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ABSTRACT

GUEST, N., P. COREY, J. VESCOVI, and A. EL-SOHEMY. Caffeine, CYP1A2 Genotype, and Endurance Performance in Athletes.

Med. Sci. Sports Exerc., Vol. 50, No. 8, pp. 1570–1578, 2018. Purpose: Many studies have examined the effect of caffeine on exercise

performance, but findings have not always been consistent. The objective of this study was to determine whether variation in the CYP1A2

gene, which affects caffeine metabolism, modifies the ergogenic effects of caffeine in a 10-km cycling time trial. Methods: Competitive

male athletes (n = 101; age = 25 T 4 yr) completed the time trial under three conditions: 0, 2, or 4 mg of caffeine per kilogram body mass,

using a split-plot randomized, double-blinded, placebo-controlled design. DNA was isolated from saliva and genotyped for thej163A 9

C polymorphism in the CYP1A2 gene (rs762551). Results: Overall, 4 mgIkgj1 caffeine decreased cycling time by 3% (mean T SEM)

versus placebo (17.6 T 0.1 vs 18.1 T 0.1 min, P = 0.01). However, a significant (P G0.0001) caffeine–gene interaction was observed.

Among those with the AA genotype, cycling time decreased by 4.8% at 2 mgIkgj1 (17.0 T 0.3 vs 17.8 T 0.4 min, P = 0.0005) and by

6.8% at 4 mgIkgj1 (16.6 T 0.3 vs 17.8 T 0.4 min, P G 0.0001). In those with the CC genotype, 4 mgIkgj1 increased cycling time by

13.7% versus placebo (20.8 T 0.8 vs 18.3 T 0.5 min, P = 0.04). No effects were observed among those with the AC genotype.

Conclusion: Our findings show that both 2 and 4 mgIkgj1 caffeine improve 10-km cycling time, but only in those with the AA genotype.

Caffeine had no effect in those with the AC genotype and diminished performance at 4 mgIkgj1 in those with the CC genotype. CYP1A2

genotype should be considered when deciding whether an athlete should use caffeine for enhancing endurance performance. Key
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C
affeine is frequently used by athletes because of its
reported performance-enhancing or ergogenic effects
(1–15). Numerous studies have investigated the effect

of supplemental caffeine on aerobic endurance performance,
and while most reliably show performance enhancement with
caffeine use (1–15), there is considerable interindividual var-
iability as to the magnitude of these effects (16–20). For ex-
ample, in a study of caffeine effects in runners, Graham et al. (5)
reported that endurance benefits were associated with caffeine
supplementation overall, but the magnitude of the improve-
ments ranged from 5% to 87% and 10% to 156% in running

and cycling time-to-exhaustion trials, respectively. Similarly,
Doherty et al. (6) found that during treadmill running time-
to-exhaustion, 9 out of 14 subjects improved, while 5 subjects
did not, during the caffeine versus placebo trials. Wiles et al. (7)
also found that the mean improvement during a 1-km cycling
time trial (TT) was 3% overall under caffeine conditions, but
individual results ranged from one subject performing worse to
another, improving their performance by 6%.

In contrast to most caffeine–performance studies, no ergo-
genic effect of caffeine was reported by Roelands et al. (19) in
a study involving trained male cyclists. The authors con-
cluded that interindividual differences in response to caffeine
might be responsible for the lack of overall performance im-
provement, as 50% of subjects improved while 50% worsened,
in the caffeine compared with the placebo trial. Similarly,
Skinner et al. (16) found no effect of caffeine at 2, 4, or 6 mgIkgj1

versus placebo in a rowing TT, which may have been due, in
part, to the large variation in individual response to caffeine.
The authors noted that this consideration is often overlooked
in caffeine performance studies, and due to the infrequent
reporting of individual data, it is difficult to determine the
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extent to which variation in responses may be occurring. The
performance of some individuals is often in stark contrast to
the average findings reported, which may conclude beneficial,
detrimental, or no effect of caffeine on performance.

Studies that report on the effects of caffeine on performance
have been inconsistent despite having similar study designs,
subjects, and dose of caffeine. These inconsistencies might be
due, in part, to interindividual differences in caffeine metabo-
lism or caffeine response. Over 95% of caffeine is metabolized
by the CYP1A2 enzyme, which is encoded by the CYP1A2
gene, and is involved in the demethylation of caffeine into the
primary metabolites paraxanthine, theophylline, and theobro-
mine (21). The j163A 9 C (rs762551) single nucleotide poly-
morphism (SNP) has been shown to alter CYP1A2 enzyme
inducibility and activity (22,23) and has been used to categorize
individuals as ‘‘fast’’ or ‘‘slow’’ metabolizers of caffeine. In-
dividuals with the AC or CC genotype (slow metabolizers) have
an elevated risk of myocardial infarction (24), hypertension (25),
and prediabetes (26) with increasing caffeinated coffee con-
sumption, whereas those with the AA genotype show no such
risk. In addition, a few studies have shown that the rate of
caffeine metabolism could also have implications for sports
performance, but the findings remain equivocal (12,27–29).

The objective of this study was to determine the effects of
low (2 mgIkgj1) or moderate (4 mgIkgj1) doses of caffeine
supplementation on endurance performance, and whether vari-
ation in the CYP1A2 gene modifies these effects among com-
petitive male athletes recruited from a variety of sports.

METHODS

Subjects and recruitment. Recruitment was conducted
at the University of Toronto, Ryerson and York University
campuses, the Canadian Sport Institute of Ontario, local
running/triathlon clubs, and training gyms using posted flyers.
A standardized e-mail with study details and contact informa-
tion was also sent to head coaches, program directors of sports
teams or clubs, and some professional sport organizations with
eligible athletes. Ethics approval was obtained from the Univer-
sity of Toronto Institutional Review Board, and the study was
registered with clinicaltrials.gov (NCT 02109783). All subjects
provided written informed consent and were informed that they
could terminate their participation in the study at any time.

A total of 113 competitive male athletes from a variety of
sports participated in the present study. Subjects were recruited
from a wide range of sports that could be classified into three
categories: endurance (e.g., marathon, triathlon, cycling, and
cross-country skiing), power (e.g., boxing, volleyball, dragon-
boat, and powerlifting), or mixed (e.g., soccer, rugby, basket-
ball, and swimming). All participants were training and/or
competing for Q8 hIwkj1, 9 out of 12 months per year, and for
at least 3 yr in their given sport. Eight athletes dropped out of
the study due to a sport-related injury (n = 3), school or work
demands (n = 2), unwillingness to abstain from caffeine (n = 2),
or relocation (n = 1). Four subjects were excluded because of

incomplete data. The remaining 101 athletes had a mean T SD
age of 25 T 4 yr and body mass of 81.3 T 12.4 kg.

Experimental design. A split-plot randomized, double-
blinded, placebo-controlled study design was used. Subjects
completed four visits (~90–120 min each) that were approx-
imately 1 wk apart, in the exercise laboratory at the Goldring
Centre for High Performance Sport at the University of
Toronto. During the first laboratory visit, each subject had
descriptive and anthropometric data collected, completed a
maximal aerobic capacity test (V̇O2peak) and completed a
questionnaire on general health, caffeine intake habits, and
sport history. Subjects also provided a saliva sample for DNA
analysis. Testing took place on weekdays and weekends, and
the treatment visits were scheduled at the same time of day,
every 7 d, for each athlete. Participants were instructed to
maintain their regular diet and sleeping habits, avoid strenuous
activity 48 h before each visit, and abstain from caffeine 1 wk
before the first visit and for the duration of the data collection
(4 wk total). To ensure dietary consistency before testing
across all visits, participants were advised on their first visit to
consume meal(s) that could be easily replicated for all subse-
quent treatment visits. Participants were also reminded of their
required meal composition by e-mail or text message 1 d be-
fore each visit. On treatment visits 2–4, subjects were ran-
domly assigned to ingest capsules containing either anhydrous
caffeine (A&C American Chemicals Ltd., Saint-Laurent,
Quebec, Canada) at 2 or 4 mgIkgj1 body mass or placebo
(PLAC). The PLAC (dextrose) capsule was tasteless and had
the same volume and color as the caffeine. After ingestion,
the subjects sat quietly (completing questionnaires or using
e-devices) in the laboratory for 25 min before commencing
their warm-up and four exercise tests. Blood pressure and
HR were measured after capsule ingestion and 3 min of sit-
ting quietly, and again 20 min later, just before warm-up.
This protocol was repeated three times, one for each
treatment (0, 2, or 4 mgIkgj1 caffeine).

Parameters of assessment. Before testing, athletes
were led through a brief standardized warm-up that consisted
of light cycling and stretching for approximately 7 min.
Physical tests were conducted in a standard order to minimize
fatigue: 1) vertical jump, 2) handgrip, 3) Wingate, and 4)
10-km cycling TT. Only the results of the 10-km cycling TT
are reported here.

Anthropometry. Height was measured with a Harpenden
stadiometer (Holtain Ltd., Crymych, UK), and body mass was
measured by an electronic floor scale (AND FW-150K, A&D
Ltd., Tokyo, Japan). Total body fat percentage was measured
by BC-558 IronMan Segmental Body Composition Monitor
(Tanita Corporation of America, Inc., Arlington Heights, IL).

Maximal exercise test (V̇O2peak). Subjects began the
test at a work rate of 50 W on a mechanically weighted and
braked cycle ergometer (Monark Ergomedic 839E, Monark
Exercise AB, Vansbro, Sweden), with load increases of
50 W each minute for the first 2 min, then 25 W each
minute thereafter until volitional exhaustion. Gas exchange was
measured by a portable metabolic system (Cortex Metamax
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3B�, CORTEX Biophysik GmbH, Leipzig, Germany), and
maximal oxygen uptake (V̇O2peak) was defined as the highest
1-min oxygen value obtained during the test. V̇O2peak power (W)
was calculated by measuring the power output (W) at V̇O2peak,
and end powerWpower was calculated as the power output (W) at
volitional fatigue. HR was monitored using a Polar Heart Rate
Monitor (Polar Electro Inc., Bethpage, NY).

TT. Subjects commenced the 10-km cycling TT (last ex-
ercise) when blood lactate levels reached G2.5 mmolILj1 from
the prior Wingate test. The TT was conducted by setting the
Ergomedic 839 E stationary bike to a constant resistance or
power output, and each subject cycled 10-km at the specified
resistance (W). Resistance was set at 65% Wpower for all
subjects as calculated from the V̇O2peak test, which was the
equivalent of 65%–69% V̇O2peak (varying between subjects
but identical % used within each subject for all three treatment
visits). The on-board computer automatically controls the
degree of resistance by applying varying amounts of braking
force on the belt. The computer of the stationary bike calcu-
lates the speed of travel based on the cadence of pedalling
(rpm), where a faster cadence would result in a faster speed.
The 10-km TT requires 1667 rotations (6 m per rotation) to be
completed; therefore, the power output did not affect the speed
of the bike. Speed was altered only by how fast the subject
pedalled (cadence). Therefore, different cadences (rpm) would
result in different completion times for the 10-km TT. Subjects
were blinded to time, speed, and HR but were able to see
distance traveled. Water was available ad libitum throughout
the TT. HR was monitored throughout the test using a Polar
Heart Rate Monitor (Lake Success, NY). Subjects estimated
their RPE on the basis of Borg_s rating scale (score ratings
from 6 to 20, where 6 is no exertion and 20 is extremely
difficult) at 5 and 9 km.

Genotyping. Saliva samples were collected on visit 1
using the Oragene ON-500 kit (DNA Genotek, Ottawa,
Ontario, Canada) for DNA isolation using standard procedures,
as previously described (30). Genotyping of the rs762551 SNP
in the CYP1A2 gene was conducted using the Sequenom
MassArray platform, as we have described previously (30).
Because there is evidence of a difference in enzyme activity
between the three CYP1A2 genotypes (22,23), we grouped in-
dividuals into AA (fast), AC (heterozygous slow), and CC
(homozygous slow) for all analyses.

Statistical analyses. Data were analyzed using the
SAS statistical package (SAS 9.4, SAS Canada, Toronto,
Ontario, Canada) and are presented as mean T SEM unless
stated otherwise. Descriptive data (height, body mass, age,
body fat, V̇O2peak [LIminj1], V̇O2peak [mLIkgj1Iminj1], di-
etary caffeine or caffeine used for sport, and sport type dis-
tribution) were compared between genotypes using ANOVA
or for sport type, using chi-square. Body mass was log
transformed before analysis, as it was not normally distrib-
uted. Using a classical split-plot design, the between-subject
variance was used to compare mean cycling times across the
three genotypes, whereas the within-subject variance was
used to compare placebo and the two caffeine doses. The

order of the three visits was randomized across the subjects,
and visit was included as a covariate in all analyses. Ran-
domization was done using balanced permutations blocked by
time of entry (randomization.com). The outcome variable
was 10-km TT time, and the initial analysis included the three
predictor variables, caffeine, gene, and visit, along with the
three 2-factor interactions and the one 3-factor interaction.
After identifying a significant caffeine–gene (P G 0.0001)
interaction, each genotype was analyzed separately. This
model was also used to assess RPE and HR between geno-
types and within subjects between visits and caffeine treat-
ments. The main effect of caffeine was assessed across all
genotypes combined, which left two predictor variables: caf-
feine and visit, and the caffeine–visit interaction, with TT
time to completion as the outcome variable. Post hoc Tukey
adjustments for multiple comparisons were performed for all
analyses. All P values are two tailed, and P G 0.05 was used
as the threshold for significance. Effect sizes (ES) are
presented as standardized differences between caffeine treat-
ments (all subjects combined or for individual genotypes)
using Cohen_s d = (M2 j M1)/SDpooled, where SDpooled =
¾((SD1

2 + SD2
2)/2) (31). Cohen (31) suggested that 0.2 be

considered a ‘‘small’’ ES, 0.5 a ‘‘medium’’ ES, and 0.8 a
‘‘large’’ ES. For significant genotype and treatment P values,
the analysis of the effect of caffeine dose on the mean 10-km
TT timewas completed with and without an adjustment for the
visit variable to establish whether visit was a confounder. This
was completed for the main effect of caffeine for all subjects,
as well as the effect of caffeine within each of the three ge-
notypes. Sample size was determined by power analysis cal-
culations using a power of 0.8 and a medium ES of 0.5. A
power calculation based on two caffeine doses and three ge-
notypes revealed that a sample size of 110 athletes will pro-
vide sufficient power for our analysis, based on a potential
subject dropout rate of 10% (31).

RESULTS

Subject Characteristics

Of the 101 participants, 49% (n = 49) were homozygous
for the A allele (AA), 43% (n = 44) were heterozygous
(AC), and 8% (n = 8) were homozygous for the C allele
(CC). These distributions are in Hardy–Weinberg equilibrium
and similar to frequencies reported previously in some other
populations (22,24). The rs762551 polymorphism in the
CYP1A2 gene was initially used to identify fast and slow
metabolizers of caffeine. We discovered that another SNP in
CYP1A2, rs2472300, is in 100% linkage disequilibrium with
rs762551. As such, either polymorphism can be used to
identify fast or slow metabolizers of caffeine. For rs2472300,
GG corresponds to fast metabolizers, whereas GA and AA are
considered slow metabolizers. For rs762551, AA corresponds
to fast metabolizers, whereas AC and CC are considered slow
metabolizers. In the present study, we genotyped subjects
for both rs2472300 and rs762551 SNP and found 100%
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concordance, but we report the results for rs762551 because it
is the one more commonly reported (12,22–26,29).

Descriptive characteristics of the three genotypes are
shown in Table 1. There were no significant differences
between the three genotypes for age, height, body fat,
V̇O2peak (LIminj1), V̇O2peak (mLIkgj1Iminj1), dietary caf-
feine, caffeine used for sport, or percent distribution of sport
type (endurance, power or mixed; X2 [4, N = 101] = 3.31).
The breakdown for sport type for all participants was as
follows: endurance 42% (e.g., running, cycling, and row-
ing), power 42% (e.g., baseball, powerlifting, and boxing),
and mixed 16% (e.g., basketball, rugby, and hockey).

TT Performance

All subjects. The average 10-km TT times (n = 101)
under the three treatments (0, 2, or 4 mgIkgj1 caffeine) are
shown in Figure 1. There was a significant (P = 0.04) main
effect for treatment (2 or 4 mgIkgj1 caffeine vs placebo) for
all subjects, where 4 mgIkgj1 caffeine decreased 10-km TT
time by 3% (0.5 min) compared with placebo (17.6 T 0.3 vs
18.1 T 0.1 min, P = 0.01). There was no significant difference
between 2 mgIkgj1 and either 4 mgIkgj1 caffeine or placebo.

By genotype. When subjects were stratified by caffeine
dose (0, 2, and 4 mgIkgj1) and genotype (Fig. 2), there was
a significant overall difference between genotypes (P = 0.002),
as well as a caffeine–gene (P G 0.0001) interaction. Thus, the
three genotypes were analyzed individually to determine the
effects of caffeine within each genotype.

AA genotype (fast metabolizers). Among those with
the AA genotype, the caffeine effect remained significant,
where 2 mgIkgj1 caffeine decreased TT time by 4.8% (0.8 min)
compared with placebo (17.0 T 0.3 vs 17.8 T 0.4 min, P =
0.0005), and by 6.8 (1.2 min) in 4 mgIkgj1 compared with
placebo (16.6 T 0.3 vs 17.8 T 0.4 min, P G 0.0001), but no
difference was observed between 2 and 4 mgIkgj1 caffeine.

AC genotype (slow metabolizers). In those with the
AC genotype, there was no caffeine effect on TT performance
for any of the treatments (18.6 T 0.4, 18.4 T 0.5, and 18.0 T
0.5, for 0, 2, and 4 mgIkgj1, respectively; P = 0.43).

CC genotype (slow metabolizers). Among those
with the CC genotype, 4 mgIkgj1 caffeine increased cycling
time by 13.7% (2.5 min) compared with placebo (20.8 T 0.8 vs
18.3 T 0.5 min, P = 0.04), but no difference was observed
between 2 mgIkgj1 and either 4 mgIkgj1 caffeine or placebo.

Change in TT time: placebo versus 2 mg or
4 mgIkgj1 caffeine. Figure 3 shows the average change in
TT time (mean T SEM) to completion between (A) the 2-mgIkgj1

and (B) the 4-mgIkgj1 caffeine dose compared with placebo.
In Figure 3A (2 mgIkgj1 vs placebo), there were no differences
between any of the genotypes. Figure 3B shows a significant (P =
0.001) overall difference between genotypes, such that those
with the CC genotype had the greatest change in 10-km time
(although a worsening of performance with caffeine) compared
with changes in time in the opposite direction in those with the
AA (j2.5 T 1.0 min vs 1.2 T 0.3 P G 0.0001) and AC (j2.5 T
1.0 min vs 0.6 T 0.4 min, P = 0.0015) genotypes, respectively.

TT performance scatterplot by genotype. Figure 4
shows individual data points representing 10-km time to
completion for placebo (x-axis) and either (A) 2 mgIkgj1 or
(B) 4 mgIkgj1 (y-axis), for all subjects by genotype (AA, AC,

TABLE 1. Descriptive characteristics of participants by CYP1A2 (rs762551) genotype.

Characteristics AA (n = 49) AC (n = 44) CC (n = 8) P a

Heightb (cm) 179 T 7 177 T 6 181 T 10 0.15
Body mass (kg) 80.3 T 12.2 79.7 T 9.5 92.9 T 24.9 0.07
Age (yr) 24 T 4 25 T 5 25 T 5 0.48
Body fat (%) 14.2 T 4.4 13.8 T 4.4 15.9 T 6 0.49
V̇O2peak (LIminj1) 3.9 T 0.8 3.8 T 0.7 3.9 T 0.6 0.74
V̇O2peak (mLIkgj1Iminj1) 49 T 8 47 T 12 44 T 12 0.34
Caffeine dietaryc (mgIdj1) 87 T 18 80 T 20 38 T 24 0.61
Caffeine sportd (mgIdj1) 61 T 13 89 T 17 80 T 74 0.49
Sport type (%) 0.51

Endurance 46 49 5
Power 45 45 10
Mixed 62 25 13

aP values were derived by using ANOVA, body mass variable was log transformed before
analysis as it was not normally distributed, or for sport type by using chi-square.
bMean T SD (all values).
cAverage dietary caffeine intake (excludes caffeine intake for sport).
dAverage caffeine intake specifically for sport performance, i.e., training and competition
(coffee, energy drinks, preworkouts, gels, tablets, etc.).

FIGURE 1—Mean (SEM) 10-km cycling times for all subjects (n = 101)
under each caffeine treatment: 0, 2, and 4 mgIkgj1 body mass. *There
was a significant decrease (P = 0.01) in 10-km cycling time during the
4-mgIkgj1 caffeine trial compared with placebo. P values were gen-
erated from a model adjusted for visit.

FIGURE 2—Average (mean T SEM) 10-km cycling time by caffeine
dose and CYP1A2 genotype. The *2 mgIkgj1 and the **4 mgIkgj1

caffeine trials significantly different from placebo (P = 0.0005 and P G
0.0001, respectively). ‡The 4 mgIkgj1 caffeine trial significantly dif-
ferent (P = 0.02) from placebo. P values were generated from models of
individual genotypes and adjusted for visit.
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and CC). Data points below the line indicate faster times with
caffeine. For those with the AA genotype, 35 (71%) and 40
(82%) out of 49 subjects performed better during 2 or 4mgIkgj1,
respectively, compared with placebo. In those with the AC ge-
notype, 26 (59%) and 28 (64%) out of 44 subjects performed
better during 2 or 4 mgIkgj1 caffeine, respectively, compared
with placebo. In those with the CC genotype, 2 (25%) and 1
(12%) out of 8 subjects performed better during 2 or 4 mgIkgj1

respectively, compared with placebo.

RPE and HR. At 5-km, those with the AA genotype
reported a 3% lower RPE in the 4-mgIkgj1 TT compared
with placebo (14.3 T 0.3 vs 14.8 T 0.2, P = 0.03), but there
was no difference between 2 mgIkgj1 (14.5 T 0.3) and either
4 mgIkgj1 caffeine or placebo. There were no differences in
those with the AC genotype (15.1 T 0.3, 15.5 T 0.3, and 15.0 T
0.3) or CC genotype (14.1 T 0.6, 14.3 T 0.6, and 15.5 T 0.3)
between any of the TTs at 0, 2, or 4 mgIkgj1 caffeine, re-
spectively. At 9 km, there were no differences in RPE

FIGURE 3—Change in 10-km cycling time to completion between genotypes. (A) For group mean (SEM) between 2 mgIkgj1 caffeine and placebo and
(B) 4 mgIkgj1 caffeine and placebo. *CC genotype significantly different from AC (P = 0.002) and AA (P G 0.0001).

FIGURE 4—The 10-km cycling times for AA, AC, and CC genotypes. A. 2 vs 0 mgIkgj1 caffeine dose. Data points below the identity line indicate
faster cycling times during 2- vs 0-mgIkgj1 caffeine dose. B. 4 vs 0 mgIkgj1 caffeine dose. Data points below the identity line indicate faster cycling
times during 4- vs 0-mgIkgj1 caffeine dose.
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between any of the treatments within any of the genotypes.
HR analysis was determined in those with the AA (n = 46),
AC (n = 42), and CC (n = 6) genotypes. In those with the
AA genotype, there were no significant differences in HR
(mean T SEM) between any of the doses (167 T 1, 169 T 1,
and 168 T 1 bpm for 0, 2, and 4 mgIkgj1 caffeine, respec-
tively). In those with the AC genotype, there was a 2.5% (4 bpm)
increase in HR in 4 mgIkgj1 compared with 2 mgIkgj1

caffeine and placebo, respectively (171 T 2 vs 167 T 2 bpm,
P = 0.007 and 167 T 2 bpm, P = 0.005). In those with the CC
genotype, there was a 2% (3 bpm) decrease in HR in those
taking 4 mgIkgj1 caffeine compared with both placebo and
2mgIkgj1 (160 T 5 vs 157 T 5 bpm, P = 0.03; 160 T 5 vs 157 T
5 bpm, P = 0.05), respectively.

ES. The main effect for caffeine (n = 101) in the 10-km
TT at the 4-mgIkgj1 dose resulted in a 3% (0.5 min) im-
provement and small ES, d = 0.27, compared with placebo.
However, in those with the AA genotype (n = 49), the 4.8%
(0.8 min) improvement with 2 mgIkgj1 and the 6.8% (1.2 min)
improvement with 4 mgIkgj1 both correspond to a medium
ES: d = 0.4 and d = 0.63, respectively. In those with the CC
genotype, the 13.7% impairment in performance in 4mgIkgj1 vs
placebo resulted in a very-large ES, d = 1.3.

Treatment blinding. We collected responses from 86
subjects post-TT, who were asked whether they thought they
had consumed caffeine. Out of 172 caffeine trials, 31% (54)
were correctly identified as caffeine containing. Among the
other 118 caffeine trials, 81% (96) reported ‘‘no caffeine’’
and 19% (22) reported ‘‘maybe caffeine.’’ Only 3% (3) of
subjects correctly identified all three trials (i.e., 2 caffeine,
1 placebo).

Familiarization. A learning or visit effect due to famil-
iarization with cycling on the Monark bike for the three
treatment visits (plus cycling V̇O2peak test) was expected in
this group of athletes, where less than 6% were experienced
cyclists. Although we observed a well-balanced allocation
of the three doses of caffeine across all three visits where W2

(4, N = 101) = 2.01, P = 0.73, we assessed the effect of visit
within each genotype. In those with the AA genotype, TT
time decreased across visits, likely as a learning or famil-
iarization effect. However, TT cycling time also decreased
within each visit as caffeine dose increased from 0 mg to 2
to 4 mgIkgj1, where ~33% of subjects would have ingested
one of the three caffeine doses at each particular visit.

Therefore, at each visit, each group consisting of one third of
the 101 total subjects improved their performance in a dose-
dependent manner after caffeine ingestion from 0 mg to 2 to
4 mgIkgj1. Table 2 shows the TT time and caffeine dose by
genotype with and without adjusting for visit. When analyzing
the effect of caffeine and visit in each genotype individually, the
caffeine effect remained significant in both the AA (P G
0.0001) and the CC (P = 0.04) genotypes. The predictive
power (R2) dropped from 0.85 in the model with all subjects
(not shown) to 0.78 in the model with AA genotypes and 0.80
in the model with CC genotypes. When visit was not included
in the model (Table 2, unadjusted), the caffeine effect
remained significant in the AA genotype (P G 0.0001) but
decreased the predictive power of the model (R2 = 0.70).
However, in those with the CC genotype, the caffeine effect
was no longer significant, and R2 decreased to 0.56.

DISCUSSION

The current study examined the effects of caffeine and a
genetic modifier of caffeine metabolism, CYP1A2 genotype,
on 10-km cycling TT performance in competitive male ath-
letes after ingestion of caffeine at 0, 2, and 4 mgIkgj1 body
mass. Our results indicate that in the total population, caffeine
is ergogenic to endurance cycling performance, with a 3%
improvement in TT time at 4 mgIkgj1, but not at 2 mgIkgj1,
which is consistent with previous studies using similar doses
(2,9). However, we observed a significant caffeine–gene inter-
action where the improvements in performance were seen with
both 2 and 4 mgIkgj1 caffeine, but only in those with the AA
genotype who are ‘‘fast’’ metabolizers of caffeine. In that group,
the 6.8% improvement in cycling time at 4 mgIkgj1 is greater
than the 2%–4% mean improvement seen in approximately 30
cycling TT studies using similar doses (2,8,9,14,15,18,32). The
improvement in performance that we observed in the entire
population at 4 mgIkgj1 corresponds to a small ES, d = 0.27,
but in those with the AA genotype the effect corresponds to a
medium ES d = 0.63. Contrary to the beneficial effects we
observed among those with the AA genotype, we found that
4 mgIkgj1 caffeine impaired performance by 13.7% in those
with the CC genotype who are ‘‘slow’’ metabolizers of caffeine,
and this corresponds to a very large ES, d = 1.3. We found no
effect of either dose in those who have the AC genotype.

TABLE 2. TT time and caffeine dose by CYP1A2 (rs762551) genotype with and without visit.

Caffeine Dose (mgIkgj1)

rs762551 Adja nb 0 2 4 Rb P c P d P e P f

AA Yes 147 17.8 16.9 16.7 0.76 G0.0001 0.001 G0.0001 0.50
AA No 147 17.8 17.0 16.6 0.70 G0.0001 0.007 G0.0001 0.50
AC Yes 132 18.4 18.5 18.1 0.86 0.47 0.87 0.75 0.44
AC No 132 18.6 18.4 18.0 0.74 0.37 0.95 0.37 0.55
CC Yes 24 18.5 19.4 21.0 0.68 0.05 0.60 0.04 0.23
CC No 24 18.3 19.6 20.8 0.56 0.06 0.37 0.05 0.45

aAdjusted for visit.
bNumber of visits = 3 � number of subjects in genotype.
cOverall P value for comparison of three caffeine doses.
d,e,fP values for comparing time to completion between caffeine doses 0 and 2d, 0 and 4e, and 2 and 4 mgIkgj1f.
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Most studies on caffeine and performance do not explore
the basis for the interindividual variation in response, which
has been well-documented in several studies (5–7,14,19). For
example, Jenkins et al. (14) examined the effects of caffeine
on exercise performance in 13 cyclists, and the interindividual
range for performance change with caffeine at 1, 2, or 3 mgIkgj1

compared with placebo was j7.9% to 17.8%. Although 11 of
13 cyclists benefited from the 3-mgIkgj1 dose, the authors noted
that ‘‘the mean performance outcome did not reach statistical
significance due to two Fnon-responders_ strongly influencing
the mean and SEM,’’ in addition to 8 of the 13 subjects per-
forming worse on at least one caffeine condition versus placebo.
Similarly, Paton et al. (11) found that caffeinated (~3–4 mgIkgj1)
chewing gum improved overall performance in 20 male and fe-
male cyclists, but only 13 (65%) of the cyclists were considered
‘‘positive responders,’’ 5 (20%) experienced ‘‘negative’’ responses,
and the remaining 2 (15%) experienced no observable effect on
cycling performance. The authors speculated that this variation
in response may be related to differences in the rate of caffeine
metabolism or absorption between individuals (11).

Acute caffeine ingestion has been shown to alter RPE,
where effort may be greater under caffeine conditions, yet it
is not perceived as such (1,33). Consistent with other studies
(1,33), our results showed a 3% decrease in RPE for the AA
genotype at 5 km after taking 4 mgIkgj1 caffeine, which
coincides with the group that had the fastest 10-km TT time.
Those with the CC genotype taking 4 mgIkgj1 had a non-
significant increase in RPE, which is consistent with the
impaired performance in that group. Our findings suggest
that caffeine does not lower RPE in all individuals. Similarly, a
recent study by Green et al. (34) showed that when subjects
were instructed to cycle at specific RPE (effort) levels under
caffeine conditions, the higher perceived intensity did not
necessarily result in greater work and improved performance in
all subjects equally. The authors noted that individual re-
sponses to the caffeine may explain their unexpected findings.

In the present study, only those with the AA genotype
who are fast metabolizers of caffeine benefited from caffeine
during the 10-km TT. There is some evidence that extended
periods of blocked adenosine receptors may be detrimental
to performance (35), and this may explain the lack of benefit
or diminished performance in slow metabolizers. Slower
clearance of caffeine and longer caffeine buildup in slow
metabolizers have been associated with increased blood
pressure (25), and this vasoconstriction may also have effects
on both blood flow to the heart and muscles (36). Resting
myocardial blood flow does not appear to be affected by
caffeine ingestion, but exercise-induced myocardial blood
flow has been shown to decrease after caffeine ingestion (36).
Under exercise conditions, the expected adenosine-mediated
coronary vasodilation and subsequent increase in myocardial
blood flow to match augmentation in cardiac work is likely
impaired by caffeine and could explain the impaired perfor-
mance among slow metabolizers (35,36). It has also been
postulated that caffeine metabolites, such as paraxanthine,
may have ergogenic properties and would be generated more

quickly in fast metabolizers, thereby providing benefits sooner
than in slow metabolizers (12). The initial ergolytic effects of
impaired adenosine-mediated vasodilation experienced by
fast metabolizers may be outweighed by their ability to ex-
pedite the production of these metabolites, which may be the
source of ergogenicity.

Our findings are consistent with a previous study by
Womack et al. (12) who observed a caffeine–gene interaction
and improved TT cycling performance with caffeine only in
those with the AA genotype. By contrast, previous studies
either did not observe any effect of the CYP1A2 gene on
caffeine ergogenicity (27,28) or reported benefits only in slow
metabolizers (29). Pataky et al. (29) reported an improvement
in those with the AC genotype compared with the AA geno-
type after caffeine ingestion; however, the 3-kmTT performed
in that study was a much shorter duration than in the present
study or in the previous study (12). Furthermore, that study
(29) did not include any subjects with the CC genotype,
which is the group that we found to have impaired perfor-
mance after 4 mgIkgj1 caffeine. Algrain et al. (28) found no
effect of 255 mg caffeine on a 15-min cycling performance
trial and no modifying effect of CYP1A2 genotype. However,
this dose of caffeine was likely too low to observe any effect
because most previous studies report an effect only at higher
doses. That study also had a small sample size of 20 subjects
(AA genotype, n = 10; C-allele carriers, n = 9), did not dif-
ferentiate between AC and CC genotypes among C-allele
carriers, and included both males and females, which may
have been a confounder due to potential gender differences in
caffeine response by genotype (37). Similarly, no effects of
CYP1A2 on caffeine ergogenicity were observed in the study
by Salinero et al. (27), but the very small sample size of only
10 subjects with the AA genotype, compared with 49 sub-
jects with this genotype in the present study, make it un-
likely that any significant findings would be detected.
Importantly, that study used a 30-s Wingate test, which is a
measure of power or anaerobic capacity, and is not a valid
measure of endurance (27). Consistent with this notion, a
meta-analysis of caffeine and exercise performance (4)
showed that larger ES with caffeine supplementation were
more often reported in trials of longer duration. Therefore,
the unmasking of the effects of genotype on performance
may occur during exercise of longer duration and during an
accumulation of fatigue, where caffeine often provides its
greatest benefits, and where the adverse effects to slow
metabolizers are more likely to manifest. Moreover, as previ-
ously mentioned, this may improve performance by allowing
for a greater accumulation of the potentially ergogenic caffeine
metabolites, in fast metabolizers.

Two concerns often raised in caffeine–performance stud-
ies using cycling TT protocols are 1) a learning effect and 2)
the caffeine–placebo effect. To address the issue of famil-
iarization, we included a visit variable in our statistical
model to control for potential confounding due to a learning
effect. Although performance improved with each succes-
sive visit, the improved performance with caffeine in those
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with the AA genotype occurred regardless of the order of
treatment, and the findings were the same with and without
adjusting for visit. The caffeine–placebo effect can introduce
a psychological factor (32) outside of the expected physiolog-
ical effect, when a subject is not blinded to the treatment. Treat-
ment blinding in the present study was successful with less than
one third of caffeine trials identified correctly. Although a pla-
cebo benefit has been reported to occur in subjects who believe
they have ingested caffeine (32,38), this would not explain the
benefits seen only in those with the AA genotype.

Our results also confirm the ergogenicity of lower caf-
feine doses (2–4 mgIkgj1) as previously reported (9,13), but
only within a specific genetic subset of individuals. Lower
caffeine doses are more desirable to avoid the potential ad-
verse side effects of higher doses (6–9 mgIkgj1), such as
sleep disturbances (39), especially for athletes training or
competing at night, as well as other adverse effects such as
anxiety and agitation (40).

Although the results from the present study suggest a
potential role of CYP1A2 genotype in influencing the ergo-
genic response of caffeine in competitive athletes from a va-
riety of sports, care should be taken in extrapolating these
findings to female, nonathletic or older populations. It is

unknown if there is a similar genetic influence for other
modes of exercise of high intensity or short duration, or
whether other polymorphisms in CYP1A2 or other genes in-
volved in the response to or metabolism of caffeine may
modify the effects of caffeine during exercise.

In summary, we found that caffeine improves endurance
performance at a dose of 2 and 4 mgIkgj1 for fast metabolizers
of caffeine who have the CYP1A2 AA genotype (rs762551).
Among the slow metabolizers, there is either no effect (AC
genotype) or impaired performance (CC genotype) under the
caffeine conditions in this study. These results highlight the
importance of considering CYP1A2 genotype when deciding
whether athletes should use caffeine as an ergogenic aid to
improve endurance performance.
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