The Role of Variability in Monoamine Transporter Genes in Sport Physiology
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Abstract⸺Monoamine transporters (MATs) are responsible for the reuptake of dopamine, serotonin, and norepinephrine, modulating concentrations of these essential brain neurotransmitters and thus regulating behavior, mood, and cognitive functions. Studying the role of various genes in complex physiological processes is a promising area of neurobiology and sport physiology. Here, we summarize mounting evidence linking specific genetic variants of MAT genes to various aspects of sport performance. For example, the 10-repeat allele of the dopamine transporter gene (DAT), the L-allele of the serotonin transporter gene (SERT), and the single nucleotide polymorphism rs1805065 of the norepinephrine transporter gene (NET) appear to correlate with a higher athletic performance due to stress resistance, as well as the maintenance of motivation and cognitive behavioral competencies, i.e. qualities required to achieve sporting success. Thus, physiological performance in various sports may be partially genetically determined and controlled by the variability in the MAT genes.
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INTRODUCTION: VARIABILITY OF MONOAMINE TRANSPORTER GENES

Biological role of monoamine transporters
Monoamine transporters (MATs) play an important role in neurotransmission, facilitating the reuptake of serotonin, dopamine, and norepinephrine [1−3]. MATs are quite selective toward their respective neurotransmitters but can also partially up-take other monoamines [3, 4]. MAT genes include serotonin (SERT, SLC6A4), dopamine (DAT, SLC6A3), and norepinephrine (NET, SLC6A2) transporter genes [4] (Fig. 1). Their protein structure, common to all MATs, consists of 12 α-transmembrane domains, as well as intracellular N- and C-termini. MATs are multidomain structures with distinct functional compartments, whose mechanism of action is implemented via consecutive conformational changes in the protein [5]. An additional loop carrying N-glycosylation sites localizes between domains III and IV. The lengths of SERT, NET and DAT amino acid sequences totals 630, 617 and 620 amino acids, respectively [2]. MAT expression occurs at the endings of the respective monoaminergic neurons [3, 6]. The mechanism of neurotransmitter molecule reuptake determines the duration and intensity of the transmitted signal, thus being the major regulatory mechanism of synaptic transmission [3].
The biological role of MATs includes the regulation of the level and the maintenance of monoamine homeostasis in the nervous system [3], which is essential for the implementation of the basic physiological neuroendocrine and behavioral functions [4, 7, 8]. Changes in the structure, monoamine transport efficiency, or MAT expression level in neurons, which may be caused by mutations or the presence of polymorphic alleles, have a significant impact on the CNS, including the regulation of mood, emotions, behavior and cognitive functions [1]. In turn, dysfunctions in the monoamine neurotransmission system are responsible for various prevalent diseases of the central nervous system, such as depression, attention deficit hyperactivity disorder (ADHD), Tourette’s syndrome, as well as various cognitive and behavioral disorders [8]. Therefore, MATs are valuable therapeutic targets for neuroactive drugs [4]. For example, selective serotonin reuptake inhibitors (SSRIs) that have antidepressant properties are presently the most commonly used drugs worldwide [9, 10].
In addition to clinical data, the link between pathophysiological conditions and dysfunctional MATs has been demonstrated in knockout mice. Specifically, DAT, SERT and NET knockouts increase extracellular concentrations of the respective monoamines and reduce their intracellular levels [8]. The effects of MAT dysfunctions have also been shown in animal models. For example, the DAT knockout mice demonstrate hyperactivity, reduced cognitive and sensorimotor function [11], and impaired responsiveness in novelty tests [12], thus resembling clinical manifestations of a hyperdopaminergic state and ADHD [3]. SERT knockout mice and rats exhibit increased anxiety, reduced responding to environmental changes, decreased exploratory and social behaviors, and lower stress tolerance [13−15]. Specifically, SERT knockout mice spend less time in the open areas of the maze and also show less interest in exploring brightly lit areas [13]. Other aberrant phenotypes in these mice include an increased REM sleep duration, a tendency toward obesity at puberty, and gastrointestinal motility disorders. Heterozygous SERT knockouts show SERT expression level-dependent changes in serotonin homeostasis [13], decreased motor activity and impaired social behavior [15]. Meanwhile, elevated SERT expression demonstrates a decrease in extracellular serotonin and anxiety-like behavior [3]. NET knockout mice are characterized by decreased motor activity in response to environmental novelty, increased sensitivity to psychostimulants, as well as altered cardiovascular performance leading to hypertension and tachycardia [3]. Moreover, NET-deficient mice are characterized by a higher pain threshold, smaller size, and lower body temperature [16].
Genetic peculiarities of MATs
The human DAT, SERT, and NET genes (hDAT, hSERT, hNET) are single-copy genes, located on chromosomes 5 [17], 17 [18] and 16 [19], respectively, and share a similar intron-exon structure with highly conserved nucleotide sequences (Fig. 1). Most of the individual exons encode amino acid sequences of individual protein domains [20]. Presumably, different types of MATs have arisen due to gene duplication in the course of natural evolution [21]. The greatest similarity is observed in the DAT and NET sequences, however, each MAT is characterized by distinct substrate selectivity and sensitivity to various inhibitors [22].
hDAT, located on the short arm of chromosome 5 (5r15.3) [17, 23], is a sequence of more than 64 kb in size and comprises 15 exons and 14 intronic regions in between [20]. Exons 1, 2 and 15 contain noncoding DNA sequences, while exons 2−15 represent a sequence from which the transporter protein is synthesized (Fig. 1). The 3’-noncoding region is characterized by a varying number of tandem repeats, the consensus sequence of each numbers 40 nucleotide pairs [24]. No alternative splicing has been reported for this gene [21]. hSERT localizes on chromosome 17 (17q11.2), being 37.8 kb long and consisting of 14 exons [25]. The sequence and exon-intron architecture of this gene in humans and mouse are very alike, thus confirming a high level of conservatism of this gene and a common evolutionary origin [18]. For the hSERT gene, several alternative splicing sites in the 5’-noncoding region of exon 1 have been described, whose variants are characterized by exon 1B insertion/deletion [9, 21, 26]. The products of alternative splicing are 2 types of mRNAs, SERT-1A and SERT-1AB [9, 27]. The data on functional differences between alternative variants are unavailable [27]. In addition, SERT is able to undergo other posttranslational modifications (phosphorylation, glycosylation, serotonylation, and disulfide bond formation) that can affect transporter efficiency [9, 28]. Posttranslational modifications ensure a proper stacking of the amino acid sequence, transmembrane transfer, and assembly at the plasma membrane [28]. hNET localizes on the long arm of chromosome 16 (16q12.2) [19], consisting of 15 exons and measuring about 48 kb in length. Five transcript variants are known for its sequence, which are products of alternative splicing [29]. Polymorphisms that determine the realization of a particular type of splicing are assumed to influence hNET expression. Two potential TATA boxes, located upstream of the transcription start site, and the presence of a sequence in the promoter region, enriched with GC nucleotides, have been described for this gene [30].
Polymorphisms, represented by single nucleotide substitutions (SNPs) leading to nonsynonymous amino acid substitutions, can exert both qualitative and quantitative effects on gene expression. For example, substitution of one amino acid for another can affect the stability of transporter protein conformation, or change the interaction kinetics and neurotransmitter binding pattern, resulting in increased or decreased activity of the transporter [21]. In addition to single nucleotide substitutions, some regions of the sequence are susceptible to changes in the variable number of tandem repeats (VNTRs). Such substitutions are typically more frequent to occur than nonsynonymous polymorphisms, however, their effect on the function of the transporter is less unambiguous [21].
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Fig. 1. General structure and location of the most common single nucleotide polymorphisms (SNPs) and a variable number of tandem repeats in the dopamine (hDAT), serotonin (hSERT) and norepinephrine (hNET) transporter genes.

Interest in studying MAT polymorphisms is primarily due to their well-documented association with various mental disorders. Among the hDAT polymorphisms, the most studied is rs28363170, a 3’-end VNTR polymorphism whose number of repeats can reach 3−13 [31]. The most common allelic variants for this polymorphism contain 9 or 10 tandem repeats [32], each of which is 40 nucleotide pairs in length. Tandem repeat polymorphism is believed to be the most important in the DAT gene and to be able to raise the risk of neuropsychiatric disorders [24], as it controls the expression and lifetime of the transcribed mRNA [31].

The variability represented by hSERT gene polymorphisms has been described for sequence repeats in the 5’-untranslated region, which is located somewhat upstream of the transcription start site between base pairs −1396 and −1440 and is called the 5HTT-linked polymorphic region (5HTTLPR) [25], as well as for a single nucleotide substitution rs25531 located next to 5HTTLPR [33] (Fig. 1). 5HTTLPR polymorphism refers to the VNTR allele [34] and represents a variant of the presence of a 44-bp insertion (long L allele) or a deletion at this locus (short S allele). All variants of a combination of the presented alleles are possible in both homozygous (L/L, S/S) and heterozygous (L/S) genotypes. The baseline transcriptional activity of the L allele promoter is about 3 times that of the S allele [34]. The S allele has been shown to be associated with manifestations of depression, anxiety, and suicidal tendencies [35, 36]. The assessment of the linkage between the 5HTTLPR polymorphism and the results of the “Big Five” personality test (also known as the five factor model, FFM, evaluating such personality traits as openness to experience, conscientiousness, extraversion, agreeableness, and neuroticism), conducted among the population of Sweden, revealed no significant associations between the presence of certain SERT gene alleles and the deviations in the personality characteristics assessed [37]. The rs25531 polymorphism reduces the 5HTTLPR S allele transcription. There may also be other single nucleotide substitutions that affect SERT transcriptional activity, but they are rare and require additional studies across large samples [33]. 

NET gene polymorphisms (Fig. 1) cause dysfunctions in the noradrenergic system. For example, NET regulates cognitive-psychological characteristics (temperament, impulsivity, perception, and pain tolerability), as well as autonomic functions of the organism, including blood pressure and heart rate [38, 39]. Polymorphic NET variants are considered as a factor for the development of not only varied neurological disorders but also cardiovascular diseases [39]. A number of single nucleotide polymorphisms are known for NET, which can presumably affect the efficiency of transcription [40]. One of the most studied NET polymorphisms is the single nucleotide substitution 182C/T (rs2242446), whose polymorphic variant C is hypothetically associated with clinical distress tolerance [41]. This polymorphism localizes in the promoter region and may be responsible for the regulation of protein transcriptional activity by changing the affinity of transcription factors to DNA [42]. Another single nucleotide polymorphism of this gene (1287G/A), located in exon 9, is also associated with NET efficiency and, probably, the risk of ADHD development [43]. Nevertheless, the inconsistency of the available data may imply either the lack of significant association between the study polymorphisms and phenotypic manifestations, or a more complex relationship between various adaptive and maladaptive characteristics of the CNS. The possibility of linkage disequilibrium between single nucleotide NET gene polymorphisms and their effects on the phenotype has also been noted [42].
SPORT PHYSIOLOGY AS A FIELD TO PROBE THE EFFECTS OF GENETIC FACTORS


Professional sport activities are a complex phenomenon whose effectiveness depends on a multiple diverse factors [38]. Physiological features of an individual, such as strength, endurance, speed [44, 45], are superimposed with individual peculiarities of his/her CNS and psychophysiological characteristics, such as the speed of decision making, psychological stress tolerance, will to win, aggressiveness, competitiveness, general lability, temperament, and many others [38]. Psychological personality traits, such as adaptation to the environment, concentration and confidence, are also important parameters [46]. Different sports play a special role in sport physiology. For example, rapid decision making and high sociability of team members greatly matter for team sports [45], while combat sports (wrestling, boxing) prioritize the aggressiveness and temperament of athletes [45, 47, 48]. Each of these psychotypic traits is controlled by different brain neurotransmitters, and accordingly, the role of the latter in different sports may also be quite distinct.

Recently, there has been a growing interest in understanding of how significant is the contribution of heredity and innate abilities to the success of athletic careers [49]. For example, inheritance may account for 20-90% of the differences in anthropometric and physiological traits relevant to athletic performance [38], whereas the heritability of phenotypic variability in personality traits is estimated at 30-60% [50]. A correlation has also been described between a high athletic performance (e.g., in Olympic athletes and world champions) and the interaction of endogenous genetic determinants with exogenous environmental factors, such as diet, regular workouts, and health status [51−53]. Meanwhile,  linking specific allelic variants directly with phenotypic manifestations in sport is difficult given its multifactorial nature, as well as polygenic inheritance of complex traits [38, 53] and a small number of already established genetic determinants [54]. At the same time, the presence of single polymorphisms may have no effect on athletic performance, but in combination with polymorphisms of other genes leads to synergistic effects [53]. Therefore, it is extremely important to focus not only on individual polymorphisms but also on the whole-genome profile of an athlete.

On the other hand, differences in the athletic performance of an individual may be mediated by differences not only in their specific athletic training programs and fitness degree but also in the sequences of genes responsible for the synthesis of key proteins and enzymes, as well as by epigenetic processes [55]. This necessitates the search for and identification of genetic variations that may be positively associated with advantages in athletic careers, e.g., endurance [56], short distance running speed [57], strength [58], rapid recovery from training or injury [59, 60], psychological resistance to chronic stress, self-discipline and motivation to continue playing sports [53]. 

Currently, approximately 200 genes and their markers are thought to be associated with physical characteristics of athletes [44, 47, 52]. However, significantly fewer genes are known to be potentially relevant to the physiology of the nervous system, as well as perceptual and mental peculiarities in the context of sport physiology. Meanwhile, as already mentioned, such cognitive characteristics as memory, attention, stress tolerance, reaction speed, and decision-making time are key for the development of athletic talents. The most common research approaches are case−control studies aimed at identifying allelic variants that are more prevalent across a group of professional athletes compared to a non-sporting control group, as well as genotype−phenotype association studies [45]. However, these methods cannot reveal significant polymorphisms located beyond the coding (e.g., regulatory) sequence [55]. Genotyping of athletes, including their whole-genome sequencing [55], is becoming not only an indispensable molecular diagnostic tool for identifying the makings and physiological predisposition for athletic careers, but also an important step in the analysis whose results will be used to develop personalized training programs. Thus, it may prove to be a necessary measure of individualized approach to maximize athletic performance.

The analysis of physical and physiological characteristics of athletes has revealed that performance in some sport disciplines can negatively correlate with the success in others [53]. For example, if an athlete shows high results in the sports that require endurance, then he/she will be less competitive in the disciplines designed for strength performance, suggesting the possibility of an innate predisposition to the results of professional high-performance sports [61]. At the same time, there may be a “basic” level of general physical abilities sharing common genetic determinants that allows athletes to gain good results in several sport disciplines at once [52]. The analysis of cognitive and personality traits of athletes has shown a match between the presence of certain psychological traits and the predisposition to certain sports. For example, endurance sports athletes are characterized by introversion, plastic strategic and tactical thinking, and low scores of emotionality and anxiety [45]. In contrast, team sports athletes typically display high emotional intelligence, sociability, and emotional control [45]. While analytical and operational thinking, increased attention, and “self-expression” are prioritized in martial arts sports, strength sports require assertiveness, self-control, restraint, extroversion, and risk proneness [45].

The identification of genes associated with successful sport career is a difficult challenge, as each gene individually makes only a small contribution to the ultimate phenotype. The search for genotype−phenotype correlations was primarily carried out among the genes potentially associated with peculiarities of such traits as endurance, muscle performance, tendon and ligament qualities, as well as psychological state of athletes. Specifically, the majority of them (~ 165 genes) [61] refers to autosomal quantitative trait loci (QTLs), among which metabolomic quantitative trait loci (mQTLs) are distinguish individually. Their study is important for gaining a better insight into the relationship between the metabolome and sport characteristics, e.g., endurance and physical performance [54]. Besides these loci, 5 genes on the X chromosome and 17 mitochondrial genes have been identified that directly influence the phenotype of more successful physical development and effectiveness [61]. Classifying the identified genes has yielded several clusters, including hemodynamics and features of the cardiovascular system (heart rate, blood pressure), metabolism (specifically, glucose and insulin), as well as anthropometric characteristics, structural features of muscle fibers, and skeletal muscle efficiency [61].

In addition to characteristics directly determined by genes and affecting the athlete’s strength and endurance parameters, competitive success has a significant relationship with psychological well-being and features of emotional perception, specifically, with the tolerance to chronic stress, depression and anxiety disorders, the ability to remember fast and use the knowledge acquired over time through prior experiences (crystallized intelligence), motivation to hold to normalized schedules and restrictions imposed by the features of the training program, perseverance and motivation [38]. However, the relationships between genetics, neurobiology and sport psychology and physiology remain poorly understood. For example, probing the genetic component associated with mental abilities, motivation, and pain tolerability showed a possible variance spread at 35−83% [61].

Despite a clear heritability, it is only recently that research has begun to identify genes linked to the presence of motivation and discipline or to the maintenance of a stable psychological background. In addition to SERT, DAT, and NET, other candidate genes include the BDNF (brain-derived neurotrophic factor), UCP2 (mitochondrial uncoupling protein 2) [47, 51,61], COMT (catechol-O-methyltransferase) [48, 62], MAO-A (monoamine oxidase-A) [48], ACE (angiotensin-converting enzyme) [52, 63−64], NK1R (neurokinin 1 receptor) [63], CRF-BP (corticotropin releasing factor binding protein) [63], DRD4 (dopamine receptor D4) [47], and serotonin 5-HT1 [63] and 5-HT2 [45] receptor genes. At the same time, these genes may be in complex interactions with each other. For example, pleiotropic relationships have been shown for SERT and BDNF [65], COMT and DAT [66], NET and MAO-A [67]. Therefore, the variability of one of the interrelated genes is able to influence the contribution of another gene to the physiological phenotype.
PHYSIOLOGICAL ROLE OF MONOAMINE TRANSPORTERS IN SPORT ACTIVITY
The most known polymorphisms of the MAT genes, among which a search for the associations with athletic performance is presently under way, are summarized in Table 1 and Fig. 1.
Table. 1. Common genetic polymorphisms of the DAT, SERT and NET genes
	Gene
	Polymorphisms
	Location

	DAT (SLC6A3)
	40-nucleotide polymorphism of the number of tandem repeats
	3'-end sequence

	SERT (SLC6A4)
	44-nucleotide insertion/deletion
	5HTT-linked polymorphic region (5HTTLPR) between −1396 and −1440 bp

	NET (SLC6A2)
	SNP Thr99Ile
	+296



The dopaminergic system has traditionally been associated with brain reward system, cognitive stimulation via the limbic brain structures, locomotion, and general control of behavior, motivation and emotionality [68]. Most studies of promising candidate genes regulating monoamine homeostasis and associated with exercise behaviors and athletic performance, focus on the dopaminergic system [66, 68]. However, although associations of different DAT polymorphic variants have been described among the study groups of athletes, the results have proved to be opposite in different populations. For example, dopamine deficiency positively correlates with a genetic predisposition to extreme sports [23]. A correlation of the 9/9 DAT genotype frequency with increased “controlled aggression” and extreme behavior has been shown in the group of athletes engaged in mixed martial arts, which probably helps achieve great success in extreme and injury prone sports, e.g., in mixed combat sports [23]. Physiologically, this may be explained by reduced free dopamine levels due to increased DAT activity [23]. A study of 50 professional athletes also confirmed a high association of the 9/9 DAT genotype with professional success [51], however, in a population of Egyptian athletes, this genotype occurred more frequently in the control group rather than in athletes (in whom the most common genotype was a 10/10 variant) [68]. At the same time, the Freiburg personality inventory-revised questionnaire revealed that the most characteristic 9/9 genotype-linked traits were the susceptibility to depression and emotionality, while for the 10/10 genotype − aggressiveness, excitability and self-control [68].

Many CNS genes alter their expression level throughout life, specifically, via the epigenetic mechanisms like cytosine methylation at CpG island. The DAT promoter sequence can be methylated at 33 positions, which affects the regulation of DAT transcription [69] and ultimately the efficiency of the dopaminergic system. The results of a study on a sample of 100 martial arts fighters (MMA, judo, boxing, karate, kickboxing, wrestling) showed correlations between CpG hypo- or hypermethylation and the scores in the ‘Big Five’ Personality Test assessing neuroticism, extraversion, openness to experience, cooperation, and conscientiousness. For example, the 3’ CpG island methylation is associated with low openness, 13’ CpG island methylation with high neuroticism, and 22’ CpG island hypomethylation with low openness [69].

Sporting events, especially international and world-level, represent an environment with a special set of stressors [70], such as workouts, incurring an injury, poor performance in competition, and interactions with coaches and other athletes [71]. Meanwhile, the detection of anxiety disorders in athletes can be complicated because of subsyndromal manifestations of depression and anxiety [71] amid the uniqueness of the sport context and the stigmatization of manifestations of mental disorders [72]. Predisposition and susceptibility to anxiety is a complex trait determined by environmental conditions, the presence of genetic determinants, as well as by a combination of both. Given the close association of the serotoninergic system with anxiety, depression or compulsive behavior, SERT is an important candidate to search for associations with stress susceptibility at sporting events and, hence, sport career success. Specifically, the structure of the serotonin transporter L and S alleles influences the susceptibility to stressful events, which sporting events can be fully referred to. In this case, the S allele, associated with a higher susceptibility to anxiety-depressive behavior due to insufficient SERT expression, is supposed to be less frequent in professional athletes, while the L allele, especially its LL genotype, to be associated with sporting success [70]. 
This hypothesis is supported by independent studies conducted on professional athletes of different nationalities engaged in various sports [70−71, 73−74]. For example, an association between the presence of at least a single short S allele and increased anxiety has been revealed on a sample of 133 male athletes from Italy in the test assessing the psycho-emotional state (against the background of reduced emotional control) in the psychological sport performance questionnaire. Meanwhile, carriers of two copies of the SERT S allele have high neuroticism compared to carriers of the L/S genotype [71].  Although the exact effect of the 5-HTTLPR polymorphism on metabolism and physiology is unknown [74], it may be due to differences in the functioning of the amygdala in carriers of L and S alleles [75]. 

NET plays an important role in the manifestation of such physiological features of the nervous system as impulsivity, learnability, pain susceptibility [38], as well as cognitive and neuroendocrine functions [76]. The susceptibility to anxiety and distraction negatively affects athletic performance. In addition its central activity, norepinephrine affects the functionality of the autonomic nervous system, specifically, blood pressure regulation [77]. The presence of allelic variants associated with certain psychological and physical traits provides grounds to search for genetically determined predisposition to sporting success [38]. One of the known and being tackled NET single nucleotide polymorphisms is rs1805065 (Thr99Ile), a point C/T substitution at position 296, which occurs in ~ 1% of European and American populations, potentially reducing norepinephrine transport [78]. Studies seeking for the associations between NET polymorphic variants and sporting success are yielding ambiguous outcomes. For example, while the minor allelic variant T revealed a negative association with achievements in strength sports in a sample of Brazilian athletes who prioritized endurance, they had a T/C genotype [78]. At the same time, a sample of athletes from Poland did not confirm the revealed association, and the minor allelic variant T correlated with success in combat sports in highly skilled athletes [38]. A homozygous T/T genotype was found neither among athletes nor in controls. Thus, further studies of the link between the genetics and psychophysiology of this allelic variant as for the effectiveness in sport performance are needed.
DISCUSSION


Although sport is the most important part of human social activity, sport genetics and the analysis of its physiological aspects is rather a new field, calling for further search and studies of hereditary factors determining sport success. Mounting sport genetics evidence links some genes to athletic performance and endurance [79]. Typically, such data describe associations in their relation to various physiological aspects, paying little attention to CNS features. To date, there is limited evidence for putative associations of certain polymorphic variants across the MAT genes. Since sport performance is the outcome of a complex polygenic interaction between different hereditary factors the effects of MAT gene polymorphisms are usually studied on a sample of a particular transporter gene, disregarding possible concurrent interactions between polymorphic variants of different transporters. Confirmation of the presence or absence of synergistic or pleiotropic interactions between the MAT genes, as well as genes of other neurotransmitter systems, may foster more accurate genotypic profiling of athletes.

Moreover, possible differences in the distribution of polymorphisms among athletes of different origins may result from unequal representation of allelic variants across populations, due to which the outcomes of polymorphism association studies obtained in one population may not be reproduced in a population of another origin. This is particularly important to consider when probing highly heterogeneous populations that have been undergoing multiple migrations during their historical formation [80]. The study of genotypic distribution due to certain ethnical identity may account for the differences in the data obtained on athletes of different ethnicities. There may be a correlation between the frequency of certain alleles and the predisposition to certain sports in athletes from different backgrounds. Because different sports prioritize different characteristics (strength scores, endurance, attention, reaction time, etc.), the effect of gene polymorphisms on them may be different. It is unknown whether carriers of “bad” alleles, while not succeeding in certain sports, may prove to be more suitable candidates for other types of sporting activities, and whether there are strong associations between different gene polymorphisms that ensure success in one or another sport. It is important to investigate not only each individual trait individually, but also their ultimate common contribution to the overall phenotype, specifically, by probing how traits associated with cognitive characteristics, memory and stress tolerance relate to the athlete’s physical parameters and can be inherited and manifested jointly.

The distribution of polymorphisms determined by sex differences, as well as the differences in phenotypic manifestations between men and women involved in certain sports, has also been insufficiently investigated to date. There is a paucity of data on the effect of polymorphisms on metabolism during systematic physical exercise, and on its modulation with drugs, specifically, antidepressants. This issue is important for the development of individual training programs for elite athletes, as well as for studying the effects of polymorphisms in people who do not engage in professional sports but maintain a healthy lifestyle. In addition, the phenomenon of Gene × Environment (GE) interaction has been described for many CNS phenotypes [81]. For example, depression is synergistically enhanced by a combination of the SERT S allele and the presence of a critical number (> 3) of severe life stressors [35]. Therefore, sport genetics should not only allow for specific genetic markers (e.g., MAT gene polymorphisms addressed above) but also, within GE studies, assess the presence of severe stressors in athletes (e.g., defeats at important championships may be equivalent to such stressors).

An important modern concept in the genetics of complex traits is the analysis of Gene−Environment correlation (rGE) [82]. In this concept, the surrounding environment is recognized to be a leading factor for behavioral phenotype development, which, in turn, is caused by genetically determined features of the proband’s behavior. For example, in genetically determined high early-childhood aggression, the athlete’s social circle may develop cautious subordinate behavior, which, in turn, would indirectly (via rGE) further promote his high aggressiveness and, hence, superior performance in combat sports. In the meantime, putting a similar proband into a cohesive team with a demanding tough coach would control the athlete’s willpower, thereby reducing their future effectiveness as an athlete despite the initial presence of all genetic determinants of athletic success. From this viewpoint, a more challenging but extremely interesting task would be to conduct genetic research in the field of the neurobiology and physiology of sport not only on the athlete himself but also on the coach−athlete pairs. Finally, the development of a system for studies on animal models is also an important challenge. Right now, animal test systems are widely used in the studies of polymorphism associations (including the MAT genes) and mental diseases, as well as in assessing drug efficacy. However, such approaches in sport physiology research are currently unavailable.

In general, despite the fact that sport physiology using genetic methods remains quite a new and, hence, understudied research discipline, it is a promising trend in translational studies aimed at identifying polymorphisms and genetic markers significant for sporting activity, as well as assessing their pleiotropy, GE and rGE. Since the above data suggest the existence of allelic variants of the MAT genes promoting success in certain sports, their identification is an important task for the development of sport. Research into sport physiology and a complex non-linear role of heredity and environment in the latter will help improve performance in world-class professional competitions.
CONCLUSION


Physiological scores, characteristic of a successful athlete, is the result of the impact of a multitude of external (environmental) and internal (primarily hereditary) factors based on the complex polygenic nature of interaction. However, the MAT genetic contribution to sport physiology has not been sufficiently investigated to date. Although the external environment remains a decisive factor in athletic performance, studying genetically determined traits is extremely important for athletic career for several reasons. Firstly, it is necessary to perform a genotypic selection of more suitable athletes into the professional field of elite sport, as well as to reveal a potential physiological predisposition to certain sports in a particular individual. Secondly, it will help develop more efficient training programs, including those based on individual physiological differences between athletes. Because central monoaminergic systems are pivotal for the regulation of cognitive functions and behavior, studying its role and the contribution of genetic variability to sport physiology is a logical and promising line of research calling for both translational clinical studies and a wider use of experimental animal models.
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