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Abstract: Proteomic and metabolomic research enables quantitation of the molecular profile of
athletes. Multiomic profiling was conducted using plasma samples collected from 18 male athletes
performing aerobic activity (running) at high altitude. Metabolomic profiling detected changes in
the levels of 4-hydroxyproline, methionine, oxaloacetate, and tyrosine during the recovery period.
Furthermore, proteomic profiling revealed changes in expression of proteins contributing to the
function of the immune system, muscle damage, metabolic fitness and performance, as well as
hemostasis. Further research should focus on developing metabolic models to monitor training
intensity and athlete adaptation.
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1. Introduction

Physical activity, amateur, and/or high-performance sports are complex multifactorial
processes involving the biological (interactions of genes, proteins, metabolites, and other
molecules), physiological, psychological (motivation), and environmental components.
Training affects the athlete’s molecular profile, having an impact on gene expression,
epigenetic processes, protein synthesis, energy metabolism, and the metabolome related to
it [1].

Today, the analytical methods used to quantify gene expression as well as the levels of
proteins, lipids, and metabolites in different organs and tissues are available for identifying
different biological molecules. This multiomic profiling is also employed in sports and
allows one to identify biomarkers of stress, recovery, and/or physiological adaptation [2,3].
Thus, the “sports phenotype” depends on a combination of different features and charac-
teristics, and multi-profile omics analysis aiming to detect biomarkers characterized by
an adequate predictive power and statistical reliability needs to be performed to study
it [3–5]. Sports genomics makes it possible to identify talent for sports, optimize and
improve sport results, as well as predict the risk of sports injuries and the recovery pe-
riod [6]. Physical training also affects the proteomic composition of the athlete’s body [7].
Plasma proteins are a promising source of information for studying physical exercise, since
their levels represent the systemic physiological state of a person [8]; levels of circulating
proteins respond to physical exercise [9,10]. Numerous studies have demonstrated that
the proteomic composition of blood plasma changes significantly during high-intensity
physical training [2,11,12]. Thus, Michael Y. Mi et al. [13] identified the peak protein levels
under physical load (brain-derived neurotrophic factor, angiopoietin-like 4, WNT signaling
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modulators, interleukins, apolipoprotein A1, dystroglycan 1, testican-2, kallikrein 8, etc.).
A pool of proteins whose levels changed significantly 1 h after training compared to the
baseline level was detected. The levels of such proteins as phospholipase A2 receptor,
transmembrane glycoprotein, and fibrinogen-like protein 1 were significantly reduced.
It was demonstrated previously that physical training increased renal protein clearance
40-fold [14]; this fact can explain why a decrease in plasma protein level is observed after
physical training.

The variations in protein expression levels detected when studying different samples
over time at different training stages of microcycles and mesocycles as well as during
the recovery period allow one to analyze the individual metabolic pathways involved in
adaptation to physical load in athletes.

Protein degradation fragments can act as indicators of normal or pathological pro-
cesses, which can be used for detecting novel markers or mediators of different body states.
Extracellular matrix remodeling, when the damaged proteins are degraded and replaced
by new ones, is the key process in tissue homeostasis. Cell–matrix interaction during tissue
remodeling is preceded by specific proteolytic activity. Extracellular matrix remodeling is
disturbed in the pathological state, which involves inflammation and fibrosis [15]. Such
an unbalanced extracellular matrix remodeling increases the release of metabolic products
(neoepitopes (a class of peptides bound to the major histocompatibility complex)) into the
systemic blood flow. Tissue damage is accompanied by degradation of endothelial and
epithelial cells, which promotes the supply of inflammatory cells responsible for remod-
eling of the interstitial membrane. Fragments of both the basement membrane and the
interstitial matrix formed during this process can potentially play a signaling role, thus
stimulating wound healing or fibrosis initiation. Type IV collagen, laminin, and nidogen
are the main components of the basement membrane matrix, whereas the interstitial matrix
predominantly consists of type I and III collagen [16].

Contemporary metabolomics enables identification of novel predictors and biomark-
ers in the field of sports medicine, including for creating personalized recommendations
for athletes’ workout sessions [17]. Metabolites are end products of complex interactions
occurring inside the cell (at the genomic, transcriptomic, and proteomic levels) and during
extracellular events (the environment). The interplay between the genes and the environ-
ment can be assessed by comprehensive analysis of the metabolite composition.

Genome-wide association studies enable detection of proteins (a quantitative signa-
ture) involved in regulation of a certain metabolic pathway [18]. Identification of novel
quantitative signatures in athletes exposed to external factors (diets and high-intensity
training) is required for discovering new biomarkers associated with physical exercise
and performance.

Thus, elevation in the tyrosine level can be associated with energy requirements
(fueling the TCA cycle). In addition, tyrosine can also be an indicator of exercise-induced
adaptation and increased physical activity [19].

Due to the availability of blood samples for different tests, plasma or serum samples
are ideal candidates for biomarker identification. Other bodily fluids such as cerebrospinal
or synovial fluids as well as tissue bioptates may contain other proteins; therefore, investiga-
tion of these fluids is more illustrative in some aspects, but sample collection manipulations
are associated with greater limitations: invasiveness, risk of injuries, and other undesirable
sequelae. Urine is a biological material collected non-invasively but is the least illustrative.
As an alternative bodily fluid, sweat also has a number of limitations (dependence of sweat
composition on environmental factors, small volume, etc.) [20]. Collecting saliva samples is
a non-invasive procedure and causes less discomfort in patients; however, protein concen-
tration in saliva can be 1000-fold lower than that in plasma, thus leading to technological
difficulties for diagnosis [21]. Hence, blood derivatives are also preferred because the
dynamic range of the content of plasma proteins is more than 11 orders of magnitude [22].

The advances in proteomics and metabolomics have offered a unique opportunity
to supplement the recently obtained genomic and transcriptomic data [23]. In sports
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science, proteomics and metabolomics enable quantitation of proteins and metabolites
in professional athletes to identify selective biomarkers of their health [24]. Proteomic
and metabolomic studies have identified a number of functional proteins and metabolic
pathways varying for different types of physical loads and different athletic disciplines.
A number of candidate biomarkers differentiating the functioning of skeletal and cardiac
muscles have been identified [25]. In addition to energy processes (glycolysis, lipolysis, and
amino acid catabolism), metabolomic studies of professional athletes have identified specific
metabolic signatures related to steroid biosynthesis and glutathione metabolism [25]. These
signatures can serve as candidate biomarkers of grueling training that professional athletes
undertake to improve exercise performance, prevent fatigue-related injuries, and enhance
overall health and performance. Changes in these metabolic pathways can also become
priceless tools for anti-doping research related to the Athlete Biological Passport, either in
combination with other tests or as a standalone test.

The omics data can be used to elaborate optimal personalized training programs for
athletes [26]. The results of multiomics research can also be employed to assess fatigue
and fitness for training. However, a large sample size is needed for integrating the data
from multiple omics approaches and large datasets are obtained, requiring bioinformatics
expertise. For this work, there should be collaborative efforts of several research teams that
employ common procedures and experimental protocols for conducting multicenter studies
aiming to assess physical activity and general lifestyle in order to collect the necessary
functional and molecular data to further elucidate the mechanisms responsible for the
adaptive response to different training regimens. Such an approach is already being imple-
mented by the Molecular Transducers of Physical Activity Consortium (MoTrPAC) [27].
Hence, the knowledge gained from these large-scale projects will provide information to
researchers and health professionals that they can use to develop personalized training pro-
tocols aiming to maximize athletes’ performance based on the identified unique molecular
signatures.

Furthermore, for any procedure for athlete selection and orientation, there is its own
optimal time for application as part of long-term athletic development (Table 1).

Table 1. Molecular research methods that can be used at different stages of athlete selection and
orientation.

Stages Stage Objectives [28] Methods

Primary stage Elucidating whether mastering in a particular
sport is reasonable.

Genomic methods (analysis of the markers of
sports aptitude and developing occupational
diseases).

Preliminary stage
Finding out whether a person has the potential
to efficiently master a sport. Choosing a sports
specialization.

Genomic (determining the potential of
developing physical qualities, identifying the
strengths and weaknesses of one’s body) and
epigenomic methods.

Intermediate stage
Finding out whether a person has the potential of
showing high sports performance and enduring
strenuous training and competition load.

Pharmacogenomic, nutrigenomic, metagenomic,
and standard biochemical methods; analysis of
circulating DNA.

Main stage

Finding out whether a person has the potential
to achieve international-level results. Elaborating
the strategy and approaches to training and
competitive activity.

Transcriptomic, proteomic, metabolomic, and
standard biochemical methods.

Final stage

Finding out whether a person can maintain and
improve the results achieved. Elucidating on
whether it is reasonable to continue the
athletic career.

Measuring telomere length and telomerase
activity; transcriptomic, proteomic, metabolomic,
and standard biochemical methods.
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Many types of sports induce hypoxia in athletes; some of them are accompanied by
significant hypoxemia in the body, with oxygen levels being replenished only during the
recovery period.

Exercise-induced hypoxia is accompanied by a number of characteristic signs: hypox-
emia and oxygen “debt”, decreased oxygen tension in muscle tissue and mixed venous
oxygen saturation, accumulation of underoxidized metabolic products in the blood, pH
shift and acid–base imbalance, or increased excessive carbon dioxide production together
with oxygen consumption rate in tissues increasing manifold. Exercise-induced hypoxia
results from a discrepancy between the increasing cellular oxygen demand and the current
oxygen consumption by working muscles. The hypoxic state primarily manifests itself at
the cellular level and is inevitable at the beginning of any muscular work, as well as when
power output suddenly increases during any athletic exercise, which is accompanied by
rising oxygen demand and a higher rate of oxygen supply to working muscles.

It is known that altitude training can improve convective oxygen transport and fitness
in athletes [29]. In combination with physical load, hypoxia induces specific responses not
observed after identical normoxic training [30]. Hypoxic training is also used to increase the
overall metabolic stress, thus providing benefits beyond those achievable under normoxic
training conditions [30].

In this study, we assessed the changes in the content of biomolecules in athletes’
plasma at several time points (sampling times) at the metabolomic and proteomic levels
caused by physical activity. The main changes were detected at the level of the immune
system, muscle damage, hemostasis, metabolic fitness, and performance.

2. Materials and Methods
2.1. Study Participants

Eighteen male athletes performing aerobic exercise (running) at high altitude (h = 3400 m)
were included in the study. The mean age of the study participants was 30.67 ± 4.69 years;
BMI was 25.13 ± 1.97 kg/m2.

Table 2 lists the anthropometric characteristics of each study participant.

Table 2. Anthropometric characteristics of the study participants.

Sample No. # Age (years) Weight (kg) Height (cm) BMI (kg/m2)

1 37 81 176 26.1
2 31 74 172 25
3 24 69 175 22.5
4 30 87 175 28.4
5 28 76 179 23.8
6 24 80 178 25.2
7 30 74 177 23.6
8 31 73 172 24.7
9 33 91 187 26
10 37 86 186 24.9
11 30 99 193 26.6
12 33 95 182 28.7
13 31 81 176 26.1
14 29 87 187 24.9
15 40 74 172 25
16 35 81 176 26.1
17 25 89 190 24.7
18 24 61 174 20.1

#: The sample number.

Exercise duration was 6 h. Plasma samples were collected at five time points (Figure 1):
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Figure 1. Conditions for collecting biological samples from athletes participating in the study.

The functional characteristics of the study participants are presented in Table 3.

Table 3. Functional indicators of the study participants.

Indicators Units Mean (SD)

VO2 max mL/min/kg 51 [47.5–54.4]
RR amp 54.9 [48.4–61.4]

Resting heart rate bpm 190 [185–195]
RER relative units 1.11 [1.09–1.14]

Aerobic threshold

VO2 mL/min 29.5 [26.6–32.5]
VE L/min 60.3 [51.5–69.1]

Heart rate bpm 129.2 [119–138]

Aanaerobic threshold

VO2 mL/min 48.1 [45.2–50.9]
VE L/min 125.6 [117.4–133.8]

Heart rate bpm 179 [174–184]
Abbreviations: amp—actions per minute; bpm—beats per minute; RER—respiratory exchange ratio,
RR—respiratory rate; RQ—respiratory quotient; VE—respiratory minute volume; VO2—oxygen consumption.

The inclusion criteria were as follows:

- Professional climbers with experience in climbing seven thousand meters and above;
- Age from 24 to 40 years old;
- Male gender;
- Members of the Russian triathlon team;
- Study participants who do not live at high altitudes or have no experience at high

altitudes;
- A minimum of 15 years of sports experience;
- Availability of access to training and competitive activities according to an in-depth

medical examination.

The exclusion criteria were as follows:

- Females;
- Age below 20 and above 40 years;
- Acute disease and exacerbation of chronic disease at the time of examination;
- Contraindications to stress testing under hypoxic environmental conditions;
- The use of certain pharmacological drugs whose effects may be altered at altitude;
- Lack of willingness of the athlete to comply with study protocols and provide the

necessary data.

All the participants were informed of the risks and discomforts associated with the
investigation and signed a written consent form to participate. The study was approved by
the Board for Ethical Questions at the A.I. Burnazyan State Research Center of the Federal
Medical Biological Agency of Russia (Protocol No. 40 dated 18 November 2020).
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2.2. Training Load Conditions

Training was performed in the morning 1.5 h after breakfast. The study was conducted
during summer at an air temperature of 12–18 ◦C. The heart rate was controlled using a
Polar H10 chest strap heart rate monitor (Polar Electro, Kempele, Finland). The athletes
were performing exercise in the aerobic heart rate zone (70–80% of the maximum heart rate)
along the entire distance (10 km). The mean speed of all the athletes was 16.25 ± 3.12 km/hr.
The difference in altitude along the entire distance was <80 m.

2.3. Blood Sample Collection

Blood samples were collected from study participants strictly after fasting using the
routine procedure from 8 a.m. to 10 a.m. in the clinical diagnostic laboratory of the A.I.
Burnazyan State Research Center, Federal Medical Biological Agency of Russia.

For metabolomic and proteomic analyses, blood samples were collected from the
cubital vein in vacutainer tubes containing 3.8% sodium citrate anticoagulant (IMPROVA-
CUTER, Guangzhou Improve Medical Instruments Co., Ltd., Guangzhou, China). The
samples were centrifuged at 3000 rpm for 6 min at room temperature. Each plasma sample
(500 µL) was finally collected in two dry Eppendorf-type polypropylene test tubes, frozen,
and stored at −80 ◦C prior to the analysis.

Vacutainer tubes containing K2EDTA as an anticoagulant were used for the blood
biochemistry test. The biomaterial in the vacutainer was centrifuged at 3500 rpm; the
supernatant was then transferred into preliminarily labeled polypropylene tubes. For
quantitative analysis, plasma samples were frozen at a temperature ≤ −20 ◦C.

For the hematology test, we used a capillary blood collection system, with three 200 µL
capillaries and the following anticoagulants: lithium heparin and ethylenediaminete-
traacetic acid. The first drop of blood was discarded into a special biocontainer, and the
remaining biomaterial was centrifuged at 3500× g no later than 2 h after blood sampling.

2.4. Preliminary Preparation of Blood Plasma for HPLC-MS/MS Analysis

Preliminary preparation of blood plasma for proteomic analysis was thoroughly de-
scribed in [31]. Briefly, the protein fraction was precipitated with methanol (JT Baker,
Landsmeer, the Netherlands). Alkylation was performed in the presence of 2% 4-vinylpyridine
solution (Aldrich, Gillingham, UK) in 30% isopropanol solution (Fisher Chemical, Laugh-
borough, UK). Trypsinolysis (~800 ng of trypsin/sample, Promega, Madison, WI, USA)
involved two stages and was conducted in 75 mM solution of triethylammonium bicar-
bonate (pH 8.2). To be stored, the tryptic mixtures were vacuum dried (Concentrator Plus,
Eppendorf, Hamburg, Germany). Before mass spectroscopy measurements, dry residue
was redissolved with 0.1% formic acid (Acros Organics, Geel, Belgium).

The procedure for preliminary plasma preparation for metabolomic analysis was thor-
oughly described in [31]. Qualitative analysis of 40 endogenic metabolites was performed.
The A9906 amino acid standard was used (Sigma, Saint Louis, MO, USA).

2.5. Mass Spectrometric Analysis
2.5.1. Proteomic Analysis

Analysis was performed on a Xevo™ G2-XS Q-tof quadrupole time-of-flight mass
spectrometer (Waters, Wilmslow, UK) coupled to an Acquity™ UPLC H Class Plus chro-
matography system (Waters, Wilmslow, UK). The analysis was carried out in the mode
of positive electrostatic ionization in the high-sensitivity regimen of the mass analyzer
with the normal dynamic range of mass registration. The emitter voltage was 3 kV, the
drying gas velocity was 680 L/min, the focusing gas velocity was 50 L/min, the ioniza-
tion source temperature was 150 ◦C, and the desolvation temperature was 350 ◦C. The
focusing cone voltage was 67 V with a bias of up to 130 V. The ions were recorded in the
hybrid information-independent (DIA) MSE-SONAR mode. The primary information-
independent (DIA) MS scan was obtained in the range of 100–1500 m/z, followed by
scanning in the SONAR mode with quadrupole mass isolation in the range of 400 m/z to
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1100 m/z with an isolation width of 22 Da. The total time for one complete scan cycle was
set at 0.418 s. Fragmentation was performed in the two-phase mode: phase 1—low-energy
CID fragmentation with argon at 6 eV; phase 2—high-energy graded CID fragmentation
with argon in the range of 15 to 37 eV. During the assay, active mass correction m/z = 556.27
with low activation energy (9 eV) according to the leucine–enkephalin standard (50 pg/mL
in 50% acetonitrile with 0.1% formic acid) was used with injection at a speed of 5 µL/min
for 30 ms into the ionization source at intervals of 45 s and with isolation within 200 mDa.

Chromatographic separation was performed on an Acquity™ UPLC BEHC18 column
(1.7 µm particle size, geometry 2.1 × 50 mm; Waters, Wilmslow, UK) at a flow rate of
0.2–0.3 mL/min and constant incubation of phase A (aqueous solution of 0.1% formic
acid and 0.03% acetic acid) and phase B (solution of 0.1% formic acid and 0.03% acetic
acid in acetonitrile) at 40 ◦C with the following elution scheme: 0–1.5 min—3% B, up to
26.5 min—19% B, up to 42 min—32% B, and up to 43.5 min—97% B, which was held in the
isocratic mode up to 47.5 min with a decrease of up to 3% B until the 49th minute and then
held in the isocratic mode up to 53 min. The flow rate in the interval of 43.5–47.5 min was
0.3 mL/min; in all the other cases it was 0.2 mL/min.

The data obtained were analyzed in the PLGS (Protein Lynx Global Server, version
3.0.3, Waters, Wilmslow, UK) software using the UniProt KB database (version dated March
2021) with preset parameters for the SONAR/MSE scanning mode and preset correction
for the calibration mass [31].

2.5.2. Metabolomic Analysis

Data acquisition was performed using a high-resolution quadrupole time-of-flight
(Q-TOF) Xevo G2-XS mass spectrometer (Waters, Inc., Wilmslow, UK) equipped with a
Z-spray ionization source coupled with a UPLC Acquity H Class system (Waters, Inc.,
Wilmslow, UK). Details of instrumental analysis are available in [31].

2.6. Blood Chemistry and Hematology Tests

The tests were conducted using a Cobas 6000 modular platform (Roche Diagnostics,
Darmstadt, Germany). Table 4 describes the serum biomarkers.

Table 4. Biochemical parameters of venous blood and their reference values.

Parameter Reference Values Unit of Measure

Total protein 66–87 g/L
Albumin 39.7–49.4 g/L

Creatinine 62–106 µmol/L
Urea 2.76–8.07 mmol/L

Uric acid 202–416 mmol/L
Triglycerides 0.4–1.7 mmol/L

Total cholesterol 3.9–5.2 mmol/L
High-density lipoprotein cholesterol 0.9–1.45 mmol/L
Low-density lipoprotein cholesterol 0.26–2.6 mmol/L

Total bilirubin 5–21 µmol/L
Direct bilirubin 0–5.1 µmol/L

Alanine aminotransferase (ALT) 5–41 U/L
Aspartate aminotransferase (AST) 5–40 U/L

Creatine kinase (CK) 7–190 U/L
Creatine kinase—MB (CK-MB) 3–25 U/L
Lactate dehydrogenase (LDH) 135–225 U/L

Gamma GT (GGT) 10–60 U/L
Alkaline phosphatase (ALP) 35–130 U/L

Lactate 0.5–2.2 mmol/L
Amylase 28–100 U/L
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Table 4. Cont.

Parameter Reference Values Unit of Measure

Total calcium 2.1–2.6 mmol/L
Phosphorus 0.81–1.45 mmol/L
Magnesium 0.66–1.07 mmol/L

Iron 5.83–34.5 µmol/L
Acid phosphatase 0.5–6.6 U/L

Somatotropic hormone (STH) 0.03–2.47 ng/mL
Total testosterone 8.64–29 nmol/L

Cortisol 171–536 nmol/L
Thyrotropic hormone (TSH) 0.27–4.2 µME/mL

Free thyroxine (free T4) 12–22 pmol/L
Myoglobin 23–72 µg/L

2.7. Statistical Analysis

For more stringent analysis, we narrowed the original proteomics dataset illustrated
in the UpSet plot using the R package UpSetR (version 1.4.0) [32] with a sequence of the
following steps: (a) Missing quantitative values for the identified protein were imputed
with the minimal value found for this protein, (b) proteins that were detected in less than
three patients at each time point were removed, (c) proteins that were detected in less
than two time points for each patient were removed, and, (d) finally, the missing values
of the protein matrix were imputed with the minimal value for the corresponding protein.
Protein fold change (FC) was calculated as the median ratio between the protein level
(ng on column) after physical load (stress) and the baseline. Proteins for which the ratio
was between the maximal and minimal median values in a time series were regarded as
differentially expressed proteins (DEPs).

For the metabolomics data, as well as blood biochemistry and hematology test data, the
p-value between groups was calculated by pairwise t-test followed by Bonferroni correction
using the rstatix R package (version 0.7.2). Adjusted p-values < 0.05 were regarded as
significant.

3. Results
3.1. Proteome Analysis

We analyzed the HPLC-MS/MS data obtained for plasma samples from 18 athletes
at five time points (see Section 2.1. Study Participants). Proteins common to all five
observation time points comprised a significant fraction of the total proteome (n = 146).
Ninety-nine unique proteins were identified before exercise (sampling time 1), 117 proteins
were identified 30 min after exercise (sampling time 2), 73 proteins were identified 7 days
after exercise (sampling time 3), 51 proteins were identified 14 days after exercise (sampling
time 4), and 40 proteins were identified 21 days after exercise (sampling time 5) (Figure 2).

Among the identified proteins common for all sampling times, we eventually selected
16 proteins, whose changes in level differed statistically significantly with respect to the
first observation time point (i.e., before exercise) (Table 5).

Among the differentially expressed proteins, different isoforms of immunoglobulin
light and heavy chains constituted a large group. One can see in Table 5 that there are
multi-directional dynamics of protein level variation in the analyzed biological samples.

Thus, 30 min after the exercises (sampling time 2), the levels of proteins involved in the
adaptive immunity either did not change or demonstrated multidirectional changes. The
levels of proteins involved in homeostasis and inflammation (prothrombin, haptoglobin,
hemoglobin subunit beta, and serum amyloid A-4 protein) decreased; the level of acute-
phase protein alpha-1-acid glycoprotein 1, which participates in modulation of immune
response, increased (Figure 3b,c).
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Figure 2. Size of the proteome of the study participants and the number of proteins specific to each
biomaterial sampling time.

Table 5. Differentially expressed proteins significantly differing between the comparison groups in
terms of their level before physical activity was started (|FC| > 2, p < 0.05).

UniProt ID Protein Name
Sampling Time 2 Sampling Time 3 Sampling Time 4 Sampling Time 5 Biological

Process

FC Log FC FC Log FC FC Log FC FC Log FC

B9A064 Ig lambda-like
polypeptide 5 0.91 −0.12 0.92 −0.11 0.28 −1.78 0.47 −1.06 Adaptive

immunity

P00734 Prothrombin 0.75 −0.41 0.47 −1.08 0.47 −1.08 0.47 −1.08 Homeostasis

P00738 Haptoglobin 0.77 −0.36 0.64 −0.62 0.14 −2.83 0.24 −2.05
An acute

inflammatory
response

P01700 Ig lambda
variable 1–47 1.22 0.29 0.87 −0.19 0.54 −0.88 0.54 −0.88 Adaptive

immunity

P01780 Ig heavy
variable 3–7 0.74 −0.42 1.01 0.02 0.22 −2.13 0.18 −2.45 Adaptive

immunity

P01825 Ig heavy
variable 4–59 0.69 −0.52 0.60 −0.71 0.46 −1.10 0.46 −1.10 Adaptive

immunity

P01859 Ig heavy constant
gamma 2 0.90 −0.14 1.01 0.02 0.35 −1.48 0.57 −0.78 Adaptive

immunity

P01860 Ig heavy constant
gamma 3 0.93 −0.10 0.67 −0.56 0.35 −1.48 0.43 −1.20 Adaptive

immunity

P01861 Ig heavy constant
gamma 4 1.01 0.02 0.93 −0.09 0.33 −1.56 0.42 −1.24 Adaptive

immunity
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Table 5. Cont.

UniProt ID Protein Name
Sampling Time 2 Sampling Time 3 Sampling Time 4 Sampling Time 5 Biological

Process

FC Log FC FC Log FC FC Log FC FC Log FC

P01876 Ig heavy constant
alpha 1 0.83 −0.26 0.74 −0.43 0.55 −0.84 0.46 −1.10 Adaptive

immunity

P01877 Ig heavy constant
alpha 2 0.85 −0.22 1.03 0.05 0.41 −1.25 0.66 −0.58 Adaptive

immunity

P02763 Alpha-1-acid
glycoprotein 1 1.37 0.46 0.54 −0.86 0.60 −0.72 0.99 −0.00

An acute
inflammatory

response

P04433 Ig kappa
variable 3–11 0.96 −0.45 0.80 −0.31 0.43 −1.20 0.51 −0.95 Adaptive

immunity

P0DOY3 Ig lambda
constant 3 0.91 −0.12 0.92 −0.11 0.50 −0.97 0.47 −1.06 Adaptive

immunity

P35542 Serum amyloid
A-4 protein 0.62 −0.67 0.43 −1.19 0.43 −1.19 0.43 −0.19

An acute
inflammatory

response

P68871 Hemoglobin
subunit beta 0.90 −0.14 2.5 1.32 0.81 −0.29 0.84 −0.24 Oxygen

transport

Seven days (sampling time 3) after the exercises, concentrations of Ig lambda-like
polypeptide 5 and Ig lambda constant 3 remained unchanged. The levels of proteins Ig
heavy variable 3–7, Ig heavy constant gamma 2, and Ig heavy constant alpha 2 increased,
while the level of Ig lambda variable 1–47 decreased and returned to the baseline (sampling
time 1). The levels of Ig heavy variable 4–59, Ig heavy constant gamma 3, Ig heavy constant
alpha 1, and Ig kappa variable 3–11 continued to decrease; the level of Ig heavy constant
gamma 4 decreased slightly (Figure 3a). Concentrations of prothrombin, haptoglobin,
and serum amyloid A-4 protein continued to decrease, while the level of alpha-1-acid
glycoprotein 1 returned to the baseline values and the level of hemoglobin subunit beta
increased (Figure 3b,c).

On day 14 of the recovery period (sampling time 4), the levels of Ig lambda-like
polypeptide 5, Ig lambda variable 1–47, Ig heavy variable 4–59, Ig heavy constant gamma
2, and Ig heavy variable 3–7 decreased; the levels of Ig heavy constant gamma 3 and 4, Ig
heavy constant alpha 1 and 2, Ig kappa variable 3–11, and Ig lambda constant 3 continued
to decrease (Figure 3a). Concentrations of prothrombin and serum amyloid A-4 protein
remained unchanged. The concentration of haptoglobin and alpha-1-acid glycoprotein 1
continued to decrease; the level of hemoglobin subunit beta returned to that observed on
day 7 of the recovery period (sampling time 3) (Figure 3b,c).

By day 21 of the recovery period (sampling time 5), the levels of Ig heavy variable 3–7
and Ig lambda constant 3 had decreased slightly, and the concentration of Ig heavy constant
alpha 1 continued to decline. Meanwhile, the levels of Ig lambda-like polypeptide 5, Ig
heavy constant gamma 2, Ig heavy constant alpha 2, and Ig kappa variable 3–11 increased
and the levels of Ig heavy constant gamma 3 and 4 tended to rise. The levels of Ig lambda
variable 1–47 and Ig heavy variable 4–59 remained unchanged (Figure 3a).

The levels of prothrombin, serum amyloid A-4 protein, and alpha-1-acid glycoprotein
1 remained unchanged. The levels of hemoglobin subunit beta and haptoglobin increased
(Figure 3b,c).

Proteomic analysis revealed that the frequency of protein occurrence decreased as the
athletes recovered (Figure 4).

Figure 4 demonstrates that the frequency of differentially expressed proteins (DEPs)
tended to decline during the recovery period after physical load.
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Figure 3. Variations in the levels of statistically significant proteins at sampling times 1–5, where
(1) is the state before exercise was started, (2) is 30 min after exercise, (3) is 7 days after exercise, (4) is
14 days after exercise, and (5) is 21 days after exercise. (a) Changes in proteins associated with the
adaptive immunity; (b) changes in inflammation-associated proteins; and (c) changes in proteins
associated with homeostasis and oxygen transport. IGLL5—Ig lambda-like polypeptide 5; IGHG2—Ig
heavy constant gamma 2; IGHG3—Ig heavy constant gamma 3; IGHG4—Ig heavy constant gamma
4; IGHA1—Ig heavy constant alpha 1; IGLC3—Ig lambda constant 3; IGHA2—Ig heavy constant
alpha 2; IGHV3-7—Ig heavy variable 3–7; IGHV4-59—Ig heavy variable 4–59; IGKV3-11—Ig kappa
variable 3–11; IGLV1-47—Ig lambda variable 1–47; AGP—alpha-1-acid glycoprotein 1; SAA4—serum
amyloid A-4 protein; and HBB—hemoglobin subunit beta.
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3.2. Metabolomic Analysis

The metabolomic analysis revealed 22 metabolites (Figure S1); statistically significant
variations in their levels were detected for four metabolites: 4-hydroxyproline, methionine,
oxaloacetate, and tyrosine (Figure 5).
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Figure 5. The dynamics of statistically significant variations in the levels of endogenous metabolites
of the athletes throughout the entire study: (1) before exercise, (2) 30 min after exercise, (3) 7 days
after exercise, (4) 14 days after exercise, and (5) 21 days after exercise. OH-P—4-hydroxyproline.

Figure 5 demonstrates that oxaloacetate level increased (~40%) during the recovery
period (21 days after exercise) with respect to the pre-exercise level. An elevated methionine
level was observed 7 days after exercise (↑~20%) and in the recovery period compared to
that 30 min after exercise (↑~30%). Tyrosine level increased ~9% on day 21 after exercise
with respect to that 30 min after exercise. Furthermore, the 4-hydroxyproline level was
increased by 35–40% in athletes during the recovery period compared to that at sampling
time 2 (30 min after exercise) and sampling time 4 (14 days after exercise).

3.3. Analysis of Blood Biochemistry Parameters

Analysis of blood biochemistry parameters revealed elevated enzyme levels: by 40–
50% for creatine kinases and by 14% for aspartate aminotransferase; by day 21 after exercise,
the level of lactate dehydrogenase had increased by 20% with respect to the pre-exercise
level and by 12% with respect to that observed on day 14 after exercise. Albumin and total
protein levels also rose (by ~5% and 1–3%, respectively). Myoglobin level increased by ~30%
30 min after load, decreased by day 14 of the recovery period (~50%), and further increased
(~40%) by day 21 of the experiment. The somatotropin level rose almost fourfold 30 min
after exercise and then returned to the baseline by day 7 (Figure 6, protein molecules).

Statistically significant changes in the levels of some metabolites were also identified.
The creatinine level decreased by day 7 after exercise; on day 14 (the recovery period),
creatinine level was reduced by ~7% with respect to the baseline level and the level
recorded 30 min after exercise. By day 21 of the experiment, the baseline level tended to be
restored, although this increase was not statistically significant. Uric acid concentration
(↑~20%) increased as soon as after 30 min after exercise and then decreased by day 7 of the
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experiment. On day 21 of the recovery period, the uric acid level almost coincided with the
baseline values (Figure 6, metabolites).
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Figure 6. The dynamics of statistically significant variations in blood biochemistry parameters in the
athletes throughout the entire study. ACT—aspartate aminotransferase; ALB—albumin; Ca—calcium;
CK—creatine kinase; Cre—creatinine; HGH—human growth hormone; LDH—lactate dehydrogenase;
MYO—myoglobin; P—phosphorus; TP—total protein; UA—uric acid. Sampling time: (1) athletes’
condition before exercise was started, (2) 30 min after exercise, (3) 7 days after exercise, (4) 14 days
after exercise, and (5) 21 days after exercise. Symbol * – p < 0.05; ** – p < 0.01; *** – p < 0.001.

Among microelements, statistically significant variations in calcium and phosphorus
levels were observed: increased calcium level was detected 30 min after exercise, but this
change was not statistically significant (p = 0.075). Calcium concentration was significantly
reduced on days 7, 14, and 21 after exercise with respect to its level 30 min after load (by
3%, 5%, and 3%, respectively). Phosphorus level rose gradually throughout the entire study
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and increased during the recovery period (on day 21 after load) by 14% with respect to the
baseline (Figure 6, microelements).

3.4. Analysis of Complete Blood Count Parameters

The results of a complete blood count test were also analyzed in this study. The
relative lymphocyte count 30 min after exercise (sampling time 2) was reduced (~35%)
and subsequently increased by ~30% on days 7, 14, and 21 after exercise with respect to
sampling time 2.

A similar pattern was observed for eosinophils and monocytes; the magnitude of
variation was approximately 70% and 40%, respectively.

An opposite trend was found for white blood cells and neutrophils: Their levels
increased 30 min after exercise (sampling time 2) and decreased on days 7, 14, and 21 after
exercise with respect to sampling time 2.

Statistically significant variations in basophile level were observed on day 7 after
exercise (sampling time 3) with respect to sampling time 2: The relative basophile count
increased by ~40%.

The average concentration of hemoglobin in the erythrocyte increased 30 min after
exercise; by day 21 of the recovery period, its level had decreased.

3.5. Individual Variations in Adaptation to Load under Hypoxic Conditions

Variations in individual response of the athletes’ bodies are observed for different
training strategies, including altitude training; these variations are related to physiological
and biochemical changes (red blood cell count, hemoglobin level, changes in cardiac output,
the lactate threshold, heart rate response, etc.) and endurance [33].

Several factors associated with individual response to hypoxic training have been
identified. However, research is still ongoing into the methods for identifying athletes who
are most likely to benefit from hypoxic training. Physiological variations observed during
hypoxic training are probably associated with genetic variations [34].

If we focus on the response of athletes’ bodies to physical load at different sampling
times in this study, the individual pattern of adaptive response will also be observed
(Figure 7).
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Figure 7. Individual response of the bodies of seven athletes participating in this study to physical
load using changes in the levels of aspartate aminotransferase (a), myoglobin (b), and white blood
cell count (c) under the given experimental conditions as an example.

Although AST level in the total sample tended to increase by day 21, Figure 7 shows
that athletes one and seven had reduced AST levels. A similar pattern was also observed
for athletes one and seven in terms of myoglobin levels. The total white blood cell count
declined by day 21 of the recovery period (p = 1.80 × 10−3), but on the contrary, this
parameter was increased in athletes one and four.

Individual variations in the levels of analyzed biomolecules are rather diverse and
are the personalized response to altitude and hypoxic training. Such changes can be as-
sociated with increased repression or transcription of an enormous number of genes [35].
The hypoxia-inducible factor 1 transcription factor is a pivotal element in these processes,
and variations in the genes encoding hypoxia-inducible factor 1 [36] may affect athletes’
adaptation to altitude and performance. The genes involved in numerous responses to
hypoxia, including those involved in recognizing changes in blood chemistry, respira-
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tory impulse transduction, synthesis and degradation of muscle protein, cell substrate
availability, cardiac contractility, and erythropoietic response, also play a crucial role.

4. Discussion

Proteomic analysis identified 16 proteins whose levels in the experiments differed
statistically significantly from the baseline. In general, the levels of most proteins decreased
throughout the entire study (Figure 8).
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Figure 8. The general trend toward variation in protein levels in the experiment.

The baseline protein level tended to be restored only in the recovery period (21 days
after exercise). This fact possibly indicates that recovery processes in an athlete’s body start
to be intensified only on day 21 after exercise. However, elevated enzyme levels were still
observed in the blood biochemistry data (Figure 6).

4.1. The Immune System and Exercise Load

Table 5 suggests that the biological role of most identified proteins consists of their in-
volvement in adaptive immunity. It is known that circulating antibodies/immunoglobulins
are usually associated with humoral adaptive immunity [37]. A significant discordance
exists between the studies that focus on physical training and examine changes in im-
munoglobulin responses. Some studies have shown that immunoglobulin response in-
creases [38–40] or decreases [41,42], while no variations have been revealed in other stud-
ies [43]. An interesting result was reported by McKune et al. [44], who showed that total
serum IgG levels rise significantly immediately after exercise, accompanied by declining
IgM and IgD levels.

It is impossible to identify the immunoglobulin class based on the results of our study,
since immunoglobulins exist as different isoforms of light and heavy chains. However, the
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decrease in their levels after exercise and during the subsequent 14 days may be indirectly
indicative of a reduction in immunoglobulin levels and, therefore, the development of
immunosuppression [45].

The effect of physical load on the immune system manifests itself as variations in
lymphocyte count, their subpopulation composition, and their functional activity. After
physical load, lymphocyte count decreases rapidly; however, some publications suggest
that this decrease is short term and that lymphocyte count in peripheral blood is normalized
by the end of day 1 [46] (Figure 9).

Neutrophils, which are the essential components of natural immunity and ensure
phagocytosis of bacteria and viruses as well as synthesis of immunoregulatory factors, are
the first to respond to exercise among all the peripheral blood cells. Their count increases
during exercise [47]. In our study, the neutrophil count also rose 30 min after physical
load (Figure 9). Furthermore, physical training causes rapid monocyte recruitment in
phagocytosis and upregulated expression of adhesion molecules [48].
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Figure 9. The dynamics of statistically significant variations in complete blood count parameters in
the athletes throughout the entire study. BAS—basophils; EOS—eosinophils; LYM—lymphocytes;
MCHC—the average concentration of hemoglobin in the erythrocyte; MON—monocytes; NEU—
neutrophils; WBC—white blood cells. Sampling time: (1) athletes’ condition before exercise was
started, (2) 30 min after exercise, (3) 7 days after exercise, (4) 14 days after exercise, and (5) 21 days
after exercise. Symbol * – p < 0.05; ** – p < 0.01; *** – p < 0.001; **** – p < 0.0001.

4.2. Biomarkers for Oxygen Transport

Proteomic analysis also revealed that the hemoglobin level increased on day 7 after
exercise and subsequently decreased. Similar variations in hemoglobin level were also
demonstrated by blood biochemistry data (Table 3, Figures 3 and 9). Measurements
of hemoglobin levels have been used in sports for many years to monitor overtraining
and performance in athletes [49,50]. The reasons for the reduced hemoglobin level can
include impaired erythropoiesis because of fatigue and the slowing down of anabolism
in the athlete’s body or iron deficiency caused by inadequate dietary iron intake and
malabsorption of iron [50,51]. A reduced level of hemoglobin in the blood impairs the
oxygen-carrying capacity and, therefore, worsens athletic performance, so monitoring its
level is an efficient way of assessing sports performance.

4.3. Biomarkers for Muscle Damage and Inflammation

Muscle damage is rather common in many sports because of excessive stress during
competitions or training. Muscle damage is accompanied by microtears, and the contents
of some muscle fiber components get into the bloodstream. These cellular contents mainly
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consist of enzymes; if muscle damage is more severe, they may also contain some contrac-
tile proteins. Elevated levels of creatine kinase, aspartate aminotransferase, and lactate
dehydrogenase were detected in our study 21 days after exercise (Figure 6), which may be
indicative of muscle damage [50,52] and can be used for monitoring training load adequacy.
A significant number of muscle microtraumas cause a greater level of creatine kinase secre-
tion in the intercellular space [53]. Depending on the athlete’s individual characteristics,
creatine kinase concentration changes during the first four days after a certain load [54,55]
and is an indicator of the athlete’s training status and recovery [56]. In our study, elevated
creatine kinase levels were observed on day 21 of the recovery period, thus probably in-
dicating that a longer recovery period is needed. Thus, it was reported in [57–59] that it
takes 24–120 h for the creatine kinase level to be normalized. In addition, the total creatine
kinase activity depends on the individual’s age, sex, race, climatic conditions, training
status, muscle groups involved in the exercise, and amount of strength training [54].

The significantly increased enzyme activity during the recovery period after training is
an indicator of overtraining. In this case, coaches or sports medicine physicians should use
proper recovery programs that involve dietary correction, physiotherapeutic techniques,
specialized sports nutrition and food supplements, as well as pharmacotherapy. The
international declaration on a four-factor strategy to optimize post-exercise recovery was
published in 2021 [60]. If the existing recovery programs turn out to be inefficient, new
recovery programs for athletes need to be elaborated. It is important that positive expert
feedback be obtained for the recovery programs, which will indicate that it is reasonable
and correct, as well as that it can be used during training. Meanwhile, one should bear in
mind that decisions on training resumption should be made on a personalized basis, since
there exist no absolute criteria for athletes’ complete recovery.

Inflammation, which is indicative of injury or stress from either overtraining or infec-
tion/disease, can also be monitored by assessing proteins and other molecules controlling
inflammation (Figure 10).
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Figure 10. Schematic representation of muscle damage processes and exercise-induced inflammation.
CRP—C-reactive protein.

An important aspect to consider for the inflammatory process is that the local response
is usually followed by the systemic inflammatory response (the acute phase) [61]. One
of the key acute-phase responses involves increasing synthesis of proteins [62]. The most
prominent of these proteins include C-reactive protein, α-1-acid glycoprotein, serum amy-
loid A, haptoglobin, fibrinogen, transferrin, and ceruloplasmin [62,63]. Each of them exerts
specific functions in the inflammatory process.
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Proteomic analysis revealed that the levels of serum amyloid A decreased 30 min and
7 days after exercise while subsequently remaining unchanged (Figure 3, Table 5). This
discrepancy can be related to the smaller sample size in the present study, although some
publications show that the levels of acute-phase proteins decrease as infection or injury is
resolved [64]. Still, larger-scale studies assessing changes in serum amyloid A levels after
exercise in highly trained athletes need to be performed.

Haptoglobin is a highly conserved acute-phase protein that responds to infection and
inflammation [65]. The most prominent biological functions of haptoglobin are scavenging
of released hemoglobin and involvement in oxidative stress [66]. In this study, like for most
proteins, we observed a reduction in haptoglobin level after exercise and a trend towards
recovery 21 days after the physical load (Figure 3b). The changes in haptoglobin levels can
be caused by the fact that exercise induces a chronic hemolytic reaction [67]. Nevertheless,
there still are ongoing controversial debates about the effect of exercise on haptoglobin
expression; however, it is noteworthy that in general, the increase in haptoglobin expression
in response to exercise occurs rather slowly and is observed 5 days after a single exercise
session [68].

On the other hand, there are some proteins whose levels decrease in the acute phase;
albumin is among such proteins [63]. A blood biochemistry test showed that albumin
levels increased statistically significantly during the recovery period (21 days after exercise)
(Figure 6). Studies performed by other research groups demonstrated that plasma albumin
level rose within 1 h after strenuous activity; however, albumin synthesis decreased after
1–5 h of recovery and then increased only after 21–22 h of recovery [69].

Myoglobin release is a short-term marker of damage that can be measured in blood [70].
Although myoglobin levels increased 30 min after exercise, they remained elevated during
the recovery period (21 days after exercise) in our study (Figure 6).

Activation of inflammation and muscle tissue damage during exercise that often
accompany physical activity are also associated with cytokine production [71]. Blood
supply to muscle capillaries and exercise-induced angiogenesis are partially regulated by
vascular endothelial growth factor (VEGF). VEGF is produced by skeletal muscle cells and
can be secreted straight into the bloodstream [72].

Erythropoietin (EPO) is known to improve physical performance by enhancing blood
oxygen transport and thus inducing higher maximal oxygen uptake. However, in our study,
enzyme-linked immunoassay of athletes’ plasma to detect elevated levels of IFNα, IL18,
TNFα, VEGF, or EPO revealed no statistically significant results (Supplementary Materials).

4.4. Biomarkers for Metabolic Fitness and Performance

The demand for ATP synthesis increases during strenuous exercise, and glucose
becomes the predominant muscle substrate for it. Since glycolysis leading to pyruvate
formation is intensified, lactate production is also enhanced. Blood biochemistry data
showed that the lactate dehydrogenase level increased 21 days after exercise. This can be
an indirect sign of lactate formation, since the reduction of pyruvate to lactate is catalyzed
by lactate dehydrogenase, thus increasing the cytosolic lactate concentration.

Lactate buildup is associated with excessive accumulation of H+ ions, which in turn
compete with calcium (Ca2+) for the troponin C binding site, thus impeding muscle con-
traction [73,74]. In our study, the Ca2+ level decreased 7 days after exercise with respect to
that 30 min after exercise (Figure 6).

In this study, phosphorus content after the exercise increased (Figure 6), which is
consistent with findings reported in other publications [75,76]. The increased phosphorus
level is possibly associated with the fact that phosphorus compounds in muscles are
components of the adenylate energy system (AMP, ADP, ATP, and creatine phosphate) and
participate in energy metabolism during muscle activity.

Strenuous exercise aggravates oxidative stress; reactive oxygen species are produced,
and free radicals are vigorously released. Methionine is believed to exhibit antioxidant prop-
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erties, partly due to the sulfur atom [77], and an increase in methionine level (Figure 5) is
potentially indicative of changes in oxidative stress and signaling pathways in athletes [78].

Changes in concentrations of intermediates of the TCA cycle (e.g., oxaloacetate)
(Figure 5) probably occur because higher energy demand needs to be met during ex-
ercise [79].

4.5. Hemostasis and Physical Training

Hemostasis is achieved due to the delicate balance between coagulation and fibri-
nolytic cascades. All the components of these cascades exist in the bloodstream as inactive
proteins, which are converted into the active enzymatic form (prothrombin → thrombin →
fibrinogen → fibrin) once the cascades are activated. Prothrombin time is an indicator of
the blood level of prothrombin.

Along with changes in the overall coagulation activity and faster prothrombin activa-
tion during training episodes, the factor VIII level and activity of factor XII (a trigger of the
intrinsic prothrombin activation pathway) can also increase. Simultaneously, antithrombin
activity somewhat increases, while heparin level and fibrinolysis decrease. Meanwhile,
adaptation to repeated physical activity eventually leads to marked hypocoagulation, with
accumulation of fibrinogen and fibrin degradation products being one of the reasons for
that. Factors V, VII, and VIII, which are directly involved in prothrombin conversion,
play a crucial role in elevation of hypercoagulemic activity during individual episodes of
high-intensity muscle work, along with activation of factor XII. In most cases, the detected
hypercoagulation state is physiologically normal. However, fibrinolytic activity of blood is
enhanced during muscular work, together with increasing coagulation ability of plasma,
mainly due to active plasminogen release. It has been found that after 10–15 min of a single
training session on a stationary bicycle, fibrinopeptide A level does not increase despite
the activation of coagulation and fibrinolysis. Platelet aggregation ability can also increase
during an appreciably strenuous single training session [79,80]. Nonspecific changes, in-
cluding those in the blood aggregate state regulation system, arise from exposure to any
high-intensity factor and are accompanied by rearrangement of the defense system. During
the alarm-stage response, at the stage of anxiety, the defense mechanisms are mobilized and
transfer the body to the resistance stage. Hypoxia is an important reason for developing
hypercoagulability during high-intensity muscle activity; its level increases with the output
of work performed. Hypoxia is accompanied by an increased release of catecholamine into
the blood, and adrenaline in particular (elevation in its concentration is accompanied by
coagulation activation). Catecholamines also play a crucial role in increasing the platelet
aggregation ability [81].

In our study, we observed a gradual reduction in prothrombin level 30 min and 7 days
after exercise; this level was subsequently maintained until the end of the experiment
(Figure 3, Table 5). The results of other studies are rather ambiguous and show either that
prothrombin time in athletes increases after running [82] or that plasma levels of fibrinogen,
plasminogen, or prothrombin remain unchanged [83].

In some cases, regular physical activity may affect the lipid composition of platelet
membranes, which consists of a reduction in cholesterol loading of platelet membranes
and a decrease in the gradient of cholesterol/total phospholipids in platelets [81]. There
is evidence that controlled physical activity positively affects the platelet activity that
was increased at baseline. Training was found to normalize platelet adhesion, thus being
indicative of restoration of elasticity of microvessels and prevention of their contact with
collagen fibers of the blood vessel wall [84].

Physical activity stimulates both coagulation and fibrinolysis [85]. There is a common
opinion that exercise is beneficial for health and favorably affects wellbeing, including
the blood lipid profile, cardiovascular diseases, etc. However, the question regarding the
optimal amount and intensity of physical activity for an individual still remains relevant.
Very strenuous and/or intense physical activity such as marathon running can be ineffective
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for some individuals; heterogeneous activation of the coagulation and fibrinolytic cascades
can be one of the mechanisms for that.

4.6. Health Risks for Athletes Performing Physical Activity under Hypoxic Conditions

The altitude where athletes usually compete or train typically is no higher than
2000–2500 m. At these moderate altitudes, acute mountain sickness occurs in mild form.
Furthermore, people develop neither cerebral nor pulmonary edema at these altitudes, and
periodic exposure to much higher altitudes (4000–6000 m) used by athletes for hypoxic
training is too short to cause acute pathological processes [86].

It is also worth mentioning that pronounced immunological changes observed during
hypoxic training may partly result from increased work intensity. Furthermore, hypoxemia
directly regulates various immune functions (macrophage migration and phagocytosis) [87].
Hypoxia-inducible factor 1 can be activated by physical activity [88], thus enhancing
immune responses to training under hypoxic conditions. A set of molecular scenarios,
physical training, and hypoxia, which have direct consequences for immune function and
recovery, occur at the level of mitochondrial adaptation and oxidative stress/antioxidant
mechanisms. It is known that excessive training may cause mitochondrial dysfunction [89].

However, even moderate altitudes between 2000 and 3000 m can cause exacerbation of
cardiovascular or pulmonary diseases or induce the onset of a previously undiagnosed dis-
ease, especially in elderly people who may belong to athlete support personnel. Moderate
altitudes can also cause spleen infarction in healthy athletes with sickle cell anemia [86].

Therefore, coordination of and a gradual increase in training intensity and hypoxia
level, together with regular monitoring of individual physiological responses, are critical
for optimal exercise performance under hypoxic conditions and athlete health.

4.7. The Prospects for the Research into Novel Biomarkers

Proteins are considered key biomarkers for monitoring training process. Due to their
multiple functional roles as enzymes, cell signaling molecules, cofactors, and neurotrans-
mitters, many of these factors are indicative of stress and recovery, as well as adaptation
processes. High-throughput technologies using multiplex assays or mass spectrometry can
be used to identify potential candidate proteins [70,90].

Metabolomics allows one to assess the variations indicating different physiological
and pathophysiological states of athletes, suggesting that identification of metabolic signa-
tures can be used to monitor athletes’ health, response to training, and performance [91].
However, when analyzing the metabolome, it is important to take into account such factors
as diet, training regime and type, as well as the circadian rhythm.

Some companies currently offer commercial products for metabolomic and proteomic
analysis of athletes’ bodies (Table 6).

Table 6. Selected companies offering services for protein and metabolite identification in athletes.

Company Parameters Identification Method Biomaterial Type Website

INVITRO
(Moscow, Russia)

Plasma amino acids
(48 parameters) HPLC, MS/MS Plasma (EDTA)

https:
//www.invitro.ru/en/about/
(accessed on 20 February 2024)

Chromsystems
(Gräfelfing/
Munich, Germany)

Organic acids (60 parameters);
amino acids (48 parameters);
vitamins B3, B6, B9, B12, D;
hormones and metabolites
(18 parameters); acylcarnitines
(15 parameters); vitamins A, E,
C; coenzyme Q10

HPLC-MS, LFIA, GC-MS,
HPLC-FC, RPC

Blood (EDTA)
Urine

Plasma (EDTA)
Serum

https://chromsystems.com/
(accessed on 20 February 2024)

Helix
(Moscow, Russia)

Magnesium, transferrin, calcium,
potassium, sodium, chlorine,
zinc, vitamin B6, vitamin D,
vitamin E. Cortisol, testosterone,
LH, progesterone, T3, T4, TSH,
FSH, estradiol, prolactin

Colorimetric analysis,
immunoturbidimetry,
ion-selective electrodes,
HPLC, ECLIA, HPLC-MS

Venous blood https://helix.ru/
(accessed on 20 February 2024)

https://www.invitro.ru/en/about/
https://www.invitro.ru/en/about/
https://chromsystems.com/
https://helix.ru/


Sports 2024, 12, 72 24 of 29

Table 6. Cont.

Company Parameters Identification Method Biomaterial Type Website

AxisPharm (San
Diego, CA, USA)

Amino acids, carbohydrates,
alcohols, organic acids, amines,
Krebs cycle intermediates, lipid
macromolecules

GC-MS, LC-MS, NMR Biofluids, tissues, cell
cultures

https://axispharm.com/
(accessed on 20 February 2024)

MS-Omics
(Vedbæk, Denmark)

Short-chain fatty acids, volatile
polar and semi-polar
metabolites,
amino acids and organic acids,
bile acids, lipids

GC-MS/MS, GC-MS – https://www.msomics.com/
(accessed on 20 February 2024)

EMBL (Hamburg,
Germany)

Non-targeted metabolomics,
targeted metabolomics,
lipidomics, analysis of drugs and
their metabolites

LC-MS/MS, HRMS in the
mode of positive and/or
negative ionization
coupled with UHPLC in
the HILIC mode, HRMS
coupled with UHPLC in
the RPC mode.

Cell cultures,
tissues, plasma,

serum, urine

https://www.embl.org/
(accessed on 20 February 2024)

ECLIA—electrochemiluminescence immunoassay; GC–MS—gas chromatography–mass spectrometry; GC-
MS/MS—gas chromatography–tandem mass spectrometry; HPLC—high-performance liquid chromatogra-
phy; HPLC-FC—high-performance liquid chromatography with fluorescent detection; HPLC-MS—high-
performance liquid chromatography coupled with mass spectrometry; HRMS—high-resolution mass spectrome-
try; LH—luteinizing hormone; LFIA—lateral flow immunoassay; LC–MS—liquid chromatography–mass spec-
trometry; LC-MS/MS—liquid chromatography–tandem mass spectrometry; MS/MS—tandem mass spectrometry;
NMR—nuclear magnetic resonance; UHPLC—ultra-high-performance liquid chromatography; RPC—reversed-
phase chromatography; T3—free triiodothyronine; T4—free thyroxine; TSH—thyroid-stimulating hormone;
FSH—follicle-stimulating hormone.

Currently, there are several approaches to organizing training under hypoxic condi-
tions: (1) Athletes live and train at moderate altitudes (2000–2500 m) for up to 6 weeks. This
adaptation usually lasts for 1–2 weeks after returning to sea level; the athlete participates
in several major competitions during this period. (2) Athletes live at sea level but train at
altitude. (3) Athletes live at altitude for several weeks but then return to sea level for most
of their training [33]. There is also a training program developed by the Australian Institute
of Sport that requires athletes to be exposed to altitude/hypoxia by living in a simulated al-
titude environment (14 h per day) or being exposed to intermittent hypoxia [92]. However,
the efficiency and performance of training at moderate and low altitudes is dubious and
requires further investigation [93].

The integration of omics approaches, including genomics, metabolomics, and pro-
teomics (sportomics), can be used to understand the metabolism during training under
the real-world conditions experienced by athletes, which would allow one to potentially
conduct personalized interventions to improve athletes’ performance and recovery as well
as reduce injury rate.

In the long run, multiomic studies in combination with machine learning and bioinfor-
matics approaches will allow one to develop recommendations and measures to improve
acclimatization, tolerance, and safety of hypoxic training, taking into account athletes’
individual molecular profiles.

5. Conclusions

Research into biomarkers (their identification and interpretation) for monitoring the
performance, overtraining, and general wellbeing of athletes has been conducted for
several decades, but the results are insufficient to be used in practice. Proteomics and
the relatively new field, metabolomics, offer tremendous opportunities to improve the
understanding of performance and recovery processes in athletes as well as their adaptation
to physical training.

In the current study, changes in the athletes’ bodies occurring during 21 days after
exercise were revealed by proteomic and metabolomic analyses as well as a blood chemistry
test. The identified statistically significant changes were mainly related to tissue damage,
activation of the immune system and inflammation, homeostasis, and metabolic activity of
the body.

https://axispharm.com/
https://www.msomics.com/
https://www.embl.org/
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Assessing changes in biomarker levels after exercise is critical for identifying the
potential source of the physiological/pathological process. This will enable further actions
to be identified to maintain athletes’ health and achieve optimal performance.

6. Limitations

In this study, athletes did not fill out questionnaires that would allow us to find out
whether they used any recovery strategies (such as massage, specialized nutrition, taping,
etc.) after the exercise.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sports12030072/s1, Figure S1: Results of quantitative determination
of the content of erythropoietin (a), alpha-interferon (b), interleikin-18 (c), tumor necrosis factor (d),
and vascular endothelial growth factor (e) in the blood plasma of the athletes.
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