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Abstract

Background This study aimed to achieve a dual objective: to compare the frequencies of CYPIA2 rs762551 genotypes
between team sport athletes and a control group, and to determine the association between the rs762551 polymorphism and
changes in physical performance after a six-week training program among elite basketball players.

Methods The study encompassed an analysis of 504 individuals, comprising 320 athletes and 184 controls. For the Turkish
cohort, DNA was isolated using the buccal swab method, and genotyping was conducted using the KASP technique. Per-
formance assessments included the Yo-Yo IR2 and 30 m sprint tests. For Russian participants, DNA samples were extracted
from peripheral blood, a commercial kit was used for DNA extraction, and genotyping of the rs762551 polymorphism was
conducted using DNA microarray.

Result Notably, a statistically significant linear decline in the prevalence of the CC genotype was observed with ascending
levels of athletic achievement within team sports (sub-elite: 18.0%, elite: 8.2%, highly elite: 0%; p=0.001). Additionally, the
CA genotype was the most prevalent genotype in the highly elite group compared to controls (80.0% vs. 45.1%, p=0.048).
Furthermore, statistically significant improvements in Yo-Yo IR2 performance were noted exclusively among basketball
players harboring the CA genotype (p=0.048).

Conclusions The study’s findings indicate that the rs762551 CC genotype is a disadvantage in elite team sports, whereas the
CA genotype provides an advantage in basketball performance.

Keywords Athletic performance - Caffeine - Coffee consumption - Exercise - Metabolism - Supplements

>4 Ildus I. Ahmetov 6 Department of Molecular Biology and Genetics, Lopukhin

i.akhmetov@ljmu.ac.uk

Department of Medical Biology, Gulhane Faculty of
Medicine, University of Health Sciences, Ankara
06010, Tiirkiye

Sports Science Faculty, Bingol University, Bingol
12000, Tirkiye

Faculty Faculty of Sport Sciences, Mugla Sitk1 Kocman
University, Mugla 48000, Tiirkiye

Faculty of Physical Culture and Health, University in Tetovo,
Tetova 1200, Republic of North Macedonia

Physical Education and Sports Teaching Department, Kazim
Karabekir Faculty of Education, Ataturk University,
Erzurum 25240, Tirkiye

Published online: 23 July 2024

Federal Research and Clinical Center of Physical-Chemical
Medicine of Federal Medical Biological Agency,
Moscow 119435, Russia

Research Institute of Physical Culture and Sport, Volga
Region State University of Physical Culture, Sport and
Tourism, Kazan 420138, Russia

Laboratory of Genetics of Aging and Longevity, Kazan State
Medical University, Kazan 420012, Russia

Department of Physical Education, Plekhanov Russian
University of Economics, Moscow 115093, Russia

Research Institute for Sport and Exercise Sciences, Liverpool
John Moores University, Liverpool L3 5AF, UK

Sports Science Faculty, Lokman Hekim University,
Ankara 06510, Tirkiye

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-024-09800-2&domain=pdf&date_stamp=2024-7-19

841 Page 2 of 10

Molecular Biology Reports (2024) 51:841

Introduction

Caffeine is a widely used stimulant in team sports due to its
physiological effects on adenosine receptors in the central
nervous system (CNS) [1, 2]. It blocks the downregulation of
neuronal activity as an antagonist of the adenosine receptor
in the CNS [3, 4], resulting in a series of physiological reac-
tions including neurotransmitter release, increase in muscle
activity and induction of adrenalin secretion [5—7], which
causes the elevated focus and resistance and a decrease
in cognitive effort and pain [7]. Thus, caffeine uptake has
been underlined to affect athletic performance via a positive
ergogenic impact, bringing about increased effort levels and
individual differences [8]. Moreover, caffeine has definite
influences on both aerobic (endurance-oriented sporting
disciplines) and anaerobic (power-oriented sporting disci-
plines) metabolism [9—11]. Furthermore, caffeine may influ-
ence training-induced changes in physical performance [12,
13]; nevertheless, the observed changes may be individual-
and study-dependent [14]. Factors including environmental
conditions, training type, sporting experience, and caffeine
quantity and timing may alter the individual response to
caffeine. Importantly, the genetic background has also been
reported to play a role in the response to supplements [ 15—
17]. Considering that diet may affect the cellular response
in the gene expression levels [8, 18], the involvement of the
genetic diversity between athletes may be critical in exam-
ining the effect of caffeine.

Studies in this emerging academic field, which seeks to
correlate genetic variations with athletic parameters in ath-
letes, are grouped under the umbrella of sports genetics.
In sports genetics research, variations in genes involved in
muscle development, cardiovascular pathways, and energy
metabolism have been identified in elite athletes from dif-
ferent populations. It has been reported that this informa-
tion can be used to guide individuals to the appropriate sport
discipline at an early age, to determine the suitable types
and durations of training for elite athletes, and to address
possible injuries with the most accurate methods. Therefore,
it should be noted that evaluations based solely on anatomi-
cal, physiological, psychological, and/or biochemical data
may be insufficient and/or misleading [19]. Particularly
after the completion of the Human Genome Project (HGP;
1990-2003), the relationship between genetic variations and
athletic performance has garnered increasing attention [20].
Moreover, genetic variations can also be used to decipher
possible associations, including diet, in athletes following
critical cohort studies. In exercise nutrigenetics, one of the
most studied genetic markers, especially in relation to caf-
feine, is the CYPIA2 gene rs762551 polymorphism [21].

Cytochrome Cytochrome P450 1A2 (CYP1A2), located
on chromosome 15 and is approximately 7.8 kb long is a

@ Springer

gene involved in the metabolism of caffeine. The gene
encodes the primary enzyme responsible for caffeine metab-
olism, Cytochrome P450 1 A2, which is found exclusively in
the liver. The polymorphisms in this gene have been under-
lined to increase the levels of metabolites such as paraxan-
thine, theobromine, and theophylline, altering the clearance
rates of caffeine. These biochemical changes can influence
the physiological, metabolic, and exercise effects observed
after acute caffeine supplementation [22, 23].

Within the CYPIA2 gene, a specific sin-
gle nucleotide  polymorphism  (SNP), rs762551
(NM_000761.5:¢.-9—154 C> A), located in the intron 1, has
been associated with the duration of the effects of the caf-
feine. Individuals with the AA genotype metabolize caffeine
quickly and are considered fast metabolizers. They exhibit
higher CYP1A2 enzymatic activity, leading to rapid caffeine
clearance from the body. However, the presence of the C
allele results in slower metabolism. The individuals with
CA genotype are regarded to be intermediate metaboliz-
ers whereas the individuals with the CC genotype are slow
metabolizers, having lower CYP1A42 enzyme activity, result-
ing in slower caffeine clearance [22]. Although not entirely
consistent across studies, evidence suggests that slow caf-
feine metabolizers may not reap the same benefits of caf-
feine intake on aerobic, strength, and cognitive performance
as fast metabolizers do. However, the existing literature on
this topic is limited, indicating a need for further research.
Consequently, it could be hypothesized that the frequency
of the CYPI142 CC genotype might be lower among elite
athletes compared to their less skilled counterparts due to
the potential adverse effects of slow caffeine metabolism
[24-26].

From this point of view, the objectives of this research
were (i) to compare the frequencies of the CYPIA2
rs762551 genotype among team sport athletes with those
of a control group and (ii) to investigate the potential link
between rs762551 and changes in physical performance fol-
lowing a six-week training program, specifically targeting
elite basketball players. The hypothesis was that individuals
with AA/CA genotypes would show a superior and more
effective response to exercise stimuli, resulting in enhanced
physical performance.

Materials and methods

Ethical approval

The research endeavor adhered rigorously to the principles
and ethical guidelines outlined in the Declaration of Hel-

sinki. Ethical clearance and authorization were diligently
secured through the Tetowa University Ethics Committee,
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as evidenced by their official decision number (27/05/2022-
27/05/2023). Furthermore, ethical approval was also dili-
gently obtained from the Ethics Committee of the Federal
Research and Clinical Center of Physical-Chemical Medi-
cine of the Federal Medical and Biological Agency of Rus-
sia, bearing the approval number 2017/04. These meticulous
steps underscore the ethical integrity and robustness of the
study’s research design and conduct.

Participants

The study encompassed a comprehensive cohort of 504
individuals, meticulously divided into two distinct groups,
comprising 320 individuals in the athlete group and 184
individuals in the control group. The participants were
sourced from both Tiirkiye and Russia, ensuring a diverse
representation. Specifically, within the Turkish cohort, a
subset of 25 professional male basketball players and an
equivalent number of male controls, characterized as physi-
cally inactive students, were thoughtfully recruited. The
recruitment of all participants transpired over a specific
timeframe, spanning from November 12, 2022, to January
08, 2023. The mean age of these participants was calculated
to be 25.2 years, with a standard deviation of 2.8 years, thus
providing insight into the age distribution within the study
population. It is imperative to note that the control group,
although devoid of structured training, underwent perfor-
mance assessments twice over the 6-week study duration.
Furthermore, participants in both groups were conscien-
tiously advised to restrict their caffeine intake, primarily
through coffee consumption, immediately preceding the
scheduled measurement sessions. This precautionary mea-
sure aimed to mitigate potential confounding effects associ-
ated with caffeine on the study’s outcomes and ensured that
the assessments accurately reflected the participants’ inher-
ent physical capabilities.

The research examination encompassed a comprehensive
sample size originating from Russia, comprising a total of
295 team sport athletes (n=151 females, n=144 males;
26.3+4.0 years). These athletes were actively engaged in
various sporting disciplines, including badminton (n=13),
basketball (n=51), baseball (n=23), water polo (n=16),
volleyball (n=52), beach volleyball (n=10), handball
(n=24), table tennis (n=10), rugby (n=45), softball
(n=29), and ice hockey (n=22). The Russian control group
consisted of 159 sedentary individuals (n =37 females and
n=122 males; 40.3 +4.2 years). The inclusion of both gen-
ders and the age diversity within the control group aimed to
ensure a representative and comparative framework for the
research, facilitating a comprehensive analysis of the impact
of physical activity and sporting engagement on the study
parameters.

The entirety of the athlete cohort, consisting of 320 indi-
viduals, underwent a systematic classification based on their
athletic achievements and participation levels. This classi-
fication stratified the athletes into three distinct categories:

Sub-elite (n=78) This subgroup comprised individu-
als who demonstrated a high level of proficiency in their
respective sports, as they competed in the highest domestic
leagues within their country. Notably, these athletes lacked
prior experience in international competitions.

Elite (n=232) The elite category encompassed athletes
who excelled in their respective sports by competing at the
highest domestic league level within their country. Impor-
tantly, this subset of athletes had also actively participated
in international competitions, thereby showcasing their
prowess on a global stage.

Highly Elite (n=10) This select subgroup was composed
of exceptionally accomplished athletes who had achieved
the pinnacle of success, notably earning the prestigious title
of Olympic champions. Their exceptional achievements
underscored their unparalleled prowess and dominance in
their respective sports disciplines.

This systematic classification scheme facilitated a
nuanced examination of the athlete cohort, allowing for the
differentiation of individuals based on their level of sporting
achievements and international exposure, thereby contribut-
ing to a more granular analysis of the research outcomes
[27].

Training and performance tests

The professional basketball players adhered to a rigorous
and well-structured training regimen, which took place
six days a week, with each session lasting between 60 and
75 min. These training macrocycles were meticulously
crafted to provide a comprehensive approach, integrating
technical and tactical training activities, league matches,
and an intensive program consisting of eight weekly training
units. The focus was on enhancing power, speed, and core
stability through various drills and exercises, including ball
handling, passing, shooting, team tactical drills (offensive
and defensive schemes), endurance training, interval train-
ing, plyometrics, rebounding and blocking, free throw prac-
tice, offensive drills (such as pick and roll, and fast breaks),
game simulations, strategy drills, individual technical skill
development, team practice, and game sets.

Yo-Yo Test Pro application was used to evaluate the pro-
fessional basketball players performance. It is noteworthy
that the players were already intimately familiar with the
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test protocols employed in the present study. This famil-
iarity was a direct result of the systematic incorporation
of these assessments into the clubs’ monitoring strategy,
underscoring their routine utilization as a means of gauging
the athletes’ performance and physical condition. Prior to
each testing session, a standardized 5-minute warm-up rou-
tine was administered. This warm-up protocol comprised a
combination of stretching exercises, spanning a duration of
5 to 10 min, and dynamic actions aimed at optimizing the
participants’ physical readiness for the ensuing assessments.
Yo-Yo Intermittent Recovery 2 (Yo-Yo IR2) test was
selected as the principal method for assessing the partici-
pants’ aerobic and anaerobic performance, along with their
recovery capacity during intermittent exercise, in accor-
dance with the methodology. This particular test enjoys
widespread adoption in the context of team sports due to
its high specificity and practical utility. The Yo-Yo IR2 test
is structured as follows: Participants engage in a series of
2 %20 m shuttle runs performed at progressively increasing
speeds, each running bout is separated by a brief 10-second
recovery interval, and the test is deemed complete when a
participant fails to reach the prescribed finish line within the
allocated time frame for three consecutive instances [28].
In addition to the Yo-Yo IR2 test, physical performance
was further assessed through the execution of the 30-meter
sprint test. The administration of these tests adhered to
precise and standardized protocols, employing a photosen-
sor system known as the Witty Speed, which is part of the
Microgate Equipment suite (Bolzano, Italy). These assess-
ments were conducted on an enclosed running track, spesifi-
cally chosen to mitigate the potential influence of adverse
weather conditions. The 30-meter sprint test entailed par-
ticipants commencing from a stationary position placed
0.5 m behind the designated starting line. Each participant
completed two successive 30-meter sprints with a 5-minute
intermission provided between each attempt. The recorded
data encompassed the participants’ fastest sprint times,
which were subsequently subjected to detailed analysis.

Genotyping

Genotyping procedures for the Turkish cohort were meticu-
lously executed in compliance with rigorous standards at the
Medical Genetics Laboratory in Ankara, Tiirkiye. To delin-
eate the genotypic variations, the buccal swab method was
employed for DNA isolation, followed by the application
of the Kompetitive Allel Specific PCR (KASP) technique.
The DNA isolation process was executed utilizing the Buc-
calyse DNA Extraction Kit, manufactured by Isohelix in the
United Kingdom, following the precise guidelines stipu-
lated in the manufacturer’s protocol. Subsequently, the con-
centrations of the isolated DNAs were ascertained through
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the utilization of a NanoDrop spectrophotometer, an instru-
ment produced by Thermo Fisher Scientific in the United
States. The KASP genotyping method was conducted with
attention to details, employing three assay-specific non-
labelled oligos. These oligos consisted of two allele-specific
forward primers and one common reverse primer, skillfully
combined with the KASP Master mix, sourced from LGC
Genomics in the United States. The subsequent analysis
phase was performed using the 7500 Real-time PCR Sys-
tem, a product of Applied Biosystems in the United States.
The analysis culminated in an end-point fluorescent read
and comprehensive data analysis, as elucidated in reference
[29].

The molecular genetic analysis conducted on the Rus-
sian participants involved the utilization of DNA samples
that were extracted from peripheral blood specimens. Spe-
cifically, venous blood samples, each amounting to 4 mil-
liliters, were carefully collected and deposited into blood
collection tubes containing EDTA, using Vacuette EDTA
tubes procured from Greiner Bio-One, located in Krems-
munster, Austria. After blood sample collection, the process
of DNA extraction and purification was diligently executed
following the instructions provided by a commercial kit
sourced from Technoclon, based in Moscow, Russia. This
procedure ensured the isolation of high-quality DNA from
the blood samples, a crucial step in the genotyping process.
For the genotyping of the CYP1A2 rs762551 polymorphism,
the microarray analysis technique was adopted. This analy-
sis was conducted using HumanOmniExpressBeadChips, a
product developed by Illumina Inc., headquartered in San
Diego, California, USA. The genotyping procedure adhered
to established methodologies, as previously documented in
reference [30].

Statistical analyses

The statistical analysis was conducted using the Statistical
Package for Social Sciences (SPSS) version 25.0. Descrip-
tive statistics, including percentages and means along with
their respective standard deviations, were employed to sum-
marize and present the data. Prior to conducting inferential
statistics, the assumption of normality was assessed using
Skewness and Kurtosis tests. Genotype and allele frequen-
cies were calculated while adhering to the principles of
the Hardy-Weinberg equilibrium (HWE), and statistical
comparisons were made using x> and Fisher’s exact tests
as appropriate. The paired t-test was applied to assess dif-
ferences in pre- and post-test performance within the ath-
lete groups, whereas the independent t-test was utilized to
investigate variations among groups based on the variables
of interest. Hypotheses were tested at a significance level of
p<0.05, ensuring a 95% confidence interval. Additionally,
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Table 1 Comparison of genotype and A allele frequencies of rs762551 polymorphism in team sport athletes and control participants

Group n Genotypes CC, % A allele, %
AA CA CC
Sub-elite athletes 78 27 37 14 18.0 583
Elite athletes 232 103 110 19 8.2 68.1*
Highly elite athletes 10 2 8 0 0 60.0
All athletes 320 132 155 33 10.3 65.5
Control group 184 82 83 19 10.3 67.1
*p <0.05, statistically significant differences in the frequency of the A allele between elite and sub-elite athletes
Table 2 Association of rs762551 genotypes with pre- and post-yo-yo IR2 test in team sport athletes and control participants
Group Variable Genotype n M +SD (m) t p
Athletes Yo-Yo IR2 AA 7 Pre-test 617.14+£142.09 -1.89 0.107
Post-test 685.71+85.41
CA 17 Pre-test 662.35+164.90 -2.14 0.048*
Post-test 752.94+155.71
CC 1 Pre-test 780.00 - -
Post-test 760.00
Control group Yo-Yo IR2 AA 8 Pre-test 617.50+180.93 -1.71 0.130
Post-test 682.50+195.50
CA 15 Pre-test 502.66 +177.42 -4.01 0.001*
Post-test 594.66+172.62
CcC 2 Pre-test 480.00+56.56 -11.00 0.058
Post-test 590.00 +42.42

* p<0.05, statistically significant changes within each genotype group

to assess the frequency of the CC genotype across the three
distinct athlete groups categorized by their levels of achieve-
ment, a y? test for linear trend was employed. These robust
statistical methodologies were employed to rigorously ana-
lyze and interpret the research findings, ensuring the valid-
ity and reliability of the study’s outcomes.

Results
Case-control study

The study revealed that there were no significant disparities
in allelic frequencies observed between the control groups
from Tiirkiye and Russia, with the A allele prevalence at
62.0% in Turkish and 67.9% in Russian participants, as well
as among the athlete groups in which the A allele frequency
was 62.0% and 65.8% in Turkish and Russian participants,
respectively. Moreover, it is noteworthy that the CYP1A2
gene 1s762551 polymorphism was found to conform to the
expectations of the Hardy-Weinberg equilibrium both within
the cohort of 320 team sport athletes (p=0.202) and the
control participants numbering 184 (p=0.76). This adher-
ence to the Hardy-Weinberg equilibrium suggests that the
genetic distribution within the study population was consis-
tent with theoretical expectations. Significantly, a compel-
ling linear trend was discerned in the prevalence of the CC

genotype among team sport athletes, wherein there was a
decrease in the frequency of this genotype with ascending
levels of athletic achievement. Specifically, the CC geno-
type was observed in 18.0% of sub-elite athletes, 8.2% of
elite athletes, and none among the highly elite Olympic
champions (0%) (Table 1). This observed linear trend was
statistically significant (p =0.001), underscoring a potential
relationship between the CC genotype and athletic success.
Furthermore, the study disclosed that the frequency of the A
allele exhibited a noteworthy difference between elite ath-
letes and sub-elite athletes, with elite athletes demonstrating
a higher prevalence of the A allele (68.1% vs. 58.3%). The
odds ratio (OR) was 1.5, and the difference was statistically
significant (p=0.032), indicating a potential association
between the A allele and elite athletic status. Additionally,
Olympic champions displayed a significantly elevated fre-
quency of the CA genotype in comparison to control partici-
pants (80.0% vs. 45.1%), with an OR of 4.9 and a p-value of
0.048. This observation suggests that the CA genotype may
be associated with exceptional athletic achievement at the
highest level of competition.

Training response study
Table 2 reveals compelling insights into the study’s findings

regarding athletic performance, particularly in relation to
the Yo-Yo IR2 and the genetic influence of the CA genotype.
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These observations are summarized as follows: Among bas-
ketball players, a statistically significant difference in Yo-Yo
IR2 performance was discerned when comparing pre- and
post-test results (p=0.048) within individuals possessing
the CA genotype. Similarly, among the control group, there
was a statistically significant difference in Yo-Yo IR2 per-
formance (p=0.001) when comparing pre- and post-test
results for individuals with the CA genotype. In contrast,
Table 3 eclucidates the outcomes pertaining to 30-meter
sprint performances. The results indicate that there were no
statistically significant differences detected in pre- and post-
test sprint performances within each respective group. This
implies that the training intervention or assessment period
did not lead to significant changes in sprint performance
among the study participants, as evidenced by the lack of
statistically significant results in the 30-meter sprint tests.

The comparative analysis between groups, while main-
taining fixed pre-and post-test parameters, yielded nota-
ble findings regarding the influence of specific genotypes
on athletic performance, particularly in the context of the
Yo-Yo IR2 and 30-meter sprint tests (Table 4). These obser-
vations are summarized as follows: Significant differences
were observed in the results for the CA genotype when com-
paring both the Yo-Yo IR2 and 30-meter sprint tests in terms
of pre-and post-test parameters. The pre-test results of the
30-meter sprint test were significantly different for individu-
als with the AA genotype. Importantly, the post-test results
of the 30-meter sprint test exhibited significant differences
between athletes and the control group for individuals with
the AA genotype (p <0.05).

Discussion

Researchers are continually discovering new genes and
variants on those genes linked to athletic performance [31].
Among these, the CYPIA2 rs762551 polymorphism is

notable [2]. Caffeine is known for its performance-enhanc-
ing effects like improved endurance, increased alertness,
reduced effort perception, and enhanced muscle contraction.
These effects are influenced by caffeine’s interaction with
adenosine receptors in the brain, promoting alertness and
reducing pain perception during exercise. Research shows
that fast metabolizers (AA) generally benefit more from
caffeine than slow metabolizers (CC) [22]. Fast metaboliz-
ers quickly clear caffeine, leading to a brief but intense per-
formance boost, and can often tolerate higher doses with
fewer side effects. In contrast, slow metabolizers have pro-
longed elevated caffeine levels, which can cause increased
heart rate, anxiety, and gastrointestinal issues, potentially
impairing performance. Thus, the optimal caffeine dose
for performance varies significantly between genotypes.
Understanding an athlete’s CYP1A2 rs762551 genotype can
help personalize caffeine use to maximize benefits and mini-
mize side effects [8, 24, 26, 32, 33].

The findings to the utmost extent of our current under-
standing, this investigation stands as the inaugural endeavor
to substantiate that individual harboring the CYPIA2
1s762551 CC genotype, associated with a diminished capac-
ity for caffeine metabolism (commonly referred as a “slow
caffeine metabolism phenotype”), are conspicuously less
prevalent among athletes who have attained elite status in
the domain of team sports. One of the key findings of the
present study highlighted the frequency of the rs762551 A
allele is significantly higher in elite team sport athletes when
compared to less successful athletes [34]. CYPIA2 is a so-
called inducible enzyme whose expression and function
are dominated by its substrate, and the variants on the gene
could affect the inducibility. Importantly, rs762551 poly-
morphism results in high inducibility form of the CYPIA2
by a trigger factor, which could increase the activity of the
enzyme in the presence of its substrate [2, 26, 33, 35]. Thus,
allele C may cause delays in the caffeine catabolism, which
would trigger imbalances in the glucose metabolism and

Table 3 Association of rs762551 genotypes with pre- and post-30 m test in team sport athletes and control participants

Group Variable Genotype n M+SD (s) t p
Athletes 30 m sprint AA 7 Pre-test 5.00+00.35 0.059 0.955
Post-test 5.00+00.31
CA 17 Pre-test 5.06+00.46 -1.337 0.200
Post-test 5.12+00.48
CC 1 Pre-test 4.81 - -
Post-test 4.74
Control group 30 m sprint AA 8 Pre-test 5.55+00.40 1.832 0.110
Post-test 5.41+00.58
CA 15 Pre-test 5.43+00.58 -0.040 0.969
Post-test 5.43+00.56
CC 2 Pre-test 5.60+00.04 3.000 0.205
Post-test 5.58+00.03

* p<0.05, statistically significant differences between the groups
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Table 4 Association of 15762551 genotypes with Yo-Yo IR2 and 30 m test between team sport athletes and control participants

Genotype Variable Group n M +SD (m or s) t P

AA Yo-Yo IR2 Athletes 7 Pre-test 617.14+142.09 -0.004 0.997
Control 8 617.50+180.93
Athletes 7 Post-test 685.71 +85.41 0.040 0.969
Control 8 682.50+195.50

CA Yo-Yo IR2 Athletes 17 Pre-test 662.35+164.90 2.638 0.013*
Control 15 502.66+177.42
Athletes 17 Pos-test 752.94+155.71 2.727 0.011*
Control 15 594.66+172.62

CC Yo-Yo IR2 Athletes 1 Pre-test 780.00 - -
Control 2 480.00
Athletes 1 Pos-test 760.00 - -
Control 2 590.00

AA 30 m sprint Athletes 7 Pre-test 5.00+£00.35 2.769 0.016*
Control 8 5.55+00.40
Athletes 7 Post-test 5.00+00.31 1.651 0.123
Control 8 5.41+00.58

CA 30 m sprint Athletes 17 Pre-test 5.06+00.53 3.58 0.072%*
Control 15 5.43+00.58
Athletes 17 Pos-test 5.12+00.58 3.36 0.143
Control 15 5.43+00.56

CC 30 m sprint Athletes 1 Pre-test 4.81 - -
Control 2 5.60
Athletes 1 Pos-test 4.74 - -
Control 2 5.58

* p<0.05, statistically significant differences between the groups

accordingly high blood pressure with the possibility of dia-
betes and heart attacks. Therefore, the athletic performances
of the athletes with allele C could negatively be affected
whereas allele A may be advantageous for the performances
of the athletes. The results of the present study confirm the
previous studies showing that slow metabolizers do not
efficiently respond to caffeine intake and different types
of training [22-24, 36]. Furthermore, according to the UK
Biobank, the C allele has been shown to be associated with
lower coffee intake (p=1.3e-27), increased risk for hyper-
tension (p=1.2e-35), lower vitamin D levels (p=0.003),
lower serum albumin levels (p=0.0000021), lower mean
corpuscular volume (p=0.0037) and lower physical activ-
ity as measured by the frequency of stair climbing in the last
4-weeks (p=0.0025) [34].

The present study also found that statistically significant
changes were observed in the Yo-Yo IR2 performance tests
in basketball athletes with the CA genotype only. For the
CC genotype, no changes were detected due to the statisti-
cal limitations (there was only one basketball athlete with
the CC genotype). Therefore, it should be noted that our
training response study can only be considered as a pilot
study and thus an increase of sample size is needed to draw
clear conclusions. Interestingly, in a previous study involv-
ing elite basketball athletes, it has been shown that caffeine

increased jump height in athletes with the AA genotype only
[37].

Additionally, it is noteworthy that the ergogenic influence
of caffeine, as evidenced in a ball throwing test, exhibited a
heightened magnitude among individuals homozygous for
the AA allele playing the sport of handball, in comparison
to those carrying the C allele [23]. This outcome substanti-
ates the posited conjecture that individuals classified as fast
metabolizers manifest more conspicuous and affirmative
reactions to the consumption of caffeine.

A limitation of our study was that there was no informa-
tion regarding habitual coffee intake in our cohort. We can
only assume that rs762551 AA genotype carriers consume
more coffee than CC genotype carriers, as many studies
have previously highlighted [34, 37]. Caffeine is primarily
metabolized by CYP1A42, and the genetic variations affect-
ing the expression of the enzyme represent a major determi-
nant of enzyme activity. The rs762551 SNP in the CYPIA2
gene was found to change enzyme activity, as CC genotype
carriers reported the lowest enzyme activity [37]. Therefore,
high level of coffee consumption in carriers of the AA geno-
type may be a consequence of a high caffeine clearance rate
and obtaining a more positive effect from coffee intake with
less negative health effects [38, 39]. To address these limita-
tions and gain a more comprehensive understanding of the
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relationship between genetics, caffeine metabolism, coffee
consumption, and athletic performance, future research
endeavors could incorporate more detailed assessments
of participants’ coffee habits and explore a wider range of
genetic factors. Additionally, longitudinal studies and meta-
analyses may help confirm the causal associations sug-
gested by the current findings and provide a more nuanced
perspective on the topic.

The CYPIA2 gene rs762551 polymorphism is one of
the most studied genetic markers in exercise nutrigenet-
ics. For instance, Womack et al. [15] found that caffeine
intake reduced 40-km cycling time by a greater magnitude
in cyclists with AA genotype when compared to C allele
carriers. These findings were replicated by Guest et al.
[22], showing that caffeine improved 10-km cycling time
in AA genotype carriers only. Considering the power- and
strength-related phenotypes, only two studies have reported
that the AA genotype was associated with improvements
of strength [17] and power [24] performance in response
to caffeine supplementation. In another study it has been
shown that the CC genotype carriers experienced a 12.8%
decrease in handgrip strength following caffeine intake [36].
Regarding cognitive performance, there was evidence that
the effect of caffeine was greater for CYP142 AA vs. CA/
CC genotype carriers for reaction time during exercise [40].
Interestingly, it has recently been reported that rs762551
polymorphism may affect the optimal caffeine ingestion
timing [41]. In terms of aerobic capacity enhancement, the
authors have recommended ingesting caffeine 1 h before
training for fast metabolizers (these athletes might benefit
from higher doses of caffeine intake closer to the time of
competition) and 2 h before exercise for slow metaboliz-
ers (these individuals may need to consume lower doses or
ingest caffeine well before competition to avoid prolonged
side effects that could hinder performance).

Nevertheless, significant associations of polymorphisms
with caffeine-dependent reactions have not widely been
reported. Furthermore, it is worth noting that numerous
investigations have failed to establish statistically signifi-
cant associations between the rs762551 polymorphism and
alterations in exercise-related traits induced by caffeine [32,
42-46]. The intricacy of these effects, which encompasses
epigenetic modulations affecting CYP1A2 protein activity
[47, 48], as well as their influence on the addiction-related
mechanisms within the system [49], can introduce a level
of contention into the findings of the studies. Consequently,
it becomes evident that further comprehensive research
endeavors are warranted to elucidate the interplay between
CYP1A2 gene polymorphisms, their impact on ergogenic
effects, and the dosage of caffeine administered [7].

The conclusions drawn from the study, particularly
regarding the CYPIA2 gene 15762551 polymorphism and
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its potential influence on athletic performance, offer valu-
able insights for practical applications in the realm of
nutrition for athletes. Athletes, coaches, and nutritionists
can consider integrating genetic information, including
the CYPIA2 genotype, into individualized nutrition plans.
For those with the CA genotype, who may experience
advantages in endurance-based sports like basketball, tai-
lored dietary strategies can be devised to optimize energy
metabolism and recovery. Athletes with the CC genotype
may metabolize caffeine more slowly, potentially leading to
increased sensitivity. Thus, individuals with this genotype
might benefit from adjusting their caffeine intake around
training and competition to avoid overstimulation or sleep
disturbances. Moreover, for athletes, the timing and compo-
sition of pre-training meals or snacks can be adjusted based
on genetic profiles. Those with the CA genotype, associated
with potential advantages in basketball, may benefit from
specific pre-training nutrients or supplements to support
endurance and performance. Additionally, tailored post-
training or post-competition recovery nutrition plans can be
developed, considering genetic factors. Athletes with differ-
ent genotypes may have varying nutrient needs for muscle
recovery and glycogen replenishment.

In the context of the conceptualization, the present study
may have several limitations and biases. First of all, the
number of Turkish participants was relatively low, mak-
ing it difficult to draw general conclusions for the popula-
tion. Secondly, the caffeine intake of the participants was
not assessed. Additionally, the results were not evaluated
in terms of sex differences due to the high subgrouping for
statistical analyses. Finally, a multigenetic approach and
co-evaluation of the results with other variants, which may
affect the outcomes, were not feasible for the Turkish par-
ticipants due to the selected methodology. Hence, although
the results were supported by the literature, further studies
addressing these issues are required.

Conclusion

In summary, the study’s outcomes shed light on the role of
the CYP1A2 gene rs762551 polymorphism in the context of
elite team sports. The rs762551 CC genotype is not a pre-
requisite for achieving elite status in team sports. It does not
appear to be a determining factor for success in this athletic
domain. On the other hand, the presence of the CA genotype
may confer a distinct advantage in the realm of basketball.
Individuals with the CA genotype demonstrated notable per-
formance improvements, as indicated by the Yo-Yo IR2 and
30-meter sprint tests. These findings underscore the poten-
tial utility of including CYPIA2 rs762551 polymorphism
analysis alongside assessments of other genetic variations
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and standard phenotypic evaluations in the talent identifica-
tion process for team sports. This integrated approach could
enhance the accuracy and comprehensiveness of talent
identification protocols in this context. However, it is cru-
cial to acknowledge that further research, including replica-
tion studies and meta-analyses, is imperative to validate the
causal association of the CYPI1A42 rs762551 polymorphism
with athletic performance conclusively. Such investigations
will help corroborate the observed genetic influences on
athletic success and provide a more comprehensive under-
standing of the complex interplay between genetics and
sporting achievement.

Acknowledgements The authors are grateful to all participants who
kindly provided their samples for DNA analysis and athletic perfor-
mance.

Author contributions C.B. M.C. and L.I.A. Conceptualization. E.Z.
M.D. and LI A. methodology. HH.K. E.A.S., and LI.A. Formal analy-
sis. A.K.L. N.A.K. and E.V.G. Investigation. H.H.K. E.Z. C.B., M.C.
and L.I.A. All authors reviewed the manuscript.

Funding This research received no external funding.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interest All authors declare having no conflict of interest.

Ethics statement The study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Committee of
Tetowa University (decision number of 27/05/2022-27/05/2023) and
by the Ethics Committee of the Federal Research and Clinical Center
of Physical-Chemical Medicine of the Federal Medical and Biological
Agency Russia (approval number 2017/04).

Informed consent statement Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Grgic J, Pickering C (2019) The effects of caffeine ingestion on
isokinetic muscular strength: a meta-analysis. J Sci Med Sport
22:353-360. https://doi.org/10.1016/j.jsams.2018.08.016

2. WangJ, DewiL, Peng Y et al (2024) Does ergogenic effect of caf-
feine supplementation depend on CYP1A2 genotypes? A system-
atic review with meta-analysis. J Sport Health Sci 13:499-508.
https://doi.org/10.1016/j.jshs.2023.12.005

3. Spriet LL (2014) Exercise and Sport performance with low doses
of Caffeine. Sports Med 44:175-184. https://doi.org/10.1007/
$40279-014-0257-8

4. Grgic J (2021) Effects of Caffeine on Resistance Exercise: a
review of recent research. Sports Med 51:2281-2298. https://doi.
org/10.1007/s40279-021-01521-x

5. Ribeiro JA, Sebastiio AM (2010) Caffeine and Adenosine.
J Alzheimer’s Disease 20:S3-S15. https://doi.org/10.3233/
JAD-2010-1379

6. GONGLACH AR, ADE CJ, BEMBEN MG et al (2016) Muscle
Pain as a Regulator of Cycling Intensity. Med Sci Sports Exerc
48:287-296. https://doi.org/10.1249/MSS.0000000000000767

7. Barreto G, Grecco B, Merola P et al (2021) Novel insights on
caffeine supplementation, CYPIA2 genotype, physiologi-
cal responses and exercise performance. Eur J Appl Physiol
121:749-769. https://doi.org/10.1007/s00421-020-04571-7

8. Southward K, Rutherfurd-Markwick K, Badenhorst C, Ali A
(2018) The role of Genetics in moderating the inter-individual
differences in the ergogenicity of Caffeine. Nutrients 10:1352.
https://doi.org/10.3390/nul10101352

9. Grgic J, Trexler ET, Lazinica B, Pedisic Z (2018) Effects of
caffeine intake on muscle strength and power: a systematic
review and meta-analysis. J Int Soc Sports Nutr 15. https://doi.
org/10.1186/s12970-018-0216-0

10. Polito MD, Souza DB, Casonatto J, Farinatti P (2016) Acute
effect of caffeine consumption on isotonic muscular strength and
endurance: a systematic review and meta-analysis. Sci Sports
31:119-128. https://doi.org/10.1016/j.scispo.2016.01.006

11. Astorino TA, Roberson DW (2010) Efficacy of Acute Caffeine
Ingestion for Short-Term High-Intensity Exercise performance: a
systematic review. J Strength Cond Res 24:257-265. https://doi.
org/10.1519/JSC.0b013e3181c188a

12. Souza DB, Del Coso J, Casonatto J, Polito MD (2017) Acute
effects of caffeine-containing energy drinks on physical perfor-
mance: a systematic review and meta-analysis. Eur J Nutr 56:13—
27. https://doi.org/10.1007/s00394-016-1331-9

13. Ganio MS, Klau JF, Casa DJ et al (2009) Effect of Caffeine on
Sport-specific endurance performance: a systematic review.
J Strength Cond Res 23:315-324. https://doi.org/10.1519/
JSC.0b013e31818b979a

14. Doherty M, Smith PM, Richard Davison RC, Hughes MG (2002)
Caffeine is ergogenic after supplementation of oral creatine
monohydrate. Med Sci Sports Exerc 34:1785—1792. https://doi.
org/10.1097/00005768-200211000-00015

15. Womack CJ, Saunders MJ, Bechtel MK et al (2012) The influence
of a CYP1A2 polymorphism on the ergogenic effects of caffeine.
J Int Soc Sports Nutr 9. https://doi.org/10.1186/1550-2783-9-7

16. Hall ECR, Semenova EA, Bondareva EA et al (2022) Association
of Genetically Predicted BCAA Levels with muscle Fiber size
in athletes consuming protein. Genes (Basel) 13:397. https://doi.
org/10.3390/genes 13030397

17. Rahimi R (2019) The effect of CYP1A2 genotype on the ergo-
genic properties of caffeine during resistance exercise: a ran-
domized, double-blind, placebo-controlled, crossover study.
Ir J Med Sci (1971 -) 188:337-345. https://doi.org/10.1007/
$11845-018-1780-7

@ Springer


https://doi.org/10.1016/j.jsams.2018.08.016
https://doi.org/10.1016/j.jshs.2023.12.005
https://doi.org/10.1007/s40279-014-0257-8
https://doi.org/10.1007/s40279-014-0257-8
https://doi.org/10.1007/s40279-021-01521-x
https://doi.org/10.1007/s40279-021-01521-x
https://doi.org/10.3233/JAD-2010-1379
https://doi.org/10.3233/JAD-2010-1379
https://doi.org/10.1249/MSS.0000000000000767
https://doi.org/10.1007/s00421-020-04571-7
https://doi.org/10.3390/nu10101352
https://doi.org/10.1186/s12970-018-0216-0
https://doi.org/10.1186/s12970-018-0216-0
https://doi.org/10.1016/j.scispo.2016.01.006
https://doi.org/10.1519/JSC.0b013e3181c1f88a
https://doi.org/10.1519/JSC.0b013e3181c1f88a
https://doi.org/10.1007/s00394-016-1331-9
https://doi.org/10.1519/JSC.0b013e31818b979a
https://doi.org/10.1519/JSC.0b013e31818b979a
https://doi.org/10.1097/00005768-200211000-00015
https://doi.org/10.1097/00005768-200211000-00015
https://doi.org/10.1186/1550-2783-9-7
https://doi.org/10.3390/genes13030397
https://doi.org/10.3390/genes13030397
https://doi.org/10.1007/s11845-018-1780-7
https://doi.org/10.1007/s11845-018-1780-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

841

Page 10 of 10

Molecular Biology Reports (2024) 51:841

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Bouchard C, Rankinen T, Timmons JA (2011) Genomics and
Genetics in the Biology of Adaptation to Exercise. Comprehen-
sive Physiology. Wiley, pp 1603—-1648

Semenova EA, Hall ECR, Ahmetov II (2023) Genes and athletic
performance: the 2023 Update. Genes (Basel) 14:1235. https://
doi.org/10.3390/genes 14061235

Bulgay C, Kasakolu A, Kazan HH et al (2023) Exome-wide
Association study of competitive performance in Elite athletes.
Genes (Basel) 14:660. https://doi.org/10.3390/genes 14030660
Duarte MKRN, Leite-Lais L, Agnez-Lima LF et al (2024) Obe-
sity and Nutrigenetics Testing: New insights. Nutrients 16:607.
https://doi.org/10.3390/nul 6050607

Guest N, Corey P, Vescovi J, El-Sohemy A (2018) Caffeine,
CYP1A2 genotype, and endurance performance in athletes.
Med Sci Sports Exerc 50:1570-1578. https://doi.org/10.1249/
MSS.0000000000001596

Mufioz A, Lopez-Samanes A, Aguilar-Navarro M et al (2020)
Effects of CYP1A2 and ADORA2A genotypes on the Ergogenic
response to Caffeine in Professional Handball players. Genes
(Basel) 11:933. https://doi.org/10.3390/genes11080933

Minaei S, Jourkesh M, Kreider RB et al (2022) CYP1A2 geno-
type polymorphism influences the Effect of Caffeine on anaero-
bic performance in trained males. Int J Sport Nutr Exerc Metab
32:16-21. https://doi.org/10.1123/ijsnem.2021-0090

Spineli H, Pinto MP, Dos Santos BP et al (2020) Caffeine
improves various aspects of athletic performance in adolescents
independent of their 163 C>A CYP1A2 genotypes. Scand ] Med
Sci Sports 30:1869-1877. https://doi.org/10.1111/sms.13749
Zawieja E, Chmurzynska A, AniotaJ etal (2023) The Effect of Caf-
feine Supplementation on Resistance and jumping Exercise: the
Interaction with CYP1A2 and ADORA2A genotypes. Nutraceu-
ticals 3:274-289. https://doi.org/10.3390/nutraceuticals3020022
Mclnnes SE, Carlson JS, Jones CJ, McKenna MJ (1995)
The physiological load imposed on basketball players dur-
ing competition. J Sports Sci 13:387-397. https://doi.
org/10.1080/02640419508732254

Bangsbo J, laia FM, Krustrup P (2008) The Yo-Yo Inter-
mittent Recovery Test. Sports Med 38:37-51. https:/doi.
org/10.2165/00007256-200838010-00004

He C, Holme J, Anthony J (2014) SNP Genotyping: The KASP
Assay. pp 75-86

Kikuchi N, Moreland E, Homma H et al (2021) Genes and
weightlifting performance. Genes (Basel) 13:25. https:/doi.
org/10.3390/genes 13010025

Varillas D, Juan D, Coso D et al (2022) Genetics and sports per-
formance : the present and future in the identification of talent
for sports based on DNA testing. Eur J Appl Physiol. https://doi.
org/10.1007/s00421-022-04945-z

CYP1A2 genotypes. Scand J Med Sci Sports 30:1869-1877.
https://doi.org/10.1111/sms.13749

Pataky MW, Womack CJ, Saunders MJ et al (2016) Caffeine and
3-km cycling performance: effects of mouth rinsing, genotype,
and time of day. Scand J Med Sci Sports 26:613-619. https://doi.
org/10.1111/sms.12501

Open Targets Genetics. Available online: https://genetics.opentar-
gets.org (accessed on 10 June 2023).

Zhou S-F, Yang L-P, Zhou Z-W et al (2009) Insights into the
substrate specificity, inhibitors, regulation, and polymorphisms
and the clinical impact of human cytochrome P450 1A2. AAPS J
11:481-494. https://doi.org/10.1208/s12248-009-9127-y

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Wong O, Marshall K, Sicova M et al (2021) CYP1A2 genotype
modifies the effects of Caffeine compared with placebo on mus-
cle strength in competitive male athletes. Int J Sport Nutr Exerc
Metab 31:420-426. https://doi.org/10.1123/ijsnem.2020-0395
Puente C, Abian-Vicén J, Del Coso J, et al (2018) The CYP1A2
-163C>A polymorphism does not alter the effects of caffeine
on basketball performance. PLoS One 13:€0195943. https://doi.
org/10.1371/journal.pone.0195943

Salinero JJ, Lara B, Del Coso J (2019) Effects of acute ingestion
of caffeine on team sports performance: a systematic review and
meta-analysis. Res Sports Med 27:238-256. https://doi.org/10.10
80/15438627.2018.1552146

Palatini P, Ceolotto G, Ragazzo F et al (2009) CYP1A2 geno-
type modifies the association between coffee intake and the
risk of hypertension. J Hypertens 27:1594-1601. https://doi.
org/10.1097/HJH.0b013e32832ba850

Carswell AT, Howland K, Martinez-Gonzalez B et al (2020)
The effect of caffeine on cognitive performance is influenced
by CYP1A2 but not ADORA2A genotype, yet neither genotype
affects exercise performance in healthy adults. Eur J Appl Physiol
120:1495-1508. https://doi.org/10.1007/s00421-020-04384-8

Aji YG, Melita S, Dijaya R et al (2023) Evaluation of caf-
feine ingested timing on endurance performance based on
CYP1A2 rs762551 profiling in healthy sedentary young adults.
Rep Biochem Mol Biol 11:663—-671. https://doi.org/10.52547/
rbmb.11.4.663

Grgic J, Pickering C, Bishop DJ et al (2020) ADORA2A C allele
carriers exhibit ergogenic responses to Caffeine Supplementation.
Nutrients 12:741. https://doi.org/10.3390/nu12030741

Salinero J, Lara B, Ruiz-Vicente D et al (2017) CYP1A2 geno-
type variations do not modify the benefits and drawbacks of Caf-
feine during Exercise: a pilot study. Nutrients 9:269. https://doi.
0rg/10.3390/nu9030269

Glaister M, Chopra K, De Pereira AL et al (2021) Caffeine,
exercise physiology, and time-trial performance: no effect of
ADORAZ2A or CYP1A2 genotypes. Appl Physiol Nutr Metab
46:541-551. https://doi.org/10.1139/apnm-2020-0551

Sicova M, Guest NS, Tyrrell PN, El-Sohemy A (2021) Caffeine,
genetic variation and anaerobic performance in male athletes: a
randomized controlled trial. Eur J Appl Physiol 121:3499-3513.
https://doi.org/10.1007/s00421-021-04799-x

Dos Santos MPP, Spineli H, Dos Santos BP et al (2022) The
effect of caffeine on exercise performance is not influenced by
ADORA2A genotypes, alone or pooled with CYP1A2 geno-
types, in adolescent athletes. Eur J Nutr. https://doi.org/10.1007/
$00394-022-03045-0

Buscariollo DL, Fang X, Greenwood V et al (2014) Embryonic
caffeine exposure acts via A1 Adenosine receptors to alter adult
cardiac function and DNA methylation in mice. PLoS ONE
9:e87547. https://doi.org/10.1371/journal.pone.0087547

Ping J, Wang J, Liu L et al (2014) Prenatal caffeine ingestion
induces aberrant DNA methylation and histone acetylation of
steroidogenic factor 1 and inhibits fetal adrenal steroidogenesis.
Toxicology 321:53—-61. https://doi.org/10.1016/j.tox.2014.03.011
Hammons GJ, Yan-Sanders Y, Jin B et al (2001) Specific site
methylation in the 5'-flanking region of CYP1A2. Life Sci
69:839-845. https://doi.org/10.1016/S0024-3205(01)01175-4

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1123/ijsnem.2020-0395
https://doi.org/10.1080/15438627.2018.1552146
https://doi.org/10.1080/15438627.2018.1552146
https://doi.org/10.1097/HJH.0b013e32832ba850
https://doi.org/10.1097/HJH.0b013e32832ba850
https://doi.org/10.1007/s00421-020-04384-8
https://doi.org/10.52547/rbmb.11.4.663
https://doi.org/10.52547/rbmb.11.4.663
https://doi.org/10.3390/nu12030741
https://doi.org/10.3390/nu9030269
https://doi.org/10.3390/nu9030269
https://doi.org/10.1139/apnm-2020-0551
https://doi.org/10.1007/s00421-021-04799-x
https://doi.org/10.1007/s00394-022-03045-0
https://doi.org/10.1007/s00394-022-03045-0
https://doi.org/10.1371/journal.pone.0087547
https://doi.org/10.1016/j.tox.2014.03.011
https://doi.org/10.1016/S0024-3205(01)01175-4
https://doi.org/10.3390/genes14061235
https://doi.org/10.3390/genes14061235
https://doi.org/10.3390/genes14030660
https://doi.org/10.3390/nu16050607
https://doi.org/10.1249/MSS.0000000000001596
https://doi.org/10.1249/MSS.0000000000001596
https://doi.org/10.3390/genes11080933
https://doi.org/10.1123/ijsnem.2021-0090
https://doi.org/10.1111/sms.13749
https://doi.org/10.3390/nutraceuticals3020022
https://doi.org/10.1080/02640419508732254
https://doi.org/10.1080/02640419508732254
https://doi.org/10.2165/00007256-200838010-00004
https://doi.org/10.2165/00007256-200838010-00004
https://doi.org/10.3390/genes13010025
https://doi.org/10.3390/genes13010025
https://doi.org/10.1007/s00421-022-04945-z
https://doi.org/10.1007/s00421-022-04945-z
https://doi.org/10.1111/sms.12501
https://doi.org/10.1111/sms.12501
https://genetics.opentargets.org
https://genetics.opentargets.org
https://doi.org/10.1208/s12248-009-9127-y

	﻿Exploring the relationship between caffeine metabolism-related ﻿CYP1A2﻿ rs762551 polymorphism and team sport athlete status and training adaptations
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Ethical approval
	﻿Participants
	﻿Training and performance tests
	﻿Genotyping
	﻿Statistical analyses

	﻿Results
	﻿Case-control study
	﻿Training response study

	﻿Discussion
	﻿Conclusion
	﻿References


