for preliminary treatment of small-angle scattering spectra. 
JINR Commun. 2003;10:2003–86.

 24. Mori T, Takada H, Ito S. Preclinical studies on safety of fullerene upon 
acute oral administration and evaluation for no mutagenesis. Toxicology. 
2006;225:48–54.

 25. Sedlak J, Lindsay RH. Estimation of total, protein-bound, and nonpro-
tein sulfhydryl groups in tissue with Ellman’s reagent. Anal Biochem. 
1968;25:192–205.

 26. Buege JA, Aust SD. Microsomal lipid peroxidation. Methods Enzymol. 
1978;52:302–10.

 27. Wolff SP. Ferrous ion oxidation in presence of ferric ion indicator 
xylenol orange for measurement of hydroperoxides. Methods Enzymol. 
1994;233:182–9.

 28. Catalase Aebi H. In: Bergmeyer HU, editor. Methods of enzymatic analysis. 
New York: Academic Press; 1983. p. 276–86.

 29. Prylutska SV, Matyshevska OP, Golub AA, Prylutskyy YuI, Potebnya GP, 
Ritter U, Scharff P. Study of C60 fullerenes and C60-containing composites 
cytotoxicity in vitro. Mater Sci Eng. 2007;27:1121–4.

 30. Cataldo F. Solubility of fullerenes in fatty acids esters: a new way to deliver 
in vivo fullerenes Theoretical calculations and experimental results. 
In: Cataldo F, Da Ros T, editors. Medicinal chemistry and pharmaco-
logical potential of fullerenes and carbon nanotubes, series: carbon 
materials: chemistry and physics, vol. 1. Netherlands: Springer; 2008. 
doi:10.1007/978-1-4020-6845-4.

 31. Prylutskyy YI, Durov SS, Bulavin LA, Adamenko II, Moroz KO, Geru II, 
Dihor IN, Scharff P, Eklund PC, Grigorian L. Structure and thermophysi-
cal properties of fullerene C60 aqueous solutions. Int J Thermophys. 
2001;22(3):943–56.

 32. Prylutskyy YI, Buchelnikov AS, Voronin DP, Kostjukov VV, Ritter U, Parkinson 
JA, Evstigneev MP. C 60 fullerene aggregation in aqueous solution. Phys 
Chem Chem Phys. 2013;15(23):9351–60.

 33. Glatter O. A new method for the evaluation of small-angle scattering 
data. J Appl Cryst. 1977;10:415–21. doi:10.1107/S0021889877013879.

 34. Avdeev MV, Khokhryakov AA, Tropin TV, Andrievsky GV, Klochkov VK, 
Derevyanchenko LI, Rosta L, Garamus VM, Priezzhev VB, Korobov MV, et al. 
Structural features of molecular-colloidal solutions of C60 fullerenes in 
water by small-angle neutron scattering. Langmuir. 2004;20:4363–8.

 35. Johnston HJ, Hutchison GR, Christensen FM, Aschberger K, Stone V. The 
biological mechanisms and physicochemical characteristics responsible 
for driving fullerene toxicity. Toxicol Sci. 2010;114:162–82.

 36. Aschberger K, Johnston HJ, Stone V, Aitken RJ, Tran CL, Hankin SM, Peters 
SA, Tran CL, Christensen FM. Review of fullerene toxicity and exposure 



Page 12 of 12Prylutskyy et al. J Nanobiotechnol  (2017) 15:8 

•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

appraisal of a human health risk assessment, based on open literature. 
Regul Toxicol Pharmacol. 2010;58:455–73.

 37. De Luca CJ, Contessa P. Hierarchical control of motor units in voluntary 
contractions. J Neurophysiol. 2012;107:178–95.

 38. Casey DP, Joyner MJ. Local control of skeletal muscle blood flow during 
exercise: influence of available oxygen. J Appl Physiol. 2011;111:1527–38.

 39. Barclay J, Hansel M. Free radicals may contribute to oxidative skeletal 
muscle fatigue. Can J Physiol Pharmacol. 1991;69:279–84.

 40. Diaz PT, She ZW, Davis WB, Clanton TL. Hydroxylation of salicylate by 
the in vitro diaphragm: evidence for hydroxyl radical production during 
fatigue. J Appl Physiol. 1993;75:540–5.

 41. Ji LL. Antioxidants and oxidative stress in exercise. Proc Soc Exp Biol Med. 
1999;222:283–92.

 42. Davies KJ, Quintanilha AT, Brooks GA, Packer L. Free radical and tis-
sue damage produced by exercise. Biochem Biophys Res Commun. 
1982;107:1198–205.

 43. Powers SK, Criswell D, Lawler J, Ji LL, Martin D, Herb RA, Dudley G. Influ-
ence of exercise and fiber type on antioxidant enzyme activity in rat 
skeletal muscle. Am J Physiol. 1994;266:R375–80.

 44. Ji LL. Exercise and oxidative stress: role of the cellular antioxidant systems. 
Exerc Sport Sci Rev. 1995;23:135–66.

 45. Clanton TL, Zuo L, Klawitter P. Oxidants and skeletal muscle function: 
physiologic and pathophysiologic implications. Proc Soc Exp Biol Med. 
1999;222:253–62.

 46. Didenko G, Prylutska S, Kichmarenko Y, Potebnya G, Prylutskyy Y, Slobody-
anik N, Ritter U, Scharff P. Evaluation of the antitumor immune response 
to C60 fullerene. Mat Wiss Werkst. 2013;44:124–8.

 47. Leeuwenburgh C, Hollander J, Leichtweis S, Griffiths M, Gore M, Ji LL. 
Adaptations of glutathione antioxidant system to endurance training are 
tissue and muscle fiber specific. Am J Physiol. 1997;272:R363–9.

 48. Ramires PR, Hollander J, Fiebig R, Ji LL. Effects of training and dietary 
glutathione on liver and muscle glutathione status in rats. Med Sci Sports 
Exerc. 1999;31:S52.

 49. Sen CK, Marin E, Kretzschmar M, Hanninen O. Skeletal muscle and liver 
glutathione homeostasis in response to training, exercise, and immobili-
zation. J Appl Physiol. 1992;73:1265–72.

 50. Leichtweis S, Leeuwenburgh C, Fiebig R, Parmelee D, Yu XX, Ji LL. Rigor-
ous swim training deteriorates mitochondrial function in rat heart. Med 
Sci Sports Exerc. 1994;26:S69.

 51. Lew H, Pyke S, Quintanilha A. Changes in the glutathione status of 
plasma, liver, and muscle following exhaustive exercise in rats. FEBS Lett. 
1985;185:262–6.

 52. Ji LL, Fu RG. Responses of glutathione system and antioxidant enzymes 
to exhaustive exercise and hydroperoxide. J Appl Physiol. 1992;72:549–54.

 53. Sen CK. Oxidants and antioxidants in exercise. J Appl Physiol. 
1995;79:675–86.

 54. Jenkins RR. Free radical chemistry: relationship to exercise. Sports Med. 
1988;5:156–70.

 55. Meydani M, Evans WJ. Free radicals, exercise, and aging. In: Yu B, editor. 
Free radicals in aging. Boca Raton: CRC Press; 1993. p. 183–204.

 56. Laughlin MN, Simpson T, Sexton WL, Brown OR, Smith JK, Korthuis RJ. 
Skeletal muscle oxidative capacity, antioxidant enzymes, and exercise 
training. J Appl Physiol. 1990;68:2337–43.

 57. Leeuwenburgh C, Frebig R, Chandwancey R, Ji LL. Aging and exercise 
training in skeletal muscle: responses of glutathione and antioxidant 
enzyme systems. Am J Physiol. 1994;267:R439–43.

 58. Lee KP, Shin YJ, Cho SC, Lee SM, Bahn YJ, Kim JY, Kwon ES, Jeong DY, Park 
SC, Rhee SG, et al. Peroxiredoxin 3 has a crucial role in the contractile 
function of skeletal muscle by regulating mitochondrial homeostasis. 
Free Radical Biol Med. 2014;77:298–306.

 59. Clarkson PM, Thompson HS. Antioxidants: what role do they play in physi-
cal activity and health? Am J Clin Nutr. 2000;72:637–46.

 60. Grassi B, Rossiter HB, Zoladz JA. Skeletal muscle fatigue and 
decreased efficiency: two sides of the same coin? Exerc Sport Sci Rev. 
2015;43:75–83.

 61. Ferreira LF, Reid MB. Muscle-derived ROS and thiol regulation in muscle 
fatigue. J Appl Physiol. 2008;104:853–60.

 62. Hong SS, Lee JY, Lee JS, Lee HW, Kim HG, Lee SK, Park BK, Son CG. The tra-
ditional drug Gongjin-Dan ameliorates chronic fatigue in a forced-stress 
mouse exercise model. J Ethnopharmacol. 2015;168:268–78.

 63. Krustic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF. Radical reac-
tions of C60. Science. 1991;254:1183–5.


