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ABSTRACT

This study examined the effects of caffeine consumption on endurance exercise performance, and the influence of CYP1A2 gene
polymorphisms in caffeine pharmacokinetics and exercise performance. The data sets of two randomised, double blind, placebo-
controlled crossover study design experiments have been merged. Thirty-eight recreationally active male participants provided
saliva samples for CYP1A2 genotyping (AA homozygotes n = 19; AC heterozygotes n = 19) and completed either a 10-km run or
40-km cycling time trial of 60-min following a single dose of 6 mg-kg ' caffeine (CAF) or placebo (maltodextrin; PLA)
throughout which heart rate (HR) and time to completion (TTC) were measured. Caffeine ingestion improved TTC by 1.8%
(p = 0.05; ,” = 0.12). HR was higher in CAF trials compared to PLA (p = 0.02;7,” = 0.15). Plasma caffeine concentrations were
higher in AA allele carriers compared with AC allele carriers (p = 0.04; 7,> = 0.139). No caffeine-gene interaction effects were
observed in TTC, HR or plasma concentrations of paraxanthine and theophylline. Total caffeine plasma concentrations in the
area under the concentration-time curve (AUC) were significantly higher in AA allele carriers compared with AC allele carriers
(p = 0.01). Ingesting a dose of 6 mg-kg ' caffeine 60-min prior to exercise is likely to improve performance in endurance ac-
tivities in recreationally trained males. Plasma caffeine concentrations were significantly higher in AA allele carriers compared
to AC allele carriers, though no gene-caffeine interaction main effects were observed in TTC; so, the role of CYP1A2 gene

polymorphisms in determining enhancements in exercise performance remains unclear.

1 | Introduction

Caffeine is a methylxanthine that has been shown to elicit er-
gogenic effects in those who respond to caffeine's effects during
exercise, improving strength, speed and power (Grgic et al. 2018;
Southward et al. 2018), making caffeine a popular ergogenic aid
among athletes. Caffeine's appeal has increased due to the
perceptual, cognitive and physiological effects it can exert such
as reducing fatigue and perceived exertion and improving mood
and cognition (Agoston et al. 2018; Barcelos et al. 2020; Barreto
et al. 2021). However, interindividual variation in response to

caffeine is broad, with many factors, such as genetics, gender,
body composition and medications influencing the ergogenic
effects on exercise performance (Cappelletti et al. 2015; Neh-
lig 2018; Domaszewski et al. 2025).

Physiological responses to caffeine consumption differ between
individuals, with some finding caffeine enhances mental and
physical performance, and others experiencing ergolytic effects
(Yang et al. 2010). In some individuals, caffeine intake leads to
sensations of nervousness and anxiety, restlessness, insomnia,
headaches and tachycardia (Wikoff et al. 2017). Caffeine
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Highlights

*A dose of 6 mg-kg™ " caffeine may improve exercise
performance in both long-distance cycling and
running in male recreational athletes.

« Participants CYP1A2 genotype does not influence
caffeine’s benefits in sports performance in male rec-
reational exercisers completing a 10-km run or 40-km
cycle.

« Exercise performance was improved in the second half
of exercise, supporting athletes’ timing of caffeine
intake 60-min before starting long distance exercise.

-1

sensitivity and the likelihood of experiencing adverse side ef-
fects to caffeine have been attributed to polymorphisms in the
ADORA2A gene where individuals with the ADORA2A TT
phenotype have higher caffeine sensitivity than those with
CT/CC polymorphisms (Rauf et al. 2025; Wikoff et al. 2017).
The enzyme cytochrome P450 is a monooxygenase that met-
abolises drugs such as caffeine, which may indirectly influence
exercise performance by modulating the ergogenic effects of
ingested caffeine. This may be due to polymorphisms in the
CYPIA2 gene, which encodes the P450 enzyme resulting in
variations in allele expression, and subsequently, the rate of
enzymatic activity (Nelson et al. 2004). Those with the AA
allele variation are thought to be ‘fast’ metabolisers of caffeine,
those with the AC allele are ‘slow’ metabolisers, and the CC
allele carriers, ‘ultra-slow’ metabolisers (Nehlig 2018; Sachse
et al. 1999). Therefore, the rate of caffeine metabolism may
differ between individuals depending on their CYPIA2 geno-
type, contributing to differences in exercise performance.

The effect of the CYPIA2 gene on exercise performance
following caffeine ingestion has been of increasing interest in
the last decade (Grgic et al. 2021). In a recent systematic review,
4 of 17 studies found the AA allele polymorphism influenced
the ergogenic effects of caffeine, with improvement in exercise
performance in these athletes compared to athletes with AC or
CC genotypes (Grgic et al. 2021). However, the remaining 13
studies showed no influence of the CYPIA2 gene enhancing
exercise performance. Subsequent research has shown differing
results from anaerobic and aerobic exercise, with some studies
finding no caffeine-gene interactions (Glaister et al. 2021;
Sicova et al. 2021), and others finding an improvement in per-
formance in AA allele carriers (Zawieja et al. 2023; Minaei
et al. 2022). One study found handgrip strength decreased in CC
allele carriers following consumption of 5 mg-kg ' caffeine
(Wong et al. 2021), but no difference in performance in AA or
AC genotypes. The differing results between studies may be due
to small sample sizes, grouping AC and CC allele carriers
together, and differing exercise modalities between studies
(Grgic et al. 2021; Sicova et al. 2021).

The consensus on optimal dosage and timing of caffeine
ingestion for ergogenic benefits in exercise performance is
widely accepted as 3-6 mg-kg ' caffeine 60-min prior to exercise
(Del Coso et al. 2011; Glaister et al. 2021; Ryan et al. 2013). The
timing of caffeine supplementation 60-min prior to exercise in
research trials is generally used as it allows caffeine to reach

peak serum concentrations during the exercise trial (Ryan
et al. 2013). However, as caffeine has been found to improve
exercise performance when fatigue sets in (Davis et al. 2003),
the optimal time to consume caffeine supplements to maximise
the ergogenic benefits may vary depending on different exercise
modes, caffeine metabolism and mode of delivery. In tensio-
myography testing of muscle fibres directly, Pakosz et al. (2024)
found the optimal timing of caffeine ingestion to be 30-min,
after which the muscle response to caffeine peaked. In consid-
eration of CYP1A2 genetic influence in caffeine pharmacoki-
netics, recent meta-analysis has identified no main effect in
standardised mean differences between timing of caffeine
ingestion and exercise performance outcomes between AA and
AC phenotypes; however exercise performance in CC allele
carriers were shown to improve as the timing between supple-
mentation and exercise increases (Barreto et al. 2024).

Caffeine is a universally popular ergogenic aid and under-
standing the factors that affect intra- and interindividual vari-
ation in response to caffeine may assist in using caffeine more
effectively. As the research behind the CYPIA2 gene's influence
on caffeine pharmacokinetics and exercise performance is un-
clear, further research in this area may provide clarity on dosing
and timing strategies for use in enhancing exercise performance.

This study combines data from two separate but related exper-
iments: a 10-km running trial and a 40-km cycling trial to in-
crease the sample size, and therefore statistical power. A
minimum sample size of 24 participants was needed to give
statistical power of 0.8 with an effect size of f = 0.25 using
ANOVA repeated measures, within-between interactions.
G*Power software was used to calculate statistical power. Both
experiments recruited recreationally active males, who
consumed a dose of 6 mg-kg™' caffeine or placebo (maltodex-
trin) 60-min prior to exercise. The distances of 10-km running
and 40-km cycling were chosen for this study as each takes
approximately 1-h to complete and are average endurance dis-
tances many professional and recreational athletes complete
during training and events (Cushman et al. 2014; Ransdell
et al. 2009). Combining data from two different exercise mo-
dalities may be useful for building a further understanding of
how recreational athletes can utilise caffeine as a tool for
enhancing exercise performance as this population generally is
not tied to one specific sport or exercise. Recreational athletes
may choose to participate in any one or more of multiple
differing exercise modalities on a given day, such as resistance
exercise at a gym, or running in outside terrain. This may build
a clearer picture of how individualised caffeine recommenda-
tions can be made for athletes; if a general recommendation of
dosage and timing can be made for an individual, or if one needs
to adapt their caffeine dose and timing based on fixed and
variable endogenous and exogenous factors such as genetic
phenotype, exercise type and duration chosen and fasted state.
Those participating in duathlons/triathlons may also benefit
from further insight due to the combination of running and
cycling completed during these events.

This study aimed to determine the effect of 6 mgkg ' of
caffeine intake on ~1-h time trial performance in male recrea-
tional exercisers. Further, it aimed to determine the impact of
CYPI1A2 gene polymorphisms on the rate of caffeine metabolism
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and subsequently exercise performance following caffeine
ingestion in male recreational exercisers.

2 | Methods
2.1 | Participants

All participants recruited were male and identified as Tier 1:
Recreationally Active (McKay et al. 2022). Participants were
categorised as recreationally active by meeting the World Health
Organisations guidelines for minimum activity of 150-300 min
of moderate intensity activity or 75-150 min of vigorous activity
per week, plus muscle strengthening activities 2 or more times
per week (World Health Organisation 2020). The participants
recruited from the two studies were 38 nonsmoking, recrea-
tionally active males (combined mean and SD: age = 31.9 +
10.0 years; weight = 77.5 + 8.0 kg).

2.2 | Study Design

The 10-km running trial and 40-km cycling trial were completed
independently. Data were combined for this study to increase
the sample size and statistical power. Data from 14 participants
was collected during the 40-km cycling trial, and data from 24
participants was collected from the 10-km running trial. Two
separate ethics applications were approved by the Massey Uni-
versity Human Ethics Committee (Running trial- Southern A,
Application 15/12; Cycling trial- Southern A, Application SOA
18/44). Participants were screened for health issues and caffeine
use and excluded from the study if caffeine intake was avoided,
or above 4 standard cups of coffee (or equivalent) were typically
consumed per day. Following the provision of an information
sheet explaining the requirements, advantages and risks of the
study, written consent was obtained from all participants.

Participants were required to abstain from caffeine consumption
during the study, a period that spanned from the familiarisation
session until 48-h following the final trial. Participants kept a
food diary for 48-h prior to each trial and were asked to replicate
their diet prior to each trial.

Both the running and the cycling trials used a randomised,
double blind, placebo-controlled crossover study design. Par-
ticipants attended three sessions, 1 week apart. The initial visit
was a familiarisation session where blood test procedures and
the food diary were explained to participants. Participants ran 1-
km (running study) or cycled 40-km (cycle trial) to familiarise
themselves with the treadmill and ergometer, respectively. The
second two sessions were either a 10-km running trial or a 40-
km cycling trial. Blood samples were taken from participants
in a rested state immediately prior to consumption of 6 mg-kg
caffeine (Fluka Sigma-Aldrich, MO, USA) or placebo (malto-
dextrin) in a gelatine capsule (Vegie capsules, Biobalance, New
Zealand). Participants then rested for 60-min before
commencing exercise. Before the commencement of each
cycling trial, participants were provided with a standardised
meal (5x Tom and Luke Snackaballs, salted caramel flavour),
but this was not provided to participants in the running trials.

Run times were recorded at 5-km and 10-km distances and
cycling times were recorded electronically on the ergometer and
manually at the completion of exercise. A bolus of water

measuring 2-mL-kg~* body mass was ingested by each partici-
pant at four time intervals throughout the exercise trials:
initially with the caffeine or placebo supplement, second, at 60-
min post caffeine or placebo consumption, then halfway
through the exercise trial and lastly at the completion of the
exercise trial. Once the participants had completed the exercise
trial, blood samples were repeated immediately. In total, four
blood samples were taken from each participant.

2.3 | Anthropometric and Physiological
Measurements

Height and body mass were measured during the familiarisation
session. Height was measured with a stadiometer (Seca portable
stadiometer, Amtech, New Zealand). Participants were
instructed to stand with their head angled in the Frankfurt
plane and bare heels against the stadiometer's backboard. Body
mass was measured using scales accurate to 0.1 kg (AND
Weighing Hv 200-KGL, Australia) without shoes or excess
clothing worn. Each participant's body mass measured during
the familiarisation session was used to calculate their dose of
caffeine provided.

Heart rate was measured using a short-range telemetry chest
strap and watch (T31 Polar heart rate monitor, Kempele,
Finland) and recorded at 1-km intervals.

The 10-km running time trial was completed indoors on a
treadmill (ELG70, Woodway, Waukesha, Wisconsin, USA). To
simulate running outside on flat terrain, a 1% incline was set
on the treadmill. Participants were instructed to complete the
10-km as quickly as possible, and were advised when they had
completed each 1-km. No further information or encourage-
ment was given. Participants were able to adjust the speed on
the treadmill but were not aware of the speed they were running
at. Each participant's time, distance and speed were recorded
throughout the trial.

The 40-km cycling time trial was completed on a cycle ergom-
eter (Velotron Racemate, Quarq, USA). Participants provided
their own seats and pedals for comfort during the familiar-
isation session and cycling trials. Cyclists were encouraged to
cycle as quickly as possible and advised when they had
completed each 10-km distance. Participants were able to adjust
the gears during the cycling trial but were not aware of the
speed at which they were cycling. Velotron data captured each
participant's time, distance and speed throughout the trial.

2.4 | Blood Sampling and Analysis

Blood samples were collected by a trained phlebotomist to
measure caffeine, paraxanthine and theophylline plasma con-
centrations before, during and after exercise. Blood samples
were taken via a cannula inserted into one of the basilic, ce-
phalic or median veins of the antecubital area. The cannula was
secured to the participant's arm using surgical tape and a
bandage. An extension kit was connected to the cannula
with blood samples then drawn using a syringe. Blood samples
(12-mL) were taken prior to caffeine ingestion and 50-min post
caffeine ingestion. In the running and cycling trials, blood
samples were collected halfway through exercise, and at the
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completion of exercise. Each sample was aliquoted into one
6-mL EDTA vacutainer and one 6-mL lithium heparin vacu-
tainer tube. The blood samples were centrifuged (MF-50, Hanil
Science Industrial, Korea) for 10-min at 1330 x g, with the
plasma from each sample then dispensed into three 1.5-mL
Eppendorf tubes. Samples were frozen and stored at —80°C
until concentration measurements for caffeine and its metabo-
lites (paraxanthine and theophylline) were undertaken.

Plasma caffeine, paraxanthine and theophylline concentrations
were analysed by high-performance liquid chromatography
(HPLC). In preparation for analysis, each thawed plasma sample
was deproteinised by combining a 400-uL aliquot of plasma with
400-uL of 0.8 M perchloric acid and vortexing for 10 s. Samples
were then centrifuged at 9900 x g for 10-min, and 400-pL
supernatant placed in a glass HPLC vial for analysis. Reversed
phase HPLC was used to measure caffeine and metabolite con-
centrations in each sample.

2.5 | Saliva Sampling for DNA Analysis

A saliva sample was obtained from each participant during the
familiarisation session for DNA analysis. The bud method was
used (Rutherfurd-Markwick et al. 2020) with two large cotton
buds (Jumbo cotton applicators 18 cm, Livingston) inserted into
the mouth and left for 3-min, one inside the cheek and one
under the tongue. The cotton buds were removed after the
3-min period and placed into a test tube where saliva was
extracted by centrifuging (MF-50, Hanil Science Industrial,
Korea) for 2-min at 1330 x g. A 1.5-mL sample of saliva was sent
to the laboratory at Massey University for DNA extraction.
These DNA samples were then sent for genotyping at the Lig-
gins Institute (Auckland University, New Zealand).

2.6 | Statistical Analysis

A Levene's test was carried out to test for homogeneity of
variance of the raw data. A two-way repeated measure analysis
of variance (ANOVA) was used to calculate differences between
caffeine and placebo for plasma caffeine, paraxanthine and
theophylline concentrations, time to completion, cardiac output,
CYPIA2 genotype effects and trial order effects. A one-way
ANOVA was used to compare plasma caffeine concentrations
over time between genotypes during exercise. A paired f-test
with Hedge's correction factor was used in post hoc analysis to
identify differences between specific time points and/or treat-
ments. A Mann-Whitney U test was performed in analysis of
the AUC. Eta squared and Cohen's d were used to calculate
effect sizes (small effect size: npz = 0.01, d = 0.2; medium effect
size: 7,° = 0.09, d = 0.5; large effect size: 7,> = 0.25, d = 0.8).
Data are presented as mean =+ standard deviation (SD). Statis-
tical significance was set at p < 0.05. Statistical Package for the
Social Sciences (SPSS, Chicago, IL) Version 29.0 was used to
analyse the data.

3 | Results
3.1 | Study Population Demographics

Half of the participants (n = 19) were homozygous AA allele
carriers (‘fast’ metabolisers) and half (n = 19) were AC allele

carriers (‘slow’ metabolisers). No participants were homozygous
CC allele carriers or ‘ultra-slow’ metabolisers.

3.2 | Impact of Caffeine on Time Trial
Performance

The data from 34 out of 38 participants were used to conduct a
paired samples t-test to analyse TTC in this study, with 4 out-
liers removed due to incomplete data collected. A main effect
was seen in TTC, with a 1-min (1.8%) time improvement in
performance observed in CAF trials compared to PLA (CAF
58.5 £ 12.2 min vs. PLA 59.5 + 11.9 min; p = 0.05; np2 =0.12;
Figure 1). Mean TTC in the first half of exercise was nonsig-
nificantly 1.2% lower in CAF trials compared to PLA (CAF
29.4 + 6.2 min vs. PLA 29.7 &+ 6.0 min; p = 0.36; npz = 0.03), but
2.4% significantly faster in the second half of exercise in CAF
trials compared to PLA (CAF 29.1 £+ 6.1 min vs. PLA
29.8 + 6.1 min; p = 0.02; npz = 0.16). Of the 34 participants, 24
had faster times to completion in CAF trials compared to PLA.
Results were consistent between exercise modalities with an
improvement in TTC in CAF trials compared to PLA in both
cycling (CAF 70.7 + 3.9 min vs. PLA 72.4 4+ 3.0 min; p < 0.01;
n,> = 0.7) and running (CAF 50.7 + 6.8 min vs. PLA
52.2 £+ 7.6 min; p < 0.01; np2 = 0.7). No trial order effect was
detected (p = 0.88; 77,> = 0.001).

Mean HR was 2.4% higher during the CAF trial compared to
PLA (CAF 164.5 + 14.5 beats-min~' vs. PLA 160.6 + 15.8
beats-min~"; p = 0.02; 7,> = 0.15).

3.3 | Caffeine and Metabolites

The difference in caffeine, paraxanthine and theophylline
plasma concentrations between the CAF and PLA trials are
shown in Figures 2-4.

A small but significant difference was noted between plasma
caffeine concentrations at the beginning of both trials (CAF
0.20 £ 0.38 ug'ml™' vs. PLA 0.13 & 0.36 yg-ml™'; p = 0.05).
Plasma caffeine concentrations were higher for CAF treatment
than PLA 60-min after ingestion and remained higher
throughout the exercise trial (p < 0.001; np2 = 0.987; Figure 2).
No trial order effect was observed (p = 0.20; np” = 0.057). Higher
plasma caffeine concentrations were shown from the
commencement of exercise to the end of the exercise trials in
CAF trials compared to PLA (p < 0.001, d = 0.79-3.91).

Low plasma paraxanthine concentrations were observed at the
beginning of both exercise trials (T1: CAF 0.30 + 0.57 pg-ml !
vs. PLA 0.26 %+ 0.55 ug-ml™'; p = 0.77). Nonsignificant increases
in plasma paraxanthine concentrations were observed in both
CAF and PLA trials following caffeine ingestion (treatment-time
interaction effect p = 0.16; npz = 0.165). Mean paraxanthine
plasma concentrations were significantly higher in CAF trials
compared to PLA at timepoints 2-4 (Figure 3; p = 0.002-0.02
d = 0.381-0.551). There was no trial order effect (p = 0.18).

No difference in plasma theophylline concentrations was
detected at the beginning of both trials (0.04 + 0.03 ug-ml™%;
p = 0.55). Plasma theophylline concentrations increased in the
CAF trial compared to PLA (treatment-time interaction effect
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FIGURE 2 | Plasma caffeine concentrations during caffeine and placebo trials. T1 represents the time immediately prior to caffeine or placebo

ingestion; T2 represents the time 60-min after caffeine or placebo ingestion and immediately before exercise; T3 represents 5-km of the running/
20-km of the cycling time trial complete; T4 represents 10-km of the running/40-km of the cycling time trial complete. *Statistically significantly

different to placebo trial at the same time point (p < 0.05).

p < 0.001; np2 = 0.78). Timepoints 2-4 had significantly higher
theophylline plasma concentrations in CAF trials compared to
PLA (Figure 4; p = 0.001-0.006, d = 0.481-1.391). No treatment
order effect was observed (p = 0.14).

3.4 | Caffeine-CYP1A2 Gene Interaction Effects on
Exercise Performance

A caffeine-gene interaction main effect was observed in plasma
caffeine concentrations, with plasma caffeine concentrations
higher in AA allele carriers compared with AC allele carriers
(p = 0.04; npz = 0.139; Figure 5). A one-way ANOVA was then
used to further analyse plasma caffeine concentrations in each
genotype at each main time point during exercise. A main effect
was observed at time point 2, the beginning of exercise, 60-min
following caffeine ingestion, with significantly higher caffeine

plasma concentrations in AA allele carriers compared to AC
allele carriers (AA 4.73 £ 3.586 pg-ml'; vs. AC 1.564 =+
2.445 ug-ml™; p = 0.007; np2 = 0.221; Table 1). No significant
differences were observed at timepoints 1, 3 or 4.

No caffeine-gene main effects were shown in plasma para-
xanthine and theophylline concentrations, or physical perfor-
mance results in this study (Table 2). There was no difference in
HR between genotypes (p = 0.77; 1,” = 0.002).

3.5 | Area Under the Concentration-Time
Curve (AUC)

The total mean plasma caffeine concentration AUC was
significantly higher in AA compared to AC allele carriers
(p = 0.01; Figure 6), but no differences in total mean
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paraxanthine (p = 0.40) and theophylline (p = 0.62) plasma
concentrations were identified between genotype variants.

4 | Discussion

The first aim of this study was to determine if 6 mg-kg ' of
caffeine, ingested 60-min prior to exercise, would improve ex-
ercise performance in recreational male athletes. The second
aim was to determine if polymorphisms in the CYPIA2 gene
have an indirect effect on exercise performance by modulating
caffeine metabolism. Findings of this study confirmed caffeine
improved exercise performance and decreased TTC by 1.8% in
~1-h time trial. This level of improvement is within the range
reported by several meta-analyses (Schubert and Astorino 2013;
Southward, Rutherfurd-Markwick, Badenhorst, et al. 2018;

Wang et al. 2022), adding to the evidence base for caffeine’s
ergogenic effects at a dose of 6 mg-kg™*. Each participant's TTC
was compared between trials to determine if CAF influenced
performance times compared with PLA, and if so, identify dif-
ferences in performance between the first and second halves of
exercise. TTC was also analysed to examine the effect of the
timing of caffeine ingestion compared with exercise perfor-
mance as caffeine is thought to be beneficial in endurance ex-
ercise as fatigue increases (Costill et al. 1978). A nonsignificant
improvement in TTC of 1.2% was found in the first half of ex-
ercise in the CAF trial compared with PLA. However, there was
an improvement in time to complete the second half of exercise
of 2.4% in the CAF trial compared to PLA. This supports the
notion that caffeine’s ergogenic benefits may be increased dur-
ing periods of fatigue, such as later in exercise (Costill
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FIGURE 5 | Mean caffeine plasma concentrations in CYP1A2 AA (‘fast’ metabolisers) compared with AC (‘slow’ metabolisers) allele carriers at
different timepoints. T1 represents the time immediately prior to CAF/PLA ingestion; T2 represents the time 60-min after CAF/PLA ingestion
and immediately before exercise; T3 represents 5-km of the running/20-km of the cycling time trial complete; T4 represents 10-km of the

running/40-km of the cycling time trial complete. *Statistically significant difference between genotypes at the same timepoint (p < 0.05).

TABLE 1 | Caffeine plasma concentrations at time intervals by genotype.

Mean (ug-ml™) SD Caffeine*genotype p-value Effect size (1,°)

T1 AA 0.239 0.308 0.756 0.003

AC 0.196 0.448
T2 AA 4.73 3.586 0.007 0.221

AC 1.564 2.445
T3 AA 7.494 2.324 0.073 0.103

AC 5.961 2.352
T4 AA 8.549 1.753 0.168 0.062

AC 7.468 2.511

Note: T1 represents the time immediately prior to caffeine/placebo ingestion; T2 represents the time 60-min after CAF/PLA ingestion and immediately before exercise; T3
represents 5-km of the running/20-km of the cycling time trial complete; T4 represents 10-km of the running/40-km of the cycling time trial complete.

TABLE 2 | Interaction effect of CYPIA2 genotype on caffeine treatment.

Measure

Treatment-gene interaction effect p-value*

Effect size (1,°)

Caffeine (ug-ml )
Paraxanthine (ug-ml ')
Theophylline (ug-ml ™)
Time (min)

Heart rate (beats-min™")

0.04 0.139
0.13 0.156
0.78 0.032
0.89 0.001
0.77 0.002

*Significant at p < 0.05.

et al. 1978). There are several reasons that may explain the
larger improvement in performance in the second half of exer-
cise. Caffeine is known to bind to adenosine receptors, blocking
adenosine from eliciting pain and fatigue during exercise
(Costill et al. 1978). Therefore, the improvement in the second
half of exercise may be due to caffeine's analgesic effects. The
increased improvement in time performance in the second
half of exercise may also be due to the metabolism of caffeine
into paraxanthine and theophylline, which are adenosine

antagonists (Daly 1982; Greer et al. 2000). The metabolic ratio of
paraxanthine to caffeine [paraxanthine]/[caffeine] is a
biomarker of CYP1A2 enzyme activity as it shows the rate of
caffeine’'s demethylation into paraxanthine. The paraxanthine/
caffeine metabolic ratio is consistent between timepoints 2-4
(0.16-0.20; Table 3) during the exercise trial following caffeine
ingestion, whereas increases in theophylline are small,
theophylline has the highest affinity to adenosine receptors
between caffeine and its metabolites (Mumford et al. 1996). This
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FIGURE 6 | AUC- total cumulative caffeine plasma concentrations 50-150-min following caffeine ingestion between AA (‘fast’ metabolisers) and

AC (‘slow’ metabolisers) CYP1A2 genotypes.

TABLE 3 | Metabolic ratio of paraxanthine and caffeine
[paraxanthine/caffeine].

Mean plasma
concentration (ug-ml™)

Timepoint Caffeine Paraxanthine Metabolic ratio
T1 0.25 0.30 1.20
T2 3.45 0.68 0.20
T3 7.61 1.23 0.16
T4 8.70 1.43 0.16

Note: T1 represents the time immediately prior to caffeine/placebo ingestion; T2
represents the time 60-min after CAF/PLA ingestion and immediately before
exercise; T3 represents 5-km of the running/20-km of the cycling time trial
complete; T4 represents 10-km of the running/40-km of the cycling time trial
complete.

may enhance caffeine's ergogenic effects in exercise perfor-
mance by further competing with adenosine receptors along
with caffeine to delay fatigue. However, smaller improvements
in time performance in the first half of the trials compared with
the second half may be due to caffeine's influence on perceived
effort, or participants pacing themselves to extend time to
fatigue.

With a main effect observed in TTC in the second half of ex-
ercise (timepoints T3-T4), with TTC in CAF trials 2.4% faster
than PLA trials, no correlating main effect in caffeine plasma
concentrations was seen between AA and AC genotypes in the
second half of exercise, although AA allele carriers had higher
plasma caffeine levels (T3; AA CAF 7.494 & 2.324 ug-ml ™" vs.
AC CAF 5.961 £ 2.352 ug-ml™%; p = 0.073; 7’)p2 = 0.103; Table 1).
In contrast, there was no main effect in TTC in the first half of
exercise, however AA allele carriers had significantly higher
caffeine plasma concentrations compared to AC allele carriers
(T2; AA 4.73 + 3.586 pg-ml'; vs. AC 1.564 + 2.445 ug-ml™%;
p = 0.007; npz = 0.221; Table 1), though this did not translate
into improvement in exercise performance. This may be in part
due to the ergogenic effects of caffeine in AA allele carriers

being insufficient to provide a significant difference in exercise
performance in conjunction with AC allele carriers having
lower caffeine plasma concentrations and thereby potentially
not yet experiencing ergogenic benefits. Additionally, lower
adenosine availability in the first half of exercise (T2-T3) prior
to the onset of fatigue may attenuate caffeine’s ergogenic effects
with lower numbers of adenosine receptors available.

Caffeine plasma concentrations were low (< 0.2 pg-ml™') at
timepoint 1 (prior to ingestion of supplement) in both the CAF
and PLA trials. Participants were asked to abstain from caffeine-
containing products for the duration of the study, from the
familiarisation session to 48-h post final exercise trial. As a small
volume of caffeine was detected in plasma concentrations at
timepoint 1, this indicates a noncompliance to caffeine absten-
tion or unintentional caffeine ingestion in one or more partici-
pants. After caffeine ingestion, plasma concentrations increased
significantly over time. Mean caffeine plasma concentrations
remained unchanged during the PLA trials, which was ex-
pected. Plasma caffeine concentrations in the CAF trial peaked
directly after the running and cycling trial were completed
(Caffeine 8.69 + 1.14 pg-ml'; ~110-min post caffeine inges-
tion). In similar studies, caffeine was consumed 60-min prior to
exercise to allow for its absorption and to reach maximum
plasma concentrations (Graham 2001; N. S. Guest et al. 2021;
Seepika et al. 2022), however peak plasma levels were not
reached within 60-min in this study, with peak caffeine plasma
concentrations occurring 95-110-min post caffeine ingestion.
Mumford et al. (1996) found that caffeine plasma concentrations
peaked 30-min post ingestion in individuals consuming anhy-
drous caffeine. Differences in timings of maximum caffeine
plasma concentration may be due to factors influencing caffeine
metabolism such as genotype polymorphisms, but also due to
the method of caffeine administration such as anhydrous and
within liquid forms (Kamimori et al. 2002; Mumford et al. 1996;
N. S. Guest et al. 2021), with all factors contributing to high
inter-individual variability in caffeine plasma concentrations. A
recent study by Domaszewski et al. (2025) shows that higher
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percentages of body fat in individuals correlates with higher
serum caffeine levels and slower metabolism of caffeine, which
further contributes to interindividual variability in caffeine
metabolism.

Caffeine is demethylated into its metabolites: paraxanthine,
which makes up approximately 84%, theophylline 4% and
theobromine 12% (Nehlig 2018). The metabolic ratio of caffeine
shows CYP1A2 activity through its accumulation in the system
and subsequent metabolism into its metabolites (Tian
et al. 2019). The distribution of paraxanthine concentration in
this study is in line with the distribution found in the literature
(Jodynis-Liebert et al. 2004; Lajin et al. 2021), with the metabolic
ratio of paraxanthine [paraxanthine]/[caffeine] being between
0.16 and 1.20. Although some studies (Furge and Fletke 2007;
Shirley et al. 2003) observed a higher metabolic ratio for para-
xanthine as plasma concentrations are measured over a longer
time period (4-12-h), the metabolites in this study were only
measured between 60-min prior to caffeine ingestion and
125-150-min following caffeine ingestion. Individuals with a
higher paraxanthine/caffeine ratio have been reported to have a
reduced perception of exertion during exercise (Whalley
et al. 2021). Further, the presence of paraxanthine and
theophylline in conjunction with caffeine in the body may in-
crease physiological actions such as reducing fatigue and
perceived exertion and therefore enhance exercise performance
(Daly 1982; Greer et al. 2000).

Although no participants in this study had the CC allele variant,
the distribution of allele variations were similar to population
distributions of the CYP1A2 polymorphisms, where 46% of the
population have the AA allele variation and 44% are AC carriers
(Sachse et al. 1999). Those carriers of the CC CYPI1A2 SNP are
thought to make up 10% of the population (Sachse et al. 1999).
Therefore, it is likely that no CC allele carrier numbers were
recruited in this trial due to small population numbers, or
because they did not apply to take part in the research trials due
to the negative effects caffeine can cause in CC allele carriers.
No influence from the CYP1A2 gene was observed in the TTC
and HR in this study. To date, the literature examining the effect
of CYP1A2 polymorphisms on the ergogenic effects of caffeine
in exercise performance are inconclusive (Carswell et al. 2020;
Figueiredo et al. 2021; Glaister et al. 2021; Grgic et al. 2020;
N. Guest et al. 2018; Minaei et al. 2022; Rahimi 2019; Salinero
et al. 2017; Spineli et al. 2020; Wong et al. 2021), and there is no
clear consensus as to which CYPI1A2 polymorphism (AA, AC, or
CC) is more likely to modulate the ergogenic effects of ingested
caffeine (Zawieja et al. 2023; Pataky et al. 2016). A recent sys-
tematic review of 19 studies found in exercise trials where a
caffeine-gene main effect was seen, AA and AC allele carriers
experienced ergogenic benefits in exercise following caffeine
ingestion where CC allele carriers had either no improvements
or adverse effects in exercise performance (Messenburger
et al. 2025). Similarly, a systematic review and meta-analysis by
Barreto et al. (2024) found that caffeine improved exercise
performance in athletes with AA and AC polymorphisms
though performance decreased in CC allele carriers. However,
athletes with CC genotypes were found to benefit from higher
caffeine doses compared with AA and AC genotypes and had
improved exercise performance with longer timing between
caffeine ingestion and commencing exercise. Plasma caffeine

concentrations were higher in AA allele carriers compared with
AC allele carriers (p = 0.04), and further research should be
conducted with a larger sample size to determine if there is a
relationship between the CYPIA2 genotype, caffeine ingestion,
and exercise performance. Though results between studies are
equivocal, our findings of no caffeine-gene interaction in TTC is
in line with some current research using similar caffeine dosage
and timing, and exercise modalities in trials (Carswell
et al. 2020; Figueiredo et al. 2021; Glaister et al. 2021; Grgic
et al. 2020). The equivocal results between studies may be due to
other factors affecting the inducibility of the CYP1A2 enzyme,
such as medications, heavy exercise and consuming cruciferous
vegetables. Additionally, differences in study design (caffeine
dose and exercise modality) may influence trial outcomes.

Mean plasma caffeine concentrations were higher at each
timepoint (T2-T4) in those with AA alleles than those with the
AC polymorphism (p = 0.04; npz = 0.139; Figure 6). Further,
analysis of the AUC of mean plasma caffeine concentrations
showed a significantly higher concentration in AA allele carriers
compared with AC allele carriers (p = 0.01). However, the
higher plasma caffeine concentrations in AA allele carriers did
not lead to an improvement in exercise performance in AA
allele carriers, which may be attenuated by variations in par-
ticipants' ADORA2A genotypes (CC, CT, and TT poly-
morphisms). The ADORA2A gene encodes the adenosine A2A
receptor, in which adenosine and caffeine both compete for this
binding site (N. S. Guest et al. 2021). ADORAZ2A affects the
physiological responses to caffeine including cardiac output,
catecholamine release, sleep quality and duration and glutamic
response (Banks et al. 2019; N. S. Guest et al. 2021). Addition-
ally, the ADORA2A gene influences sensitivity in response to
caffeine's effects, with those possessing the TT variation found
to experience negative effects following caffeine ingestion such
as anxiety and nervousness, which may attenuate caffeine's er-
gogenic effects in exercise performance (N. S. Guest et al. 2021).

4.1 | Research Limitations and Future Directions

The pooling of running and cycling data pose a limitation in this
study as using two different exercise modalities may obscure the
ergogenic effects of caffeine and the influence of genotype
polymorphisms. Running and cycling may not be physiologi-
cally comparable in effort and intensity. As caffeine is found to
delay the onset of fatigue, there may be differences in timing of
the onset of fatigue in participants between exercise types due to
physical exertion, which may influence results.

Male recreationally trained exercisers were the primary focus in
this study, and further research may look to include well-
trained/professional athletes, or female participants as the use
of oral contraceptives and physiological differences between the
sexes such as hormonal fluctuations during the four phases of
the menstrual cycle have been shown to modify CYP1A2 activity
and metabolic rate (Nehlig 2018; Ruiz-Moreno et al. 2020).
Future studies should include CC allele carriers, as differences
in ergogenic effects of caffeine between AC and CC allele car-
riers may be significant enough to differentiate performance
outcomes. To determine the extent of the CYPIA2 genes influ-
ence in caffeine pharmacokinetics and subsequent impact on
exercise performance, it will be beneficial to compare data from
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individuals representing all three polymorphisms to determine
any differences between and within individuals with differing
polymorphisms.

Future studies may also look to compare the ADORA2A geno-
types of participants along with CYP1A2 genotypes to assess if
caffeine sensitivity and caffeine uptake into cells influences
CYP1A2 activity and therefore exercise performance, though a
much larger sample size would be required to include all ge-
notype variations (CYPIA2 AA, AC and CC and ADORA2A CC,
CT, and TT) with sufficient statistical power.

A further limitation is the method of screening habitual caffeine
ingestion in participants by excluding those who drink more
than 4 cups per day or the equivalent. The caffeine content of
coffee varies considerably, with between 51 and 322 mg of
caffeine found in one cup depending on type of coffee bean and
how it is processed (Severini et al. 2017). Therefore, there may
be considerable variation in participants’ usual caffeine intake.

Caffeine metabolism is affected by many external factors such as
medications, diet, recent food ingestion and body composition,
all for which were not controlled for in participants in this
study. Further studies may look to capture this data in partici-
pant screening or apply controls to increase data validity. The
cycling exercise trials in this study included providing study
participants with a small portion of food prior to exercise,
whereas no food was provided in the running trial. Difference in
the fasted state of participants may influence caffeine meta-
bolism and therefore results obtained between studies.

Inclusion of VO,peak in future work would enhance participant
characterisation and comparability across studies.

5 | Conclusion

The results of this study confirm a dose of 6 mg-kg ! caffeine
60-min prior to exercise improves endurance exercise perfor-
mance in male recreational athletes. Caffeine's ergogenic effects
were not influenced by the CYP1A2 gene in physical perfor-
mance. However, mean plasma caffeine concentrations were
shown to be higher in AA allele carriers compared to AC allele
carriers. The effects of ADORA2A gene polymorphisms may
exert influence on caffeine pharmacodynamics alongside effects
from CYPIA2 gene polymorphisms and warrant further
research.
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