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Abstract: Sports injuries prevention is one of the key issues of the training process and reducing the
risk of developing anxiety and depressive disorders in professional athletes. One of peculiarities of
sports injuries is the loss of the ability to train in view of the tendon-ligamentous apparatus integ-
rity, joints, muscles or bones violation. In cyclic sports, the most common are injuries to the ankle
joint, injuries to muscles and tendons, and sprains. Injuries to ligaments and tendons are the result
of multifactorial problems, including the discrepancy between training effects and the genetically
determined capabilities of the athlete's body. Sports injuries consequences are determined by com-
plex interactions between the athlete's genotype and environmental factors, in particular training
influences. (1) Background: to review scientific articles on the problem of research on candidate
genes and single-nucleotide variants (SNVs) of genes associated with muscle, tendon, and ligament
injuries in cyclic sports athletes. (2) Methods: a search of articles for the period from 2008 to 2020
was conducted in the databases e-LIBRARY, SCOPUS, Web of Science, Google Scholar, Clinical
keys, PubMed using the keywords: personalized medicine, genetics, candidate genes, single-nucle-
otide variant, polymorphism, muscle, tendon, injury, athlete. (3) Results: Studies have shown that
muscle and tendon injuries in cyclical sports athletes are associated with SNV rs1800012, rs1107946
of the COL1A1 gene, SNV rs12722 of the COL5A1 gene, SNV 15679620 of the MMR3 gene, SNV
rs2289360 of the ELN gene, SNV rs143383 of the GDF5 gene. The most studied polymorphisms are
rs1800012, rs1107946 of the COL1A1 gene, rs12722 of the COL5A1 gene, and rs143383 of the GDF5
gene. The variable results of associative genetic studies and genome-wide studies are most likely
due to the racial and ethnic heterogeneity of the samples and differences in the study design. (4)
Conclusions: Identification of genetic markers associated with injuries and diseases of the musculo-
skeletal system, ligamentous apparatus, and the ability of tissue to regenerate can help sports doc-
tors and coaches develop personalized strategies to prevent or reduce muscles, joints, and ligaments
diseases in athletes. The translation of these research results into the training and treatment process
is important for improving cyclic sports athletes' performance, reducing their professional mala-
daptation and anxiety and depressive disorders development risk.

Keywords: personalized medicine, genetics, candidate gene, single nucleotide variant, polymorphism, mus-
cles, tendons, injury, athlete.

Introduction

All biological processes associated with high sports performance, such as muscles,
joints and bones formation, energy processes in muscles, metabolism, blood and tissues
oxygenation, are genetically determined. Variations in nucleotides' sequence in deoxyri-
bonucleic acid (DNA), in particular single-nucleotide variants (SNV), create genetic ad-
vantages, contributing to achieving high results in sports. On the other hand, they can
create genetic «barriers» that prevent sports careers and anxiety-depressive disorders de-
velopment in professional athletes. Predictive genomic DNA profiling identifies SNV that
may be associated with a predisposition to sports injuries. Predictive genomics is an ef-
fective tool for developing personalized training programs to optimize health status and
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achieve high performance of the athlete. A personalized approach use in clinical practice
can help reduce the risks associated with an athlete's health, including such as inflamma-
tion and skeletal muscles, ligaments, and tendons injuries resulting from high physical
loadings [16].

The aim is to review studies of candidate genes and their SNVs, associated with mus-
cle, tendon, and ligament injuries in cyclic sports athletes.

Materials and Methods

The author searched for articles from 2008 to 2020 in the databases e-LIBRARY, SCO-
PUS, Web of Science, Google Scholar, Clinical keys, PubMed using the keywords: person-
alized medicine, genetics, candidate gene, single-nucleotide variant, polymorphism, mus-
cle, tendon, injury, athlete, and analyzed the results of open observational associative ge-
netic studies of case-control published in English and Russian.

Results

Physical performance and the injury risk are related to muscles, ligaments and ten-
dons properties, which depend on athletes' individual genotypes. Skeletal muscle consists
approximately of 75% water, 20% protein, 1-10% fat, and 1% glycogen. Ligaments consist
of about 2/3 water [1]. The components of the remaining third include collagen, proteo-
glycans, elastin, and other proteins and glycoproteins, such as actin, laminin, and integ-
rins [11]. The central part of the ligament consists of a composition of elastin and collagen
fibers. In the terminal region of ligaments, collagen fibrils orientation is longitudinal,
and the elastin fibers end inside the ligament without any attachment to the bone [4, 14].

Kambouris M. et al. (2012) showed that the SNV of two genes encoding collagen
(COL1A1 and COL5A1), as well as the MMP3 gene involved in wound healing in connec-
tive tissue, and the TNC gene encoding extracellular matrix protein, were associated with
an increased risk of sports tendinopathy [16,18]. The presence of multiple genes alleles
associated with sports injuries risk in the tendon-ligamentous apparatus, respectively, fur-
ther increases the risk of injuries [24].

In recent years, a number of Russian and foreign laboratories have studied the ge-
netic predisposition to sports injuries by determining the polymorphisms of candidate
genes: COL1A1 (G1245T rs1800012), COL1A1 (G1997T, rs1107946), COL5A1 (C/T, rs12722),
MMP3 (Lus45Glu, rs679620), GDF5 (A/G rs143383).

COL1A1 gene

The COL1A1 gene (Collagen Type I Alpha 1 Chain) is localized on chromosome
17q21/33, Figure 1. The gene encodes the pro-alphal chains of type I collagen, the triple
helix of which includes two chains - alphal and one alpha2 chain. Type I is a fibrillating
collagen found in most connective tissues, in bones, cornea, dermis, and tendons [33].

There are many studies that report an association of SNV in the COL1A1 gene with a
predisposition to damage to muscles, tendons, and ligaments [10,28,31,32]. SNV in the
COL1A1 gene can alter its expression and affect the properties of the type I collagen pro-
tein, which can subsequently increase the risk of sports injuries. Among the various SNVs
of the COL1A1 gene, +1245G/T (rs1800012) is the most studied. This SNV, which lies
within the first intron of the COL1A1 gene, affects the binding site of the transcription
factor Sp1 [32].

Ficek K. et al. (2013) showed a statistically significant association of the G-T haplo-
type carrier (- 1997G/T rs1107946 and +1245G/T rs1800012) of the COL1A1 gene with a
reduced risk of anterior cruciate ligament rupture in professional athletes. Thus, the hap-
lotype under consideration when carrying two copies may be protective against the risk
of cruciate ligament injuries. The homozygous TT genotype was not sufficiently
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representative in the group of athletes with anterior cruciate ligament injury and was not
statistically significant [10].

In the study of Stepien-Slodkowska M. et al. (2017) on the example of male cyclic
sports athletes (cross-country skiing), no statistically significant association was found be-
tween the carrier of the SNV rs1800012 and the risk of cruciate ligament rupture, both in
the group of skiers and in the control group. The homozygous GG genotype was unrep-
resentative in the athletes' group compared to the control group. No statistically signifi-
cant differences were found in the carrier of the studied genotypes or alleles for the carrier
of SNV rs1107946 in the skiers and the control group. At the same time, the GG genotype
was the most common, although its carrier did not differ statistically significantly in skiers
with a cruciate ligament tear and without it [28].

A meta-analysis conducted by Wang C. et al. (2017), including studies published in
PubMed, Web Of Science, and Cochrane Library, showed that the SNV rs1800012 of
COL1A1 gene may be associated with a reduced risk of sports injuries to tendons or liga-
ments, especially cruciate ligament injuries, and that the rare homozygous TT genotype
may play a protective role [31].

COL5A1 gene

The COL5A1 gene (Collagen Type V Alpha 2 Chain) is located on chromosome 2g32.
2, Figure 2. The gene encodes the alpha chain of one of fibrillar collagens. Its molecules
are trimmers, which can consist of one or more types of alpha chains. Type V collagen is
found in tissues containing type I collagen and appears to regulate the assembly of heter-
otypic fibers consisting of both type I and type V collagen. This gene product is closely
related to type XI collagen, and it is possible that the collagen chains of types V and XI
form a single type of collagen with tissue-specific chain combinations [34].

Injuries to the tendon-ligamentous apparatus, especially in people involved in sports,
are of serious concern among sports doctors. It has recently been shown that the gene
encoding the al-chain of type I collagen (COL1A1) is associated with an increased risk of
cruciate ligament tears, and the COL5A1 gene encoding the a1-chain of type V collagen is
associated with Achilles tendon injuries [21,24].

Raleigh S.M. et al. (2009) conducted a study to determine the association of two var-
iants of polymorphisms (restriction fragment length polymorphism BstUI and Dpnll
[RFLPs]) in COL5A1 gene with an increased risk of anterior cruciate ligament ruptures. In
addition, gender associations between these two SNVs in the COL5A1 gene and risk of
anterior cruciate ligament ruptures were investigated. Among female athletes, statistically
significant differences were found, indicating an association between the frequency of the
BstUI RFLP genotype and anterior cruciate ligament rupture. The CC genotype in female
athletes was significantly less common in the group of individuals with anterior cruciate
ligament rupture compared to the control group (odds ratio (OR) = 6.6). In male athletes,
this association was not detected. There were no differences in Dpnll RFLP genotypes
distribution between the anterior cruciate ligament rupture group and the control one
[21,24].

September A.V. et al. (2009) investigated the association of SNV in the COL5A1 gene
with Achilles tendinopathy in two populations of athletes (South African and Australian).
All athletes were genotyped for BstUI (rs12722) and Dpnll (rs13946) RFLP carriers, as well
as SNV-markers rs10858286, rs3196378, rs11103544, rs4504708, and rs3128575. The results
showed that BstUI RFLP (p <0.001) and marker rs3196378 (p = 0.016) were associated with
chronic Achilles tendinopathy in Australian athletes. Athletes with the homozygous CC
genotype for BstUI RFLP, regardless of their population, had a significantly lower risk of
developing tendinopathy compared to any other genotypes (OR = 0.42). The T-C haplo-
type (rs12722, rs3196378) was more common in the group of South African athletes with
tendinopathy compared to all other haplotypes [26].

MMP3 gene
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The MP3 (Matrix Metallopeptidase) gene is located on chromosome 11q 22.2, Figure
4. The gene encodes an enzyme that destroys fibronectin, laminin, collagens III, IV, IX,
and X, as well as cartilage proteoglycans [35]. The MMP3 enzyme is a marker of the risk
of injuries to the musculoskeletal system.

Gibbon A. et al. (2017) conducted a study aimed at identifying an association between
the SN'Vs of MMP3 gene and soft tissue injuries. Three previously studied SNVs of MMP3
genes (15679620, rs591058, and rs650108), in addition to the functional promoter variant
(rs3025058), were genotyped in Australian athletes: a control group without tendinopa-
thy; a comparable group - athletes with chronic Achilles tendinopathy. Similarly, the gen-
otypes of athletes from South Africa with acute anterior cruciate ligament rupture and
South African athletes from the control group were analyzed. Based on the high degree of
coupling with the previously associated SNV rs679620 of the MMP3 gene, it was con-
cluded that rs3025058 was associated with an increased risk of Achilles tendinopathy in
the South African group (OR =2.88). The haplotype 6 A-GCG constructed from the studied
SNVs was statistically significantly associated with a reduced risk of Achilles tendinopa-
thy in the Australian group [12].

Raleigh S.M. et al. (2009) investigated the association between Achilles tendinopathy
and SNV of the MMP3 and COL5A1 genes. The authors wanted to find out whether these
SNVs are sports injuries predictors of the Achilles tendon in the European population.
Statistically significant associations between the homozygous genotype GG rs679620 (OR
= 2.5), the genotype CC rs591058 (OR = 2.3) and the genotype AA rs650108 (OR = 4.9) and
the risk of Achilles tendinopathy were found as SNV-markers. The A-T-G haplotype
(rs679620, rs591058, and rs650108) was underrepresented in the tendinopathy group com-
pared to the control one (41% vs. 53%, p = 0.038). Finally, the G-allele rs679620 and the T-
allele rs12722 of the COL5A1 gene were genetic predictors of sports injuries in European
athletes. No associations were found between any of the studied SNV markers of the
MMP3 gene and Achilles tendon rupture [24].
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Figure 1. COL1A1 gene localization on chromosome 17q21.33 [33]
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Figure 3. MMP3 gene localization on chromosome 11q22.2 [35]
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Figure 6. GDF5 gene localization on chromosome 20q11.22 [38].
ELN gene

The ELN (Elastin) gene is located on chromosome 7q11. 23, Figure 3. The gene en-
codes the protein elastin, which is one of the two components of elastin fibers. Elastin
fibers form part of the extracellular matrix and provide elasticity to organs and tissues,
including the heart, skin, lungs, ligaments, and blood vessels [36].

The carriership of SNV rs2289360 of the ELN gene is associated with a predisposition
to tendon and ligament injuries in athletes [16,17,22]. In addition, SNVs can be located in
both the coding and non-coding regions of the gene and affect the athlete's response to a
certain training regime, risk of injury, and recovery period rate [8].

Artells R. et al. (2016) conducted an associative genetic study of the SNV rs2289360
of the ELN gene in professional athletes divided into 2 comparison groups, depending on
the presence or absence of a medial collateral tendon injury. Homozygous AA genotype
of the ELN gene carriers were predisposed to more serious tendon injuries (>50% of con-
nective tissue damage) and had long recovery periods (>80 days) [1].

Similar data were obtained by a group of researchers Pruna R. et al. (2013), who also
found that the homozygous AA genotype of this SNV of ELN gene is associated with a
high severity of tendon injuries and a longer recovery period compared to carriers of the
AG and GG genotypes [22].

VDR gene

The VDR (Vitamin D Receptor) gene is localized on chromosome 12q13. 11, Figure 5.
The gene encodes the vitamin D3 receptor, the downstream targets of the vitamin D3 re-
ceptor are mainly involved in mineral metabolism [37].

Among the few SNVs identified in the VDR gene, only the Fokl polymorphism is
located in the exon sequence. Fokl polymorphism (rs2228570) is a C-T transition polymor-
phic region located in the VDR starting codon that affects the amino acid sequence and
function of the encoded receptor protein [23]. Allelic variants of this polymorphism en-
code structurally different receptor proteins (from the wild type of amino acid 424 en-
coded by the F allele to the long protein of amino acid 427 encoded by the f allele).
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Table 1. Candidate genes and their SNV associated with sports injuries in cyclic sports athletes

Gene  SNV/ polymorphism Predisposition to sports injury References
COL1A1 rs1107946 The G-T haplotype (- 1997G/T rs1107946 and +1245G/T rs1800012) is associated with a [10]
rs1800012 reduced risk of anterior cruciate ligament rupture when two copies are carried
rs1800012 Not associated with risk of cruciate ligament rupture [28]
t is associated with a reduced risk of sports injuries to tendons and ligaments, [31]
especially cruciate ligament injuries
A rare homozygous TT genotype may play a protective role
COL5A1 BstUI (rs12722)  The homozygous CC BstUI RFLP genotype may play a protective role against anterior ~ [24]
Dpnll [RFLPs]  cruciate ligament ruptures in female athletes
(rs3196378) The association of Dpnll RFLP genotypes between the group of athletes with anterior
cruciate ligament rupture and the control one was not established
The T-allele is a genetic predictor of sports injuries in European athletes
Associated with chronic achilles tendinopathy in Australian athletes [26]
Homozygous CC genotype for BstUI RFLP reduces the risk of developing tendinopa-
thy regardless of athletes' ethnicity (Australians, South Africans)
T-C haplotype increases risk of tendinopathy in South African athletes
MMP3 rs$679620 Homozygous GG genotype increases the risk of sports injuries in European athletes [24]
rs591058 CC genotype increases the risk of Achilles tendinopathy in athletes
rs650108 Homozygous AA genotype increases the risk of Achilles tendinopathy in athletes
rs3025058 Associated with an increased risk of Achilles tendinopathy in the South African group [12]
of athletes
rs3025058 Haplotype 6A-GCG is associated with a reduced risk of Achilles tendinopathy in the
Australian group of athletes
ELN rs2289360 The homozygous AA genotype is associated with more serious tendon injuries (>50%  [1,22]
connective tissue damage) and longer recovery times (> 80 days)
VDR FokI (rs2228570) The F allele is associated with a 2-fold increased risk of spinal diseases and injuries in [3]
athletes
The f allele is associated with a reduced risk of spinal diseases and injuries in athletes [19]
GDF5 rs143383 The A allele is associated with a decrease in the transcriptional activity of the GDF5  [27]

gene in chondrocytes
The homozygous GG genotype is associated with increased transcriptional activity of
the GDF5 gene in chondrocytes

Short and long protein variants are associated with different functional efficiency of
the protein. The binding of VDR to transcription factor II B (TFIIB) determines the differ-
ent ability to induce transcription of VDR-dependent genes (vitamin D response elements,
VDRESs) [5]. The shorter wild protein (corresponding to the F allele) appears to interact
more effectively with TFIIB, demonstrating a higher transcription rate [15]. Therefore,
studies concerning the possible association of VDR-FoklI polymorphism with diseases of
the musculoskeletal system in athletes may be interesting from the point of view of po-
tential biological significance. VDR-Fokl is an independent polymorphic site, unrelated to
other VDR- SNVs [29]. The distribution of genotypes and alleles of the VDR - FokI poly-
morphism may vary depending on the genetic background. Therefore, research focused
on specific ethnic groups is needed [6].

The musculoskeletal system is a highly adaptable system, responding to external
stimuli. Physical exercise, especially high-intensive one, is one of the important factors
that can lead to a significant improvement in bone homeostasis in general. Bone tissue can
adapt to external stress by changing its microstructure, mass, and size so as to maintain
internal effective strain levels within a physiologically reasonable and safe range in ath-
letes. Studies have shown that the homozygous FF genotype may be associated with the
formation of a stronger bone structure during intensive training in athletes than the het-
erozygous Ff genotype.

GDF5 gene

The GDF5 (Growth Differentiation Factor 5) gene is localized on chromosome 20q11.
22, Figure 7. The gene encodes growth differentiation factor 5, which is a secreted ligand
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of the TGF-beta protein superfamily (transforming growth factor-beta). This protein reg-
ulates the development of many types of tissues and cells, including cartilage, joints,
brown fat, teeth, as well as neuronal axons and dendrites growth [38].

Physical performance and risk of sports injuries are associated with ligaments and
tendons properties, which depend on athletes' individual genotypes. In a study by Stastny
P. et al. (2019) it was shown that carriers of the A SNV allele in rs143383 of the GDF5 gene
had lower transcriptional activity of the GDF5 gene in chondrocytes than homozygous
GG carriers [27]. It may affect the vertebral cartilage size, the limbs size, or the joints angles
[25]. The authors investigated the association of SNV rs143383 of the GDF5 gene with the
performance of a test to assess the functional and mechanical properties of the lower ex-
tremities and obtained the following results. Carriers of the homozygous GG genotype
had the best test results regardless of the athlete's gender. It can be assumed that homo-
zygous carriers of 15143383 GG will demonstrate a good level of functional and mechani-
cal properties development of the lower extremities joints which could protect them
from potential sports injury [27].

Discussion

The generalized results of the review are presented in Table 1. The analyzed studies
have shown that SNVs rs1800012, rs1107946 of the COL1A1 gene, SNV rs12722 of the
COL5A1 gene, SNV 15679620 of the MMP3 gene, SNV 152289360 of the ELN gene, SNV
rs143383 of the GDF5 gene are associated with injuries of muscles and tendons in cyclic
sports athletes. The most studied polymorphisms are rs1800012, rs1107946 of the COL1A1
gene, rs12722 of the COL5A1 gene, and rs143383 of the GDF5 gene.

The variable results of the analyzed associative genetic studies are most likely due to
the racial and ethnic heterogeneity of the samples and the differences in the study design.

Conclusions

The identification of genetic markers associated with diseases of the musculoskeletal
system, ligamentous apparatus, and the ability of tissue to regenerate in athletes can help
sports doctors and coaches develop personalized strategies to prevent or reduce diseases
of the muscles, joints, and ligaments, thus reducing the risk of professional maladjustment
and anxiety-depressive disorders in athletes at local and international levels.

Translating the results of studies of candidate genes associated with muscle and ten-
don injuries into the training process is important for improving cyclic sports athletes'
performance.
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