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Abstract: Myostatin A55T genotype is one of the candidates showing inter-individual variation in
skeletal muscle phenotypes. The aim of this study was to investigate the effect of the myostatin
AS55T genotype on markers of muscle damage after eccentric exercise. Forty-eight young, healthy
male college students (age = 24.8 + 2.2 years, height = 176.7 + 5.3 cm, weight = 73.7 + 8.3 kg)
were enrolled in this study, and muscle damage was induced through 50 reps of maximal eccentric
muscle contraction. As markers of muscle damage, maximal isometric strength (MIS), muscle
soreness, creatine kinase (CK), and aspartate transaminase (AST) were measured. Myostatin A55T
genotypes were classified into homozygous myostatin A55T allele (AA, n = 34, 72%), heterozygous
myostatin A55T allele (AT, n = 13, 26%), and homozygous mutant carriers (TT, n = 1, 2%). After
eccentric exercise, the subjects with heterozygous for AT showed markedly quicker MIS recovery
compared to the AA group (p = 0.042). However, there were no significant variations in muscle
soreness (p = 0.379), CK (p = 0.955), and AST (p = 0.706) among the groups. These results suggest
that AT in myostatin A55T genotype may be associated with quicker strength recovery following
exercise-induced muscle damage.
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1. Introduction

Repetitive, high-intensity, eccentric muscle contractions cause muscle damage [1]. It produces
muscle disruption and excitation—contraction coupling gets impaired, and inflammation and muscle
protein degradation occurs [2,3]. Therefore, maximal isometric strength (MIS) is reduced after muscle
damage, and the protein is increased, such as creatine kinase (CK) and aspartate transaminase (AST),
in the blood with delayed onset muscle soreness (DOMS) [4,5].

According to a number of studies, there is an inter-individual variation in the response of muscle
damage that appears after eccentric exercise, which has been reported to be affected by age, sex, body
composition, training status, and genetic polymorphism, etc. [6-10]. Especially, it was presented as an
evidence that several genetic polymorphisms can play an important role in the response to muscle
damage [11-13].

Myostatin, which is also known as growth/differentiation factor-8 (GDEF-8), is one of the tumor
growth factor (TGF-f3) superfamily [14]. Myostatin is known to combine with activin type IIB (ACVR2B)
and type IB (ACVRB) receptors and activate Smad2/3, p38 MAPK, and Erk1/2 signal transduction
pathways [15] to control muscle growth and repair by inhibiting proliferation and differentiation of
the satellite cell, which is also called muscle stem cell [16]. Myostatin has been extensively studied
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in human and animal models [17,18], and single nucleotide polymorphism (SNP) has also been
investigated in relation to sarcopenia or obesity [19,20]. A55T (rs180565, 163 G > A) is a representative
myostatin SNP identified from human genomic studies [20]. Myostatin A55T polymorphism is located
within the 42-115 amino acid sequence in the inhibitory domain of the myostatin precursor, and it plays
an important role for the stability of GDF-8 propeptide inhibitory activity and it influences mature
myostatin [21].

In a study in the exercise science field, it was reported that AT and TT among the myostatin A55T
showed a larger muscle hypertrophy than AA after 8 weeks of resistance exercise [22]. This result
suggests that the specific type among the myostatin SNP is a potential candidate that can positively
affect the skeletal muscle phenotype after resistance exercise. However, previous myostatin SNP
studies mainly observed chronic effects such as muscle hypertrophy after resistance exercise [22,23],
and there was no study about acute response such as muscle damage.

To our knowledge, this study is the first to investigate myostatin A55T genotype and
exercise-induced muscle damage targeting the Korean population. Therefore, the purpose of this study
was to investigate the potential effects of the myostatin A55T genotype on muscle damage indices such
as MIS, muscle soreness, CK, and AST after eccentric exercise.

2. Materials and Methods

2.1. Subjects

Forty-eight healthy male college students (age = 24.8 + 2.2 years; height = 176.7 + 5.3 cm; weight
= 73.7 + 8.3 kg) participated in this study. The sample size of this study was calculated based on
previous studies [21,24]. All subjects did not have regular strength training in the last six months,
were non-smokers, and had not taken any anti-inflammatory drugs, vitamins, or protein supplements
recently. They also did not have current musculoskeletal or nerve related disease. In addition, baseline
CK of all subjects were all within the normal range (male: 24-195 UL). All subjects were fully informed
by the investigator regarding the purpose and procedure of the study and agreed to limit participation
in excessive exercise or physical activity as well as analgesic intake or alcohol consumption during
the study. All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Kookmin University (number: KMU-201312-HRBR-005-02).

2.2. Eccentric Exercise

The elbow flexor model was used for the eccentric exercise in this study. This model has been used
in many exercise-induced muscle damage studies [25-27]. The subjects performed eccentric exercise
on a modified preacher curl machine (EMC model, Kookmin University, Seoul, Korea). The subjects
were first seated on a bench of a modified preacher curl machine and then they placed a non-dominant
arm on the pad. Then, when the investigator lowered the lever attached to the pad, the subjects were
made to resist this movement and tried to maximally contract the elbow flexor muscles [28]. One
muscle contraction lasted for 3 s and then rested for 12 s. There were 25 muscle contractions per set
and 2 sets were performed in total (total 50 times performed). The rest period between sets was 5 min.
All protocols related to the eccentric exercise in this study were based on previous studies [1,25,26].

2.3. Myostatin A55T Genotyping

DNA was extracted according to the manufacturer protocols by using Nucleo-Spin Blood kit
(NucleoSpin Blood kits, Macherey-Nagel, Inc., Germany). After injecting 25 pL proteinase K and
200 pL buffer into the blood samples, it was stored in the warm bath (70 °C) for 10-15 min. Afterwards,
210 Il ethanol (96-100%) was added and then mixed again. Then, 100 puL buffer was injected after two
wash processes, and the samples were kept at room temperature for one minute, and centrifuge for
one minute. Myostatin A55T genotype used real-time polymerase chain reaction (Real-Time PCR,
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iQ-5 Multi-Color Real-time PCR Detection System, BIO-RAD, USA). The real-time PCR condition in
this study is shown as follows. First, after 5 min of pre-denaturation at 94 °C, the DNA denaturation
was performed by cycling 34 times at 94 °C for 60 s. Then, primer annealing was performed for 120 s
at 56 °C, and 35 cycles of DNA polymerization and extension for 90 s at 72 °C, and last extension
for 8 min at 72 °C were performed. The primer sequences in this study were prepared according to
the study of Kostek et al. [23], which are 5-TGCAATGTACTTGGAGAGACAAAACAT-3’ (forward
primer), 5'-GCTGTTTCCAGAGGAAGTTTACTGATC-3’ (reverse primer).

2.4. Maximal Isometric Strength

Strength loss after stretching is measured by isometric force at single muscle length or single joint
angle [29]. The MIS measurement method of this study referred to the previous studies [23,26,30].
The MIS of elbow flexor muscles was measured by using a strain gauge (Jackson Strength Evaluation
System Model. 32628CTL, Lafayette Instrument Company, Lafayette, IN, USA) attached to the modified
preacher curl machine [23]. The investigator calibrated the strain gauge before each test and placed
the subject’s arm to be tested at 90 degrees. The other arm of the subject was placed on the knee. At
the investigator’s signal, the subjects contracted the arm to their maximum force. Each contraction
lasted for 3 s and one minute of rest was allowed between contractions. MIS was measured three times
at each time period (before, immediately after, 24, 48, 72, and 96 h after exercise), and one-minute rest
was given between measurements. After measuring three times, the average value was calculated
and used.

2.5. Muscle Soreness

Visual analogue scale (VAS) was used to measure muscle soreness. The high reliability of VAS
has been known [31] and it is known as a suitable tool for quantitative assessment of acute muscle
soreness and observation of clinical changes of muscle soreness [32]. The VAS has a constant line of
100 mm, the left first position (0 mm) indicates painless state and the right end (100 mm) indicates
severe pain. The VAS was distributed to the subjects, and they vertically marked the degree of pain felt
at each measurement period [30].

2.6. Creatine Kinase and Aspartate Transaminase

First, 5 mL of blood samples were collected each time from antecubital vein using a BD serum
collection vacutainer. The subjects kept fasting for 8 h prior to blood collection and were recommended
to have enough fluid intake. Blood was placed in tubes and centrifuged 2500-3000 rpm for 10 min
at 4 °C. Samples were stored at —80 °C until analysis, and CK and AST were analyzed according to
manufacturer protocols using an automatic blood analyzer (VITROS DT60II, Ortho Clinical Diagnostics,
NJ, USA).

2.7. Statistical Analysis

All data in this study were described using means and standard deviations (SD). To verify
the normal distribution of the myostatin A55T genotype, a Hardy—-Weinberg equilibrium test was
performed using X?. Repeated measure one-way analysis of covariance (ANOVA) was performed to
analyze the difference of the muscle damage index in each time period after eccentric exercise according
to the Myostatin A55T genotype (AA vs. AT), and post hoc test used Bonferroni. The SPSS program
(version 18.0, IBM, Armonk, NY, USA) was used for all statistical analysis. The statistical significance
level was « < 0.05.
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3. Results

3.1. Hardy-Weinberg Equilibrium Test of Myostatin A55T Genotype

In this study, the myostatin A55T genotype was classified as homozygous myostatin A55T allele
(AA, n = 34, 72%), heterozygous myostatin A55T allele (AT, n = 13, 26%), and homozygous mutant
carriers (TT, n = 1, 2%), respectively. This study only compared and analyzed AA and AT among
the myostatin A55T genotypes, and TT was excluded (Table 1). The Hardy—Weinberg equilibrium
test result in this study verified the gene distribution equilibrium of the myostatin A55T genotype
(X? =0.02, p = 0.849).

Table 1. Subject characteristics according to the myostatin A55T genotype.

Variable AA (n =34,72%) AT (n =13, 26%)
Age (years) 250+£22 243+21
Height (cm) 177.1 + 4.8 1752 + 6.8
Weight (kg) 745+77 70.7£9.8
Body fat (%) 16.8 + 5.8 154 £ 4.0

Values are means + SD; There were no significant differences between groups.

3.2. Change of Muscle Damage Markers After Eccentric Exercise According to Myostatin A55T Genotype

Changes in maximal isometric strength after eccentric exercise showed a significant interaction
between time and group between AA and AT of the myostatin A55T genotype (p = 0.042). The maximal
isometric strength in AA and AT decreased and then recovered immediately after eccentric exercise,
but there was a 23.3% difference in muscle recovery between the two genotypes 72 h after exercise, and
AT recovered faster than AA (p = 0.041, Table 2).

Table 2. Changes in maximal isometric strength (MIS) after eccentric exercise according to the myostatin

AS55T genotype.
Unit: % Pre Post 24h 48 h 72h 9 h p
AA 100 43.6 55.4 59.0 62.8 74.0
(n=234) +0.0 +3.8 +4.6 +52 +5.8 +6.1 0.042
AT 100 55.4 69.1 76.1 86.2 93.1
(n=13) + 0.0 +6.2 +75 + 84 +94* +9.8

Values are means + SD. * Significant between group (p < 0.05).

However, changes in muscle soreness after eccentric exercise was no significant interaction in
time and group between AA and AT (p = 0.379, Table 3). In addition, changes in CK (p = 0.955, Table 4)
and AST (p = 0.706, Table 5) was no significant interaction in time and group between AA and AT of
the myostatin A55T genotype after eccentric exercise.

Table 3. Changes in muscle soreness after eccentric exercise according to the myostatin A55T genotype.

Unit: mm Pre 24h 48 h 72h 96 h 4
AA 0 35.7 43.7 37.1 23.0
(n=234) +0.0 +29 +27 +29 +25 0.379
AT 0 33.7 41.7 342 26.4
(n=13) +0.0 +4.8 +44 +4.7 +4.1

Values are means + SD.
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Table 4. Changes in creatine kinase (CK) after eccentric exercise according to the myostatin

A55T genotype.
Unit: U/L Pre 24h 48 h 72h 96 h p
AA 142.6 1103.4 3911.3 7854.5 9569.4
(n=234) +19.0 +579.6 +1321.9 +1785.6 +1680.0 0.955
AT 119.8 883.8 3354.2 8158.7 10868.5
(n=13) +30.7 +937.4 +2137.8 +2887.7 +2716.9

Values are means + SD.

Table 5. Changes in aspartate transaminase (AST) after eccentric exercise according to the myostatin

AB5T genotype.
Unit: U/L Pre 24h 48 h 72h 96 h p
AA 29.1 38.7 78.6 135.0 181.0
(n=234) +4.1 +6.3 +15.4 +222 +23.6 0.706
AT 229 32.6 74.2 162.4 201.4
n=13) +6.6 +10.3 +249 +36.0 +28.2

Values are means =+ SD.

4. Discussion

We tested how the A55T genotype, which is one of the myostatin SNPs, affects the index of
muscle damage such as MIS, muscle soreness, CK, and AST after eccentric exercise. After the eccentric
exercise, AT showed faster MIS recovery than AA among the myostatin A55T genotypes, which is
a very interesting result.

Eccentric exercise-induced muscle damage causes initial damage (Z-disc streaming) and secondary
damage (inflammatory response, neutrophil infiltration, and macrophage phagocytosis), and muscle
remodeling progresses afterward [11]. Muscle remodeling occurs by activation, proliferation, and
differentiation of a quiescent satellite cell located around the muscle fiber after muscle damage [33].
The satellite cell proliferates after 24-48 h and then moves to the site where the damage occurred
and supports the repair process to help strength recovery [34,35]. Especially, myostatin may
significantly influence the function of the satellite cell, and myostatin reduces satellite cell activation
and differentiation by suppressing muscle regulatory factors such as Pax7 and MyoD [36].

Several studies have reported that muscle hypertrophy may be significantly different according
to myostatin genetic polymorphism after resistance training [22,23], and Li et al. [22] explained
the potential cause of these findings as because the location of myostatin genetic polymorphism
interferes with the ability of protein products to inhibit muscle growth in untrained conditions.
Myostatin A55T polymorphism is related to the regulatory properties of GDF-8 propeptide [37,38], and
GDF-8 propeptide has a function to inhibit GDF-8 biological activity [39]. A few animal studies showed
that the overexpression of GDF-8 propeptide enhances muscle development [40,41]. This suggests that
there may be a difference in GDF-8 propeptide activity among the myostatin A55T genotypes, and that
AT will be higher in GDF-8 propeptide activity than AA among the myostatin A55T genotypes. This is
thought to be a potential mechanism for different strength recovery of AT and AA, affecting satellite
cell function and muscle remodeling after muscle damage. Li et al. [22] also found that the thickness of
biceps was significantly increased after 8 weeks of training in individuals with AT in the myostatin
AB5T genotype. Unfortunately, to the best of our knowledge, there are no studies that have directly
identified GDF-8 propeptide activity or myostatin levels according to the myostatin A55T genotype.
Therefore, this hypothesis needs to be investigated in future studies.

On the other hand, no significant differences were found in muscle soreness, CK, and AST according
to myostatin A55T genotype after eccentric exercise, which contrasts with previous studies [25,26].
This discrepancy may have been influenced by factors such as sex. In the previous studies that showed



Int. |. Environ. Res. Public Health 2020, 17, 4900 60f8

significant differences in muscle soreness or blood markers, such as CK according to genotype after
eccentric exercise, included females in the study subjects [25,26,28]. Sex is one of the potential factors
that can influence the results of genetic polymorphism research. Several studies have reported that
female estrogens may play a protective role in attenuating muscle damage caused by eccentric exercise
because they have anti-oxidant characteristics and membrane stability properties [42,43]. In addition,
differences in ethnic, sample size, training, body mass, and physical activity levels can be the potential
causes of different results from previous studies [11,12,44].

There are some limitations in this study. First, the subjects of this study were general people, not
well-trained athletes. Additionally, eccentric exercise was also performed with the elbow flexor only.
In addition, small number of subject samples and low frequency homozygous mutant carriers (AA)
may limit statistical power in the analysis. In future studies, larger sample sizes will need to be added.
Finally, only a few muscle damage indices were measured after eccentric exercise. Therefore, there is
a limitation in confirming the mechanism of relation between specific genotype among myostatin A55T
genotype and strength recovery after eccentric exercise. Some of the parts described in the discussion
are only hypotheses based on previous research. In future studies, various indicators related to
myostatin may need to be measured. For example, GDF-8 propeptide activity or myostatin levels may
be different depending on the human myostatin A55T genotype, which should be checked for actual
differences and their relationship with muscle injury indices.

5. Conclusions

In this study, AT of the myostatin A55T genotype was associated with rapid recovery of MIS after
eccentric exercise. Therefore, the specific genotype of myostatin A55T may have a potential effect on
the recovery of MIS observed after muscle damage by eccentric exercise. In the future, more Korean
populations will need to be investigated for the relationship between myostatin A55T and strength
recovery after muscle damage.

Author Contributions: Study design: K.P. and ] K., and J.L.; Study conduct: K.P. and J.K., and J.L.; Data collection:
K.P and ].K,; Data analysis: K.P and ].K.; Data interpretation: K.P and J.L.; Drafting manuscript: J.K. and J.L.;
Revising the manuscript content: J.K. and J.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lee, Y.I; Leem, Y.H. Acid sphingomyelinase inhibition alleviates muscle damage in gastrocnemius after
acute strenuous exercise. J. Exerc. Nutr. Biochem. 2019, 23, 1-6. [CrossRef] [PubMed]

2. Choi, Y,; Tanabe, Y.; Akazawa, N.; Zempo-Miyaki, A.; Maeda, S. Curcumin supplementation attenuates
the decrease in endothelial function following eccentric exercise. J. Exerc. Nutr. Biochem. 2019, 23, 7-12.
[CrossRef]

3. Peake, J.; Nosaka, K.; Suzuki, K. Characterization of inflammatory responses to eccentric exercise in humans.
Exerc. Immunol. Rev. 2005, 11, 64-85. [PubMed]

4. Doma, K.; Leicht, A.; Sinclair, W.; Schumann, M.; Damas, F.; Burt, D.; Woods, C. Impact of exercise-induced
muscle damage on performance test outcomes in elite female basketball players. J. Strength Cond. Res. 2018,
32,1731-1738. [CrossRef] [PubMed]

5. Maruyama, T.; Mizuno, S.; Goto, K. Effects of cold water immersion and compression garment use after
eccentric exercise on recovery. J. Exerc. Nutr. Biochem. 2019, 23, 48-54. [CrossRef]

6. Newton, M.].; Morgan, G.T.; Sacco, P.; Chapman, D.W.; Nosaka, K. Comparison of responses to strenuous
eccentric exercise of the elbow flexors between resistance-trained and untrained men. J. Strength Cond. Res.
2008, 22, 597-607. [CrossRef]


http://dx.doi.org/10.20463/jenb.2019.0009
http://www.ncbi.nlm.nih.gov/pubmed/31337198
http://dx.doi.org/10.20463/jenb.2019.0010
http://www.ncbi.nlm.nih.gov/pubmed/16385845
http://dx.doi.org/10.1519/JSC.0000000000002244
http://www.ncbi.nlm.nih.gov/pubmed/28930877
http://dx.doi.org/10.20463/jenb.2019.0007
http://dx.doi.org/10.1519/JSC.0b013e3181660003

Int. |. Environ. Res. Public Health 2020, 17, 4900 70f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Paschalis, V.; Nikolaidis, M.G.; Giakas, G.; Theodorou, A.A.; Sakellariou, G.K.; Fatouros, 1.G.; Koutedakis, Y.;
Jamurtas, A.Z. Beneficial changes in energy expenditure and lipid profile after eccentric exercise in overweight
and lean women. Scand. ]. Med. Sci. Sports. 2010, 20, 103-111. [CrossRef]

Roth, S.M.; Martel, G.E; Ivey, EM.; Lemmer, ].T.; Metter, E.J.; Hurley, B.F.; Rogers, M.A. High-volume,
heavy-resistance strength training and muscle damage in young and older women. J. Appl. Physiol. 2000, 88,
1112-1118. [CrossRef]

Tiidus, PM. Estrogen and gender effects on muscle damage, inflammation, and oxidative stress. Can. J. Appl.
Physiol. 2000, 25, 274-287. [CrossRef]

Yamin, C.; Amir, O.; Sagiv, M.; Attias, E.; Meckel, Y.; Eynon, N.; Sagiv, M.; Amir, R.E. ACE ID genotype
affects blood creatine kinase response to eccentric exercise. J. Appl. Physiol. 2007, 103, 2057-2061. [CrossRef]
Baumert, P; Lake, M.].; Stewart, C.E.; Drust, B.; Erskine, R.M. Genetic variation and exercise-induced muscle
damage: Implications for athletic performance, injury and ageing. Eur. ]. Appl. Physiol. 2016, 116, 1595-1625.
[CrossRef] [PubMed]

Pimenta, E.M.; Coelho, D.B.; Cruz, LR; Morandi, R.E; Veneroso, C.E.; de Azambuja Pussieldi, G.;
Carvalho, M.R,; Silami-Garcia, E.; De Paz Fernandez, J.A. The ACTN3 genotype in soccer players in
response to acute eccentric training. Eur. J. Appl. Physiol. 2012, 112, 1495-1503. [CrossRef]

Venckunas, T.; Skurvydas, A.; Brazaitis, M.; Kamandulis, S.; Snieckus, A.; Moran, C.N. Human alpha-actinin-3
genotype association with exercise-induced muscle damage and the repeated-bout effect. Appl. Physiol. Nutr.
Metab. 2012, 37, 1038-1046. [CrossRef]

Wagner, K.R.; McPherron, A.C.; Winik, N.; Lee, S.J. Loss of myostatin attenuates severity of muscular
dystrophy in mdx mice. Ann. Neurol. 2002, 52, 832-836. [CrossRef] [PubMed]

Gumucio, J.P; Sugg, K.B.; Mendias, C.L. TGF-f superfamily signaling in muscle and tendon adaptation to
resistance exercise. Exerc. Sport Sci. Rev. 2015, 43, 93-99. [CrossRef] [PubMed]

McPherron, A.C.; Lawler, AM.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-beta
superfamily member. Nature 1997, 387, 83-90. [CrossRef] [PubMed]

Peng, L.N.; Lee, WJ.; Liu, LK,; Lin, M.H.; Chen, L.K. Healthy community-living older men differ from
women in associations between myostatin levels and skeletal muscle mass. J. Cachexia Sarcopenia Muscle
2018, 9, 635-642. [CrossRef]

Rodriguez, J.; Vernus, B.; Chelh, I.; Cassar-Malek, I.; Gabillard, J.C.; Hadj Sassi, A.; Seiliez, I.; Picard, B.;
Bonnieu, A. Myostatin and the skeletal muscle atrophy and hypertrophy signaling pathways. Cell. Mol. Life
Sci. 2014, 71, 4361-4371. [CrossRef]

Bhatt, S.P.; Nigam, P.; Misra, A.; Guleria, R.; Luthra, K.; Jain, S.K.; Qadar Pasha, M.A. Association of
the Myostatin gene with obesity, abdominal obesity and low lean body mass and in non-diabetic Asian
Indians in north India. PLoS ONE 2012, 7, 40977. [CrossRef]

Corsi, A.M,; Ferrucci, L.; Gozzini, A.; Tanini, A.; Brandi, M.L. Myostatin polymorphisms and age-related
sarcopenia in the Italian population. J. Am. Geriatr. Soc. 2002, 50, 1463. [CrossRef]

Ferrell, R.E.; Conte, V.; Lawrence, E.C.; Roth, S.M.; Hagberg, ] M.; Hurley, B.F. Frequent sequence variation in
the human myostatin (GDF8) gene as a marker for analysis of muscle-related phenotypes. Genomics 1999, 62,
203-207. [CrossRef] [PubMed]

Li, X.; Wang, S.J.; Tan, S.C.; Chew, PL.; Liu, L.; Wang, L.; Wen, L.; Ma, L. The A55T and K153R polymorphisms
of MSTN gene are associated with the strength training-induced muscle hypertrophy among Han Chinese
men. J. Sports Sci. 2014, 32, 883-891. [CrossRef] [PubMed]

Kostek, M.A.; Angelopoulos, T.J.; Clarkson, PM.; Gordon, PM.; Moyna, N.M.; Visich, PS.; Zoeller, R.F;
Price, T.B.; Seip, R.L.; Thompson, P.D.; et al. Myostatin and follistatin polymorphisms interact with muscle
phenotypes and ethnicity. Med. Sci. Sports Exerc. 2009, 41, 1063-1071. [CrossRef] [PubMed]

Ivey, EM.; Roth, S.M.; Ferrell, R.E.; Tracy, B.L.; Lemmer, ]J.T.; Hurlbut, D.E.; Martel, G.E; Siegel, E.L.;
Fozard, ].L.; Jeffrey Metter, E.; et al. Effects of age, gender, and myostatin genotype on the hypertrophic
response to heavy resistance strength training. J. Gerontol. A Biol. Sci. Med. Sci. 2000, 55, 641-648. [CrossRef]
Devaney, ].M.; Hoffman, E.P.; Gordish-Dressman, H.; Kearns, A.; Zambraski, E.; Clarkson, PM. IGF-II gene
region polymorphisms related to exertional muscle damage. J. Appl. Physiol. 2007, 102, 1815-1823. [CrossRef]
Hubal, M.].; Devaney, ] M.; Hoffman, E.P.; Zambraski, E.J.; Gordish-Dressman, H.; Kearns, A K,; Larkin, ].S.;
Adham, K,; Patel, R.R.; Clarkson, PM. CCL2 and CCR2 polymorphisms are associated with markers of
exercise-induced skeletal muscle damage. J. Appl. Physiol. 2010, 108, 1651-1658. [CrossRef]


http://dx.doi.org/10.1111/j.1600-0838.2009.00920.x
http://dx.doi.org/10.1152/jappl.2000.88.3.1112
http://dx.doi.org/10.1139/h00-022
http://dx.doi.org/10.1152/japplphysiol.00867.2007
http://dx.doi.org/10.1007/s00421-016-3411-1
http://www.ncbi.nlm.nih.gov/pubmed/27294501
http://dx.doi.org/10.1007/s00421-011-2109-7
http://dx.doi.org/10.1139/h2012-087
http://dx.doi.org/10.1002/ana.10385
http://www.ncbi.nlm.nih.gov/pubmed/12447939
http://dx.doi.org/10.1249/JES.0000000000000041
http://www.ncbi.nlm.nih.gov/pubmed/25607281
http://dx.doi.org/10.1038/387083a0
http://www.ncbi.nlm.nih.gov/pubmed/9139826
http://dx.doi.org/10.1002/jcsm.12302
http://dx.doi.org/10.1007/s00018-014-1689-x
http://dx.doi.org/10.1371/journal.pone.0040977
http://dx.doi.org/10.1046/j.1532-5415.2002.50376.x
http://dx.doi.org/10.1006/geno.1999.5984
http://www.ncbi.nlm.nih.gov/pubmed/10610713
http://dx.doi.org/10.1080/02640414.2013.865252
http://www.ncbi.nlm.nih.gov/pubmed/24479661
http://dx.doi.org/10.1249/MSS.0b013e3181930337
http://www.ncbi.nlm.nih.gov/pubmed/19346981
http://dx.doi.org/10.1093/gerona/55.11.M641
http://dx.doi.org/10.1152/japplphysiol.01165.2006
http://dx.doi.org/10.1152/japplphysiol.00361.2009

Int. |. Environ. Res. Public Health 2020, 17, 4900 80f8

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Nosaka, K.; Chapman, D.; Newton, M.; Sacco, P. Is isometric strength loss immediately after eccentric exercise
related to changes in indirect markers of muscle damage? Appl. Physiol. Nutr. Metab 2006, 31, 313-319.
[CrossRef]

Clarkson, PM.; Hoffman, E.P.; Zambraski, E.; Gordish-Dressman, H.; Kearns, A.; Hubal, M.; Harmon, B.;
Devaney, ].M. ACTN3 and MLCK genotype associations with exertional muscle damage. J. Appl. Physiol.
2005, 99, 564-569. [CrossRef]

Byrne, C.; Eston, R.G.; Edwards, R.H. Characteristics of isometric and dynamic strength loss following
eccentric exercise-induced muscle damage. Scand. . Med. Sci. Sports 2001, 11, 134-140. [CrossRef]

Kim, J.; Lee, J. Plasma MMP-9, TIMP-1, and TGF-31 responses to exercise-induced muscle injury. Int. J.
Environ. Res. Public Health 2020, 17, 566. [CrossRef]

Bijur, PE,; Silver, W.; Gallagher, E.J. Reliability of the visual analog scale for measurement of acute pain. Acad.
Emerg. Med. 2001, 8, 1153-1157. [CrossRef] [PubMed]

Gallagher, E.J.; Bijur, P.E.; Latimer, C.; Silver, W. Reliability and validity of a visual analog scale for acute
abdominal pain in the ED. Am. J. Emerg. Med. 2002, 20, 287-290. [CrossRef] [PubMed]

Shadrach, J.L.; Wagers, A.]. Stem cells for skeletal muscle repair. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2011,
366, 2297-2306. [CrossRef]

Hawke, T.].; Garry, D.J. Myogenic satellite cells: Physiology to molecular biology. J. Appl. Physiol. 2001, 91,
534-551. [CrossRef] [PubMed]

Rathbone, C.R.; Wenke, ]J.C.; Warren, G.L.; Armstrong, R.B. Importance of satellite cells in the strength
recovery after eccentric contraction-induced muscle injury. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003,
285,1490-1495. [CrossRef] [PubMed]

Lee, EJ.; Jan, A.T,; Baig, M.H.; Ashraf, ].M.; Nahm, S.S.; Kim, Y.W.; Park, S.Y.; Choi, I. Fibromodulin: A master
regulator of myostatin controlling progression of satellite cells through a myogenic program. FASEB |. 2016,
30, 2708-2719. [CrossRef] [PubMed]

Jiang, M.S.; Liang, L.F,; Wang, S.; Ratovitski, T.; Holmstrom, J.; Barker, C.; Stotish, R. Characterization and
identification of the inhibitory domain of GDF-8 propeptide. Biochem. Biophys. Res. Commun. 2004, 315,
525-531. [CrossRef]

Saunders, M.A.; Good, ].M.; Lawrence, E.C.; Ferrell, R.E.; Li, WH.; Nachman, M.W. Human adaptive
evolution at Myostatin (GDEF8), a regulator of muscle growth. Am. J. Hum. Genet. 2006, 79, 1089-1097.
[CrossRef]

Thies, R.S.; Chen, T.; Davies, M.V.; Tomkinson, K.N.; Pearson, A.A.; Shakey, Q.A.; Wolfman, N.M. GDF-8
propeptide binds to GDF-8 and antagonizes biological activity by inhibiting GDF-8 receptor binding. Growth
Factors 2001, 18, 251-259.

Lee, S.J.; McPherron, A.C. Regulation of myostatin activity and muscle growth. Proc. Natl. Acad. Sci. USA
2001, 98, 9306-9311. [CrossRef]

Yang, J.; Ratovitski, T.; Brady, ].P.; Solomon, M.B.; Wells, K.D.; Wall, R.J. Expression of myostatin pro domain
results in muscular transgenic mice. Mol. Reprod. Dev. 2001, 60, 351-361. [CrossRef] [PubMed]

Carter, A.; Dobridge, J.; Hackney, A.C. Influence of estrogen on markers of muscle tissue damage following
eccentric exercise. Fiziol. Cheloveka 2001, 27, 133-137. [PubMed]

Minahan, C.; Joyce, S.; Bulmer, A.C.; Cronin, N.; Sabapathy, S. The influence of estradiol on muscle damage
and leg strength after intense eccentric exercise. Eur. J. Appl. Physiol. 2015, 115, 1493-1500. [CrossRef]
Yamin, C.; Duarte, J.A.; Oliveira, ] M.; Amir, O.; Sagiv, M.; Eynon, N.; Sagiv, M.; Amir, R.E. IL6 (-174) and
TNFA (-308) promoter polymorphisms are associated with systemic creatine kinase response to eccentric
exercise. Eur. J. Appl. Physiol. 2008, 104, 579-586. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1139/h06-005
http://dx.doi.org/10.1152/japplphysiol.00130.2005
http://dx.doi.org/10.1046/j.1524-4725.2001.110302.x
http://dx.doi.org/10.3390/ijerph17020566
http://dx.doi.org/10.1111/j.1553-2712.2001.tb01132.x
http://www.ncbi.nlm.nih.gov/pubmed/11733293
http://dx.doi.org/10.1053/ajem.2002.33778
http://www.ncbi.nlm.nih.gov/pubmed/12098173
http://dx.doi.org/10.1098/rstb.2011.0027
http://dx.doi.org/10.1152/jappl.2001.91.2.534
http://www.ncbi.nlm.nih.gov/pubmed/11457764
http://dx.doi.org/10.1152/ajpregu.00032.2003
http://www.ncbi.nlm.nih.gov/pubmed/12920057
http://dx.doi.org/10.1096/fj.201500133R
http://www.ncbi.nlm.nih.gov/pubmed/27069062
http://dx.doi.org/10.1016/j.bbrc.2004.01.085
http://dx.doi.org/10.1086/509707
http://dx.doi.org/10.1073/pnas.151270098
http://dx.doi.org/10.1002/mrd.1097
http://www.ncbi.nlm.nih.gov/pubmed/11599046
http://www.ncbi.nlm.nih.gov/pubmed/11680291
http://dx.doi.org/10.1007/s00421-015-3133-9
http://dx.doi.org/10.1007/s00421-008-0728-4
http://www.ncbi.nlm.nih.gov/pubmed/18758806
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Eccentric Exercise 
	Myostatin A55T Genotyping 
	Maximal Isometric Strength 
	Muscle Soreness 
	Creatine Kinase and Aspartate Transaminase 
	Statistical Analysis 

	Results 
	Hardy–Weinberg Equilibrium Test of Myostatin A55T Genotype 
	Change of Muscle Damage Markers After Eccentric Exercise According to Myostatin A55T Genotype 

	Discussion 
	Conclusions 
	References

