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Abstract: Athletic performance is a multifactorial trait influenced by a complex interaction of envi-
ronmental and genetic factors. Over the last decades, understanding and improving elite athletes’
endurance and performance has become a real challenge for scientists. Significant tools include
but are not limited to the development of molecular methods for talent identification, personalized
exercise training, dietary requirements, prevention of exercise-related diseases, as well as the recogni-
tion of the structure and function of the genome in elite athletes. Investigating the genetic markers
and phenotypes has become critical for elite endurance surveillance. The identification of genetic
variants contributing to a predisposition for excellence in certain types of athletic activities has been
difficult despite the relatively high genetic inheritance of athlete status. Metabolomics can potentially
represent a useful approach for gaining a thorough understanding of various physiological states and
for clarifying disorders caused by strength–endurance physical exercise. Based on a previous GWAS
study, this manuscript aims to discuss the association of specific single-nucleotide polymorphisms
(SNPs) located in the MYBPC3 gene encoding for cardiac MyBP-C protein with endurance athlete
status. MYBPC3 is linked to elite athlete heart remodeling during or after exercise, but it could also be
linked to the phenotype of cardiac hypertrophy (HCM). To make the distinction between both pheno-
types, specific metabolites that are influenced by variants in the MYBPC3 gene are analyzed in relation
to elite athletic performance and HCM. These include theophylline, ursodeoxycholate, quinate, and
decanoyl-carnitine. According to the analysis of effect size, theophylline, quinate, and decanoyl
carnitine increase with endurance while decreasing with cardiovascular disease, whereas ursodeoxy-
cholate increases with cardiovascular disease. In conclusion, and based on our metabolomics data, the
specific effects on athletic performance for each MYBPC3 SNP-associated metabolite are discussed.
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1. Introduction

A talented athlete can be shaped into a champion by a complex interaction of innumer-
able factors. Understanding elite human performance necessitates the identification of two
sources of variation: genes and the environment. As a result, elite athlete performance is a
multifactorial trait influenced by genetic predisposition, as well as environmental factors
such as nutrition and intense training [1]. Indeed, the development and progression of an
elite athlete’s performance are inextricably linked to environmental factors (nutrition and
training) as well as genetic predisposition, which determines one’s susceptibility to elite
athletic performance (endurance, flexibility, speed, strength, and coordination trainability)
and/or multifactorial diseases (diabetes and cancer) [2,3]. Exorbitant training may alter
athletes’ blood metabolic profiles. The physical status could be assessed by biochemical,
hormonal, and immunological markers. The metabolic demands of athletes depend on the
type and intensity of their sports disciplines. Indeed, the duration of training could disturb
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their cardiovascular function over time and cause some metabolic alterations, such as
changes in lipid, glucose, amino acid, and energy metabolites and an increase in plasma lac-
tate and adenine breakdown products [4]. Genotyping enables the evaluation of candidate
gene variants that may be associated with elite athlete status. Based on case–control studies,
it is possible to determine whether one allele of a DNA sequence (gene or non-coding
DNA region) is more common in a group of elite athletes than in the general population
and, thus, whether this allele improves performance. The identification of endurance and
power markers is based on comparing allelic frequencies between endurance and power
athletes, as these two parameters represent opposite extremes of the muscle performance
spectrum [5].

DNA polymorphisms are genetic markers that could be associated with a range of
phenotypic traits, including endurance, strength, and power of elite athletes. They could ac-
count for the interindividual variability in physical performance characteristics in response
to endurance or strength training, or other stimuli. Single-nucleotide polymorphisms
(SNPs), indels, and structural variations are all examples of DNA variants. Several factors,
including the type of polymorphism, its prevalence in a given community, and the total
number of athletes studied, are used to assess the importance of a particular sport-related
genetic marker [6]. SNPs are used to identify chromosomal regions that may contain genes
and sequence variants linked to a variety of traits. Previous research has found that certain
loci near a leading SNP have genome-wide significant associations with coronary artery
disease, body mass index, C-reactive protein, blood pressure, lipids, and type 2 diabetes
mellitus. Some SNPs are linked to the risk of coronary artery disease (CAD), such as
genetic variants of the KCNQ1 gene (rs2237892, rs2237895, rs2237897, rs2283228), encoding
the potassium voltage-gated channel subfamily Q [7], as well as other CVD phenotypes
such as glycemia, inflammation, lipids, and blood pressure [8]. A recent study used the
genome-wide association study (GWAS) to investigate the association of common SNPs
with endurance athlete status in a large cohort of elite European athletes [1]. By the end
of 2020, there were 220 DNA polymorphisms linked to athlete status, with 97 of them
found to be significant in at least two studies (35 endurance-related, 24 power-related,
and 38 strength-related). However, the underlying molecular mechanisms are poorly
characterized [7].

Metabolomics, a relatively new “omics” discipline in addition to “genomics” and “pro-
teomics” in the postgenomic era, could be a good approach to use for a deep understanding
of several physiological states and clarification of disorders caused by strength–endurance
physical exercise. Metabolomics provides an intermediate phenotype that can better grant
a larger effect size, revealing genetic predisposition. Metabolomics is a system biology-
based approach to understanding and detecting metabolic changes affected by dietary,
lifestyle, and environmental factors. Accordingly, “sportomics” has recently been defined
as a new term due to metabolomics’ ability to characterize multiple metabolites in different
biological samples simultaneously. This promising tool investigates exercise physiology
and exercise-associated metabolism in elite athletes by quantitatively measuring metabolic
profiles associated with training [5]. This method enables the identification of biomarkers
associated with athlete performance, fatigue response, and potential sports-related dis-
orders [4,6]. This method also enables the detection of differences in metabolic profiles
among elite endurance athletes through the identification of serum metabolites involved in
fatty acid metabolism, steroid biosynthesis, oxidative stress, and energy-related molecular
metabolites. It provides a deep insight into physiological states and clarifies the disorders
induced by strength–endurance physical exercise. As a result, the combination of genomics
and metabolomics technologies enables more comprehensive coverage of the metabolic
pathways involved in complex physiological and pathological processes. For this reason,
some studies focusing on the genotyping of selected SNPs in elite athletes participating
in various sports disciplines were followed by serum metabolomics to confirm endurance
metabolites. The GWAS for metabolic traits (mGWAS) analysis identifies potential SNP-
metabolite associations by comparing mGWAS hits in elite athletes to non-elite athletes.
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The genotyping of 341,385 SNPs in 796 European elite athletes revealed several variants
associated with endurance athlete status, but none were significant at the GWAS level. Pre-
vious studies demonstrated that rs1052373 is one of the most promising genetic markers [2].
This SNP is found in the myosin-binding protein C3 gene (MYBPC3). MYBPC3 encodes a
myosin-associated protein (MyBP-C) found in the cross-bridge bearing zone (C region) of
striated muscle A bands. MyBP-C protein phosphorylation influences cardiac contraction.
MYBPC3 mutations have previously been linked to a less super-relaxed state in patients
with hypertrophic cardiomyopathy (HCM). Intense exercise can cause heart remodeling to
compensate for blood pressure or volume increases by increasing muscle mass. As a result,
depending on the type of sport engaged in, the hearts of endurance athletes frequently
exhibit eccentric cardiac hypertrophy with increased cavity dimension and wall thickness.
Consequently, the endurance-trained heart can deliver a large maximal systolic volume to
produce a large cardiac output [2].

In this review, we discuss the potential use of metabolites as valuable tools to better
understand the underlying complex molecular pathways that might govern the association
of MYBPC3 SNPs with endurance by leveraging previously published data.

2. MyBP-C Structure and Function

Cardiac muscle contraction occurs when the electrical depolarization of the plasma
membrane of the cardiomyocytes causes mechanical contraction of the heart. Actin–myosin
cross-bridge cycling regulates the physiological regulation of this contraction. It begins with
calcium (Ca2+) binding to troponin, which causes tropomyosin to change conformation,
allowing myosin head (thick filament) to connect to actin (thin filament). Cardiac MyBP-C
(cMyBP-C) is a sarcomere accessory protein, well known as a modulator of cardiomyocyte
sarcomere activity [7,9]. It is a multi-domain flexible polypeptide with a molecular mass
of ~140 kDa, restricted to the cross-bridge incorporating C zones of striated muscle sar-
comeres [10]. Three isoforms exist: slow skeletal (MyBP-C1), fast skeletal (MyBP-C2), and
cardiac paralog cMyBP-C, belonging to the immunoglobulin superfamily of intracellular
muscle proteins [11,12]. The three isoforms are essential for the regulation of actin–myosin
interaction in striated muscles of both the skeletal and heart [11]. Slow and fast paralogs
comprise three fibronectin-like domains (Fn) and seven immunoglobulin-like domains
(Ig), termed C1 to C10, starting from the N-terminal. For the cardiac isoform, there is an
extra domain at the extreme N-terminal termed C0 [10,13], a proline-alanine-rich region
between C0 and C1, a phosphorylation motif between C1 and C2, and a 28-amino-acid loop
within the C5 domain [9,11]. The N-terminal interacts with actin, myosin, and myosin-S2
(where the myosin head joins the thick filament backbone) [14], and the C-terminal interacts
with titin [15], myosin-LMM, A-band incorporation, and the light meromyosin region of
the myosin rod [16,17] (Figure 1). Interestingly, in a recent study, it was reported that
cardiac ryanodine receptor type 2 (RyR2) in the sarcoplasmic reticulum can directly interact
with cMyBP-C, leading to the formation of a cMyBP-C-RyR2 complex that can potentially
contribute to the modulation of Ca2+ homeostasis in cardiomyocytes [18].

When examined in genetic contexts, the significance of MyBP-C’s role in muscle
function becomes even clearer. Genetic variants in sMyBPC1 and fMyBPC2 have been found
to induce contractile dysfunction and have been associated with arthrogryposis [19,20].

Similarly, variations in cardiac MyBP-C have been linked to diseases, including inher-
ited hypertrophic cardiomyopathy and dilated cardiomyopathy [13,21]. This emphasizes
that MyBP-C impact extends beyond its function and includes factors that affect muscular
and cardiac health. Moreover, since MyBP-C plays a role in coordinating muscle contrac-
tions, it is involved in regulating the interaction between myosin and actin through the
control of the myosin anchoring to the thin filament. Additionally, MyBP-C promotes
alignment and synchronization of actin and myosin during muscle contractions through
phosphorylation and calcium signaling [22]. This multifaceted functionality highlights its
contribution to the mechanical complexities involved in muscle performance.
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Figure 1. Schematic illustration of cMyBP-C structure and interaction with other sarcomere proteins.
The cMyBP-C consists of eight globular Ig-like domains and three Fn-like domains. The N-terminus
of cMyBP-C interacts with actin (C0-M) and the myosin-S2 domain (C1-M-C2). C0 and a region of
C5 are considered cardiac-specific regions, with the presence of a 28 AA loop. The C-terminus of
cMyBP-C interacts with the RyR2 binding region (C6–C10), titin (C8–C10), A-band incorporation
(C7–C10), and light meromyosin (LMM) at the C10 domain.

3. MyBP-C and Its Association with Cardiac Disease

Hypertrophic cardiomyopathy (HCM) is a common genetic cardiovascular disor-
der inherited in an autosomal dominant pattern with varying phenotypes and is often
misunderstood in clinical practice. Around 20 million people worldwide are diagnosed
with HCM. HCM is distinguished by its variable phenotypic expression, natural history,
and genetic profile. With an incidence of 1:500, HCM is the most frequent monogenic
cardiovascular disease [23,24].

Indeed, this disease is a genetic heart condition characterized by thickening of the heart
muscle. HCM is characterized by an asymmetric decrease in left ventricular (LV) volume,
an increase in ejection fraction leading to cardiac myocyte hypertrophy, and disorganization
leading to the presence of fibrosis areas [23,25]. The variability of phenotyping is linked to
the fact that causal mutations act with other genetic and non-genetic factors. However, 60%
of HCM patients are identifiable as having familial disease [26].

The identification by Pave et al. of a mutation in MYH7 encoding the sarcomere protein
beta-myosin heavy chain opened the door for subsequent findings to search through all
sarcomere-encoding genes for causal gene mutations that led to the classification of HCM
as a heterogeneous genetic disease [27]. Indeed, mutations in MYH7, cMyBP-C, and
other sarcomere proteins like TNNT2, TPM1, MYL2, and MYL3 are the leading causes of
HCM [28,29]. Mutations in cMYBP-C can disrupt the normal muscle contraction regulation
by affecting its interactions with myosin and actin, crucial for proper contraction [30,31].
These changes lead to impaired relaxation and increased heart muscle stiffness, contributing
to the development of HCM [24].

About half of the MYBPC3 mutations lead to shorter protein products, while other
mutations cause variations like insertions, deletions, frameshifts, or single amino-acid
changes [32]. In HCM patients, most MYBPC3 mutations with premature termination
codons reduce protein function, such as frameshift, nonsense, or splice site changes. This
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suggests that these mutations cause HCM by reducing function through a process called
nonsense-mediated RNA decay (NMD) [33]. In NMD, most of the faulty transcript is
broken down, leading to lower MyBP-C levels in the sarcomere, which contributes to the
condition [34].

HCM caused by MYBPC3 mutations can have variable clinical presentations, ranging
from mild to severe. The severity of symptoms and disease progression can vary among
individuals with MYBPC3 mutations [32]. It is important to note that HCM is a complex
condition influenced by various genetic and environmental factors. While MYBPC3 muta-
tions are a significant contributor to HCM, there are other genes and factors involved in the
development and progression of the disease [32].

However, not all genetic variants are causative, as the causality of these variants is
linked to the presence of co-segregation and linkage analysis [35]. Missense and loss of
function mutations are considered rare causative variants in the general population. These
kinds of variants have low phenotypic effects as they depend on other factors, such as
environmental and genetic, leading to challenges while studying the causal role of these
variants [30,31]. The limitation of genetic testing caused by the rarity of HCM variants and
the infrequency of genetic variants makes it difficult to conduct comprehensive segregation
studies, leading to many variants being classified as variants of uncertain significance
(VUS), where several efforts should be conducted to assess the pathogenicity of these
variants through population genetics and functional approaches [2,36].

Understanding the overall effects of MYBPC3 mutations could help us grasp potential
outcomes linked to MYBPC mutation. Notably, the mutation in the MYBPC3 gene, located
in the exon 30 and known as the rs1052373, has been identified as a common cause of
hypertrophic cardiomyopathy (HCM). This mutation can cause HCM by disrupting the
normal regulation of muscle contraction [22]. However, its specific function and association
with HCM may require further research and investigation.

4. MyBP-C and Its Association with Elite Athlete Performance

The association between the MYBPC3 gene and endurance athlete status has been
recently identified. A GWAS study demonstrated an association between MYBPC3 and
increased maximum oxygen uptake (VO2max) in elite athlete endurance, suggesting that
this protein could play a crucial role in aerobic capacity and endurance performance [2]. To
have a clearer insight into the possible influence of the SNP on endurance, it is essential to
comprehend how physical activity can affect the cardiovascular system.

Indeed, every type of exercise necessitates an increase in skeletal muscle work. The
intensity of exercise (external work) and the body’s demand for oxygen have a direct
relationship. Increased pulmonary oxygen uptake (VO2max) adheres to the oxygen demand
during exercise. Furthermore, the cardiovascular system oversees the transporting of
oxygen-rich blood from the lungs to the skeletal muscles, a process measured in liters per
minute as cardiac output. The ability of the cardiovascular system to handle the demands of
exercising skeletal muscle is improved by exercise-induced remodeling of the heart (EICR).
Some structural cardiac changes, such as left ventricular hypertrophy, atrial dilatation, and
sport-specific geometry (eccentric vs. concentric), are observed and have been proved by
chest radiography, echocardiography, and electrocardiography (ECG) work [37]. These
techniques demonstrated that long-term athletic training increases the left ventricular mass.
Some changes in cardiac morphology are minor. The effects of training on the heart vary
depending on the sport.

Long-term athletic training can lead to changes in left ventricular wall thickness,
cavity dimension, or both, which may be more noticeable in certain sports such as distance
running, swimming, cycling, and rowing/canoeing. Athletes training in such sports are
more likely to have cardiac disease on their differential diagnosis (Table 1).

The most reliable independent criteria for distinguishing physiologic from pathologic
LV hypertrophy was LV cavity size; specifically, LV cavity diameters of 55 mm demonstrated
the highest sensitivity and specificity for differentiating an athlete’s heart from HCM. On
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the other hand, patients with HCM had LV cavity sizes that were within normal limits and
never exceeded 55 mm. Absolute LV cavity size increased in athletes with LV hypertrophy,
including people who engaged in endurance (rowing, canoeing, and cycling) or combined
(water polo and basketball) sports, but not in athletes participating in power disciplines
(wrestling and hammer throwing). Furthermore, in the comparison of athletes’ hearts to
patients with HCM, the LA size was consistently larger in athletes. This is the fact that atrial
enlargement is part of the global cardiac remodeling caused by intense chronic exercise,
but it is not associated with the occurrence of supraventricular tachyarrhythmias or poor
cardiovascular outcomes. In addition, left atrial enlargement is a common finding in HCM
patients and is regarded as a reliable criterion for HCM diagnosis [38].

Vigorous physical activity induces significant adaptative changes in myocardial struc-
ture and function, distinguishing it from pathologic hypertrophy. Such discoveries continue
to intrigue scientists and clinicians. However, athletes are not immune to cardiovascular
symptoms and disease, even though exercise promotes good health. Asymptomatic people
may have abnormal values for one of the heart structural or function parameters discussed
above. During training, athletes may experience symptoms suggestive of cardiovascular
disease [39].

It is critical to determine whether the increased left ventricular wall thickness in highly
trained athletes is the result of the heart’s physiological adaptation to athletic training or a
pathological condition such as HCM [40]. Indeed, athletes with the athlete’s heart typically
do not experience symptoms, whereas individuals with HCM may experience symptoms
such as chest pain, shortness of breath, or fainting [41].

However, when the HCM disease was demonstrated in the athlete’s family history,
the distinction between HCM and the athlete’s heart cannot be well determined [40].

The most difficult clinical distinction between an athlete’s heart and structural heart
disease arises most frequently about HCM because many of the other cardiac disorders
that cause sudden death in a young athletic population can be identified independently of
any changes in cardiac morphology typically associated with exercise and training [42].

When compared to heart disorders, studying genetics can help us better understand
and monitor an athlete’s heart health. Since genetics have such a large influence on how an
athlete’s body works, it is critical to figure out how their genes affect their endurance. This
allows us to ensure their safety and performance.

Table 1. Criteria for recognition between hypertrophy cardiomyopathy (HCM) and the athlete’s heart.
Clinical criteria for differentiating physiologic LV hypertrophy from HCM in young athletes [40].

Elite Athlete’s Endurance Hypertrophy Cardiomyopathy

Left ventricular thickness Mild wall thickness Unusual hypertrophy pattern

Left ventricular cavity size >55 mm <45 mm

Left atrium size ≥40 mm <40 mm

Left ventricular filling Normal Abnormal

Family History of HCM Negative Positive

5. MYBPC3 SNPs and Endurance

The GWAS is a method based on microarray (SNP-array) analysis that allows for a
quick scan of hundreds of thousands of markers across entire sets of DNA from different
individuals. This method resulted in the identification of DNA variants that may be
associated with a specific trait. GWAS have recently identified various genetic regions
showing significant associations with variation in human physical performance traits.
These genetic association studies are generally used to assess the impact of variation at
a candidate locus on specific performance traits. However, genetic susceptibility studies
remain a questionable subject due to the underpowered studies and the small effect size of
the identified genetic variants.
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The first report related to GWAS examined the association between many SNPs and
the relative rate of maximal oxygen consumption [43]. The validation of the potential
functionality of the identified GWAS SNPs was performed through an association study of
two SNPs (rs1052373 G and rs7120118 T alleles) with VO2max. A previous study conducted
a large GWAS study of elite European athletes (753 athletes) and highlighted several novel
SNPs linked to endurance. The replication of the top identified SNP associations was
carried out in two independent cohorts of elite Russian high and low/moderate aerobic
athletes (242 athletes) and elite Japanese endurance athletes (60 athletes), as well as their
comparison to combined results. This study found a highly significant link between
rs1052373 (MYBPC3) and rs7120118 (NR1H3) and endurance in Russian and Japanese
people (p < 0.05) (Table 2) [2]. The rs1052373 GG (p = 1.43 × 10−8, odds ratio 2.2) and
rs7120118 TT (1.66 × 10−7, odds ratio 2) genotypes were found to be overexpressed in high
endurance sports at the genome-wide level, as shown in the table below, in addition to the
Bonferroni levels of significance. For the combined analysis, the direction of association
was similar in all three cohorts, with a similar odds ratio higher than two-fold for all studies
except the Russian cohort study [2].

Table 2. SNPs linked to endurance athlete status were discovered, replicated, and meta-analyzed [2].

rs 1052373 rs 7120118

Genotype GG TT

GWAS p
OR (95% CI)

5.48 × 10−6

2.61 (1.72–3.94)
p

OR (95% CI)
1.26 × 10−5

2.49 (1.65–3.75)

Russian
cohort

p
OR (95% CI)

1.2 × 10−2

1.67 (1.12–2.49)
p

OR (95% CI)
1.6 × 10−2

1.64 (1.10–2.45)

Japanese
cohort

p
OR (95% CI)

2.7 × 10−3

2.92 (1.41–6.05)
p

OR (95% CI)
3.52 × 10−2

2.48 (1.10–5.56)

Combined p
OR (95% CI)

1.43 × 10−8

2.17 (1.67–2.84)
p

OR (95% CI)
1.66 × 10−7

2.07 (1.59–2.7)

According to a prior GWAS study, the rs1052373 located within the MYBPC3 gene
was significantly associated with enhanced endurance performance among elite athletes
in different athlete cohorts (p = 1.43 × 10−8, odds ratio 2.2) [2]. This suggests that indi-
viduals who possess a specific variant of this SNP may have an increased likelihood of
being endurance athletes. Certainly, a previous investigation discovered a correlation
between this specific SNP and heightened aerobic capacity among endurance athletes. This
implies that rs1052373 could potentially impact the body’s capacity to efficiently transport
and use oxygen during physical activity—a pivotal element in determining endurance
performance [44].

At the protein level, this SNP results in an amino acid change at the 236 position,
where a serine (S) has been substituted by a glycine (G) residue (S236G). ClinVar indicates a
benign phenotype for this variant. Whether this SNP is causing a mild and not pathological
hypertrophy that provided athletes with added advantage needs further investigation to
explore the molecular mechanism, if this is the case.

While the exact mechanism is unclear, it is possible that MYBPC3 gene polymorphisms,
including SNP rs1052373, may affect cardiac function and remodeling in elite athletes.
Accordingly, further research is needed to fully understand the relationship between
MYBPC3 gene polymorphisms and cardiac function and remodeling in elite athletes.

Indeed, prior research has indicated that athletes’ performance may be associated
with changes in their metabolic profile, depending on the physical activity [37]. An in-
depth examination through a GWAS study unveiled a multitude of SNPs related to higher
endurance, and these were found to be associated with specific metabolites [2].

Another study discovered that the genetic variation rs1052373 was associated with
higher levels of the testosterone precursor androstenediol disulfate. It implies that such
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genetic variation could affect the process of steroid metabolism, potentially influencing
both muscle development and endurance performance. Consequently, endurance athletes
often have higher aerobic capacity and exhibit a different steroid metabolism than non-
athletes [2].

As the relationship between sports activity and an athlete’s cardiac physiology and
function remains unclear, we hypothesize that the SNP may have a secondary effect on
cardiac function through some metabolites, which are produced under the control of
MYBPC3 and related SNP.

Prior research demonstrated that the hearts of endurance athletes show some adapta-
tions to intense training [37]. These adaptations, however, may be linked to an increased
risk of cardiovascular disease. Indeed, a recent study found that endurance athletes with
high cardiovascular demands (higher blood pressure and stroke volume) have a metabolic
signature that indicates a higher risk of cardiovascular disease.

6. MYBPC3 SNP-Associated Metabolites

During or after exercise or training, the athlete’s body produces small molecules
called metabolites through metabolic processes. The metabolomics approach can offer an
investigation of metabolites potentially associated with adaptive heart remodeling due to
exercise in comparison to patients with cardiovascular diseases (CVD), including HCM.
The analysis of metabolites present in various biological samples, such as urine, blood, and
saliva, helps scientists gain insights into the metabolic changes occurring in response to
exercise and physical activity (Table 3) [45].

Table 3. Metabolic changes associated with endurance exercise [45].

Exercise Findings Reference

Trans Japan Alps race Increase in lipid metabolism and hemolysis. [46]

Endurance exercise (bike)

Significant alterations in metabolites linked to
cellular energy processes.

Induction of metabolites associated with
glycolytic pathways.

[47]

Shuttle runs

Significant upregulation of metabolites
associated with amino acids after exercise.

Downregulation of steroid hormone metabolism
after exercise.

[48]

Endurance and speed
endurance training

Exercise leads to significant changes in
metabolism. Before and after exercise, there is a

rise in lactic acid and glycine levels while the
concentration of creatinine decreases.

[49]

Cardiopulmonary exercise
Reduction in produced metabolites associated
with insulin resistance. Increase in metabolites

linked to lipolysis.
[50]

Outdoor running

Activation of metabolic pathways of amino acid
and fatty acid metabolism.

Mitochondrial and metabolic changes induced
by ATP signaling.

[51]

Prior research confirms that exercise triggers an immediate change in metabolism, af-
fecting pathways linked to cardiometabolic health and cardiovascular disease. Significantly,
alterations in amino acid and lipid metabolism were observed following subacute en-
durance exercise, while modifications in glycolysis, TCA cycle and nucleotide metabolism
occurred following chronic endurance exercise. The reported metabolic pathways are
closely connected. They have interconnected roles in aerobic and anaerobic respiration,
fatty acid oxidation, branched-chain amino acid catabolism, and oxidative stress [45].



J. Cardiovasc. Dev. Dis. 2023, 10, 400 9 of 16

In a previous study, notable metabolic pathways, such as the glutamate pathway,
showed a significant increase, suggesting reduced cardiometabolic risk. Additionally,
changes in the urea cycle were observed due to exercise-induced inflammation.

Furthermore, the study revealed a general reduction in metabolite levels connected to
insulin resistance and cardiovascular risk, accompanied by an increase in those associated
with elevated inflammation [45].

For further understanding of the association of rs1052373 with athletes ‘endurance,
several metabolites were studied to assess their association with the selected SNP. Four
metabolites were suggested to be associated with MYBPC3 expression and potentially
linked to elite athletes’ endurance: quinate, theophylline, decanoyl-carnitine, and ur-
sodeoxycholic acid [37]. Although there may be no direct link between MYBPC3 expression
and these metabolites, SNPs within MYBPC3 can indirectly shape metabolites through
pleiotropy, pathway analysis, linkage disequilibrium proxy, and spatial associations [52].
Elite athletes’ intensive physical training may cause physiological adaptation in the car-
diovascular system, resulting in increased stroke volume and blood pressure to optimize
performance. While exercise has been linked to improved health outcomes, it can also
increase the risk of heart-related conditions like arrhythmias, myocardial infarction, aortic
dissection, and sudden cardiac arrest [4,53]. According to Table 4, theophylline, quinate,
and decanoyl carnitine increase with endurance while decreasing with cardiovascular
disease, but ursodeoxycholate increases with CVD [4,54].

Table 4. List of metabolites potentially associated with the elite athletes’ endurance.

Metabolite rsID SNPpos HapMap
Allele Beta GWAS Server p-Value Reference

Theophylline 10769255 chr11:47367371 C/T 0.0523 5.217 × 10−4 [55]

Urso-deoxycholate rs10838696 chr11:47363285 G/A 0.04233 8.696 × 10−4 [56]

Quinate rs2856650 chr11:47365199 C/T −0.082 2.257 × 10−4 [57]

Decanoyl-carnitine rs11570058 chr11:47369443 C/T −0.0232 6.64 × 10−5 [58]

Understanding the role of these four metabolites in the athlete’s cardiac function led
to a better understanding of their role in the endurance and performance of elite athletes.
Each metabolite’s function is discussed further below.

6.1. Quinate

Quinate is produced by many plants, including fruits, vegetables, and herbal reme-
dies, with coffee and maté being particularly rich dietary sources. Previous research
demonstrated that this metabolite could inhibit inflammatory activation and oxidative
stress in macrophages [17]. The majority of the quinate derivatives inhibited the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, superoxide anion scavenging, and
lipid peroxidation. It also significantly inhibited lipid peroxidation [18], and it had sig-
nificant inhibitory activity against the hepatitis B virus DNA (HBV-DNA) replication in
HepG2.2.15 cells [19]. Quinate is also a pharmacodynamic marker involved in the pre-
vention of heart failure, in addition to its antiviral effect in vitro [16]. The antioxidant
properties may protect against many diseases, such as diabetes, cardiovascular diseases,
inflammation, pulmonary diseases, or aging [38]. This metabolite is used to treat muscle
cramps that occur during exercise in athletes. High levels of quinine were found in soccer
players. It inhibits nerve stimulation by decreasing the excitability of the motor end plate
and increasing the refractory period of skeletal muscular contraction [59,60].

6.2. Theophylline

Theophylline occurs naturally in tea and cocoa beans in trace amounts. It is metabo-
lized by the cytochrome P450 enzymes. It is used as a treatment for asthma and chronic
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obstructive pulmonary disease (COPD) (positive cardiovascular actions). Theophylline is
known to relax the smooth muscles in the bronchial airways and pulmonary blood vessels.
It reduces pulmonary artery pressures and pulmonary vascular resistance, in addition to
increasing both right and left ventricular ejection fractions [59]. This metabolite exerts these
effects through different mechanisms. Firstly, theophylline acts as a competitive nonse-
lective phosphodiesterase inhibitor (inhibiting type III and type IV phosphodiesterase),
reducing inflammation [60]. It does increase the release of interleukin 10 (IL-10), which is
known for its broad spectrum of anti-inflammatory effects by inhibiting phosphodiesterase
(PDE) [61]. This latter resulted in the inhibition of cyclic AMP enzymatic degradation
by PDE, which increased the heart rate as well as the force of contraction and rate of
relaxation. These latter are critical components of the response required for the heart to
increase its stroke volume when the heart rate is increased. Secondly, theophylline also acts
as a nonselective adenosine receptor antagonist, acting on A1, A2, and A3 receptors with
almost the same affinity, which potentially explains its cardiac effects. Adenosine-mediated
channels also increase the contraction force of diaphragmatic muscles by enhancing their
Ca2+ uptake [9]. In addition, theophylline, like caffeine, stimulates diuresis and may have
some metabolic effects, the most notable of which is increased lipolysis via increased lipid
mobilization from adipose tissues, resulting in increased carnitine transport into renal
tissues to form palmitoyl-carnitine groups for subsequent oxidation inside the mitochon-
dria [6]. It may also have an antioxidant effect by inhibiting oxidative stress, which is seen
in the bronchopulmonary inflammation process in asthmatics [5]. Some of theophylline’s
pharmacodynamic actions are similar to those of caffeine. It was discovered to increase
endurance in the same way that caffeine does, explaining its high levels in high-power
athletes. Greer et al. demonstrated that theophylline increased endurance time in a 32 min
exercise [62]. This metabolite, on the other hand, had no direct effect on VO2max, muscle
parameters, or ventilatory parameters. In terms of benefits, theophylline can be used as a
supplement in its pure form but only with prescription.

6.3. Decanoyl-Carnitine

Decanoyl-carnitine belongs to the acyl-carnitines class of compounds. It is, more
specifically, a decanoic acid ester of carnitine. It is assumed that the human body con-
tains over 1000 different types of acyl-carnitines. Decanoyl carnitine was a major plasma
metabolite that distinguished healthy and diabetic men. It is positively correlated with
oxidized low-density lipoprotein cholesterol (LDL), 8-epi-PGF2α, IL-6, and the tumor
necrosis factor (TNF-α) [10]. This metabolite is significantly higher in stroke patients with
a high risk of cardio-embolism than in those with a low or intermediate risk (p = 0.040).
It is associated with high-sensitivity C-reactive protein (CRP) but not with high-density
lipoprotein cholesterol (HDL) [63].

This metabolite is a fatty acid-oxidation intermediate and a marker for incomplete
fatty acid oxidation [64]. According to functional metabolomics, it is a dominant biomarker
during a moderately intense exercise bout capable of promoting fat oxidation. This physio-
logical acylcarnitine production and efflux could have biological benefits in muscle tissue [6].
When the influx of acyl-CoA into mitochondria exceeds the capacity for complete fatty acid
oxidation due to chronic substrate oversupply, acylcarnitine efflux occurs. On the other
hand, the increased availability of “oxidation” substrates is a physiological phenomenon
linked to high lipolytic rates during exercise or starvation, resulting in acute acylcarnitine
efflux into plasma as total esterified carnitines or total long-chain acylcarnitine [6].

Indeed, this metabolite improves fatty acid transport into the mitochondria, making
exercise more productive. The body is unable to convert medium-chain fatty acids into
acetyl-CoA and then to energy via the tricarboxylic acid (TCA) cycle, which is linked to
oxidative phosphorylation in the respiratory chain in the case of some metabolic diseases.
The presence of specific metabolites in the blood, particularly octanoyl- and decanoyl-
carnitine, easily identifies the enzymatic defect. Furthermore, energy deficiency and some
metabolic disorders have underlying pathophysiological mechanisms related to the pro-



J. Cardiovasc. Dev. Dis. 2023, 10, 400 11 of 16

duction of reactive oxygen species (ROS), which have an impact on athletes’ physical
performance. Indeed, metabolomics analysis shows an increase in fatty acid oxidation
products such as acylcarnitine after long-term exercise, as seen in CVD patients. Previ-
ous research discovered that higher levels of decanoyl-carnitine may indicate glycogen
depletion, which is frequently associated with fatigue, implying that glycogen resynthesis
should be a metabolic priority [65,66]. Previous research found that this metabolite was
upregulated in elderly and adult subjects (increased with age) [64]. As a result, carnitine
supplementation may benefit athletes by improving exercise performance. It raises maxi-
mal oxygen consumption while decreasing the respiratory quotient, implying a possible
role in lipid metabolism stimulation. After a long training session, this metabolite could
significantly lower plasma lactate levels. The addition of such a metabolite can reduce the
negative effects of hypoxic training while also accelerating recovery from exercise stress. As
a result, there is evidence that L-carnitine supplementation benefits training, competition,
and recovery from strenuous exercise, as well as regenerative athletics. This metabolite may
be associated with an increased risk of CVD in men, particularly coronary artery disease
and heart failure in general [54]. This explains why this metabolite had a high p-value in
the CVD study compared to the GWAS study.

6.4. Ursodeoxycholic Acid

Bacteria in the intestine produce ursodeoxycholic acid (UDCA). It has a hydroxyl group
in a cyclic chair conformation, making it more stable than its isomer, chenodeoxycholic
acid (CDCA). UDCA is the least toxic bile acid, which is synthesized by dihydroxylation
of the free bile acid CDCA [67]. UDCA is known as a cholesterol-lowering agent and
anti-inflammatory metabolite. As a bile acid, it is reported to have a vasodilator effect.
Thus, it is used for the treatment of patients suffering from coronary heart disease. Indeed,
patients with chronic heart failure have altered ratios of primary and secondary bile
acids, and elevated bile acids have been linked to arrhythmias in adult and fetal hearts.
According to a previous study, UDCA can also protect the heart from taurocholate-induced
arrhythmias [68]. UDCA can also maintain normal intracellular [Ca2+] dynamics against
hypoxic conditions, which are also mediated by Gi-coupled receptors [69,70]. This bile
acid also shows a cardioprotective effect, like dexamethasone, through the alteration in
the bile acid transporter gene’s expression and metabolism [54]. Bile acid concentrations
were found to be significantly lower in athletes compared to sedentary men in the control
group. This difference has been explained by the fact that bile acids in plasma were
found to be negatively correlated with cognitive restraint of eating, implying that their
metabolism undergoes a compensatory adaptation to prevent further overeating after
exercise. Finally, exercise can alter cardiovascular function by lowering heart rate and blood
pressure while increasing maximal myocardial oxygen uptake. It also has an impact on
skeletal and cardiac muscle, blood volume, and several metabolic processes [39]. High-
intensity resistance training increases muscular strength, and new research indicates that
metabolite accumulation plays a role in this process.

Certainly, metabolites can have secondary effects on an athlete’s endurance through
their influence on various physiological processes. These outcomes can shape an athlete’s
performance in several ways. For instance, during training, metabolites actively contribute
to energy production, impacting an athlete’s ability to sustain physical effort.

When accumulated, certain metabolites, such as lactate, could induce muscle fatigue,
ultimately curtailing endurance. Furthermore, metabolites exert control over the transition
between aerobic and anaerobic metabolism during exercise phases to maintain endurance.

In the realm of hormonal regulation, certain metabolites can impact hormonal regula-
tion, including those related to energy metabolism and stress response, which is crucial to
maintaining endurance and good performance for athletes.

However, it is worth noting that some metabolites generated during training have the
potential to incite inflammatory responses. Overbearing inflammation can impede recovery
and hinder an athlete’s participation in subsequent training sessions.
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Physiological adaptation, particularly within muscle, also relies on metabolite pro-
duction to increase mitochondrial function and improve endurance capacity. Additionally,
neuromuscular communication is also under the control of metabolites, underpinning
muscle contraction and streamlined movement, thereby contributing to overall endurance
performance. Metabolites also help keep a balance that reduces stress and keeps cells
working well during exercise.

Given these intricate interactions, understanding how metabolites impact the multi-
faceted aspects of endurance yields can provide deep insights into an athlete’s performance
limitations, recovery requisites, and potential areas for improvement.

Understanding optimal endurance extends beyond athletics, resonating with broader
health and wellness concerns within communities. As such, the goal of this review is to
consolidate current knowledge about endurance-related metabolites in athletes alongside
the genetic variants (SNPs) influencing their production. Environmental factors such as diet
and nutrition should be considered to improve an athlete’s endurance and performance [39].

7. Limitations, Future Work, and Concluding Remarks

MYBPC3 SNP-related metabolites may improve cardiac function by lowering inflam-
mation, oxidative stress, and lipid peroxidation, as well as promoting fatty acid oxidation,
energy metabolism, and maintaining normal intracellular calcium dynamics. This, in turn,
contributes to better endurance and performance in elite athletes. MYBPC3 appears to have
paradoxical effects on the risk of cardiovascular disease. Depending on the other proteins or
genes under its control, each MYBPC3 SNP may have a different effect on cardiac function.

In any case, even if a specific SNP in the MYBPC3 gene is shown to be truly beneficial
for elite endurance and heart function, there are other variants associated with cardiac
pathology. Longitudinal studies to assess changes in the levels of these metabolites over
time and their impact on athletic performance are needed to determine whether the relation-
ship between these metabolites, particularly decanoyl-carnitine and athletic performance,
is causal or merely correlational. Furthermore, experimental studies are being conducted
to investigate the effects of manipulating these metabolites on exercise capacity and other
performance measures. We must also acknowledge the limitations, such as the investigation
of potential confounding factors such as diet, training status, and genetic factors, which
may aid in clarifying the relationship between decanoyl-carnitine and athletic performance
and determining whether the observed association is a direct causal effect or an indirect
association mediated by other factors. We must also demonstrate how the meta-analysis
approach, which included the collection and comparison of metabolomics data, aided in
the identification of the specific effects of these metabolites on athletic performance. To
summarize, we suggest that MYBPC3 SNPs and their associated metabolites may improve
cardiac function and remodeling in elite athletes. However, further investigation is needed
to shed light and delineate this interesting phenomenon.
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