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Abstract:
This study examined the acute effects of two different dosing strategies of caffeine ingestion and compared the
effects of high dose (ingested before and during exercise) and moderate dose (only ingested before exercise)
with placebo on free fatty acid responses and endurance performance in male half-marathon runners. Eight male
half marathon runners were randomly assigned in a double-blind crossover design according to dosing strategy
conditions: high dose (HIGH), ingested 6 mg·kg body mass−1 of caffeine before exercise and 3 mg·kg body
mass−1 of caffeine during exercise (total caffeine ingested after both doses = 9 mg·kg body mass−1); moderate
dose (MOD), ingested 6 mg·kg body mass−1 of caffeine only before exercise (total caffeine ingested after both
doses = 6 mg·kg body mass−1), and placebo (PLA), performed to exhaustion test 60 min before each time to
determine the endurance performance as well as serum caffeine, free fatty acids, glucose and lactate
concentration, gastrointestinal symptoms, and rate of perceived exertion (RPE). There was a significant
difference in the interaction effect for serum free fatty acids concentration at the time point of 120 min during
exercise between the HIGH (0.086 ± 0.026 mmol/L) and PLA (0.051 ± 0.018 mmol/L) groups (p = 0.00). The
ingestion of caffeine in moderate dose resulted in significantly longer time to exhaustion compared with placebo
(127.46 ± 3.72 min vs. 124.61 ± 4.58 min, p = 0.02). In conclusion, consumption of a high dose of caffeine may
help to improve endurance performance in male half-marathon runners via higher serum FFA concentration and
increase fat oxidation at the proper rate to produce energy for prolonged aerobic exercise.
Keywords: Caffeine, Half-marathon, Endurance performance, Free Fatty Acids
Introduction
A half-marathon is a 21-km event with a significant energy cost. Academically, a half-marathon can be
described as a long-duration, primarily aerobic activity that comprises rhythmic movements sustained by vast
muscle groups and relies on oxidative metabolism for energy (Chen et al., 2017; Gómez-Molina et al., 2017;
Doyenart et al., 2020). Carbohydrates (CHO) stored in the liver and contracting muscle and the fat stored in the
muscle and adipose tissue are the primary fuels used during endurance running. CHO oxidation, mainly from
muscle glycogen, dominates at higher exercise intensities, while fat oxidation is more important at lower
intensities. Oxidation of muscle glycogen and fatty acids derived from muscle is highest during the early stages
of endurance exercise and decreases as exercise duration is prolonged (Hargreaves et al., 2020; Ravindra et al.,
2022). With prolonged exercise, muscle glycogen output may fall below muscle glycogen uptake, thus resulting
in muscle glycogen depletion.
Because muscle glycogen depletion is considered to be the primary determinant of exhaustion during
prolonged exercise, increasing fatty acid oxidation will delay the onset of glycogen depletion, enhancing
endurance performance (Hunter et al., 2002). The intensity of exercise is likely to impact the relative amounts of
CHO and fat oxidized while running because fat oxidation at moderate or high intensities is insufficient to meet
the demands of the muscles for ATP (Spriet, 2007). Although endogenous fatty acid reserves are large, they do
not supply ATP at rates that support increased exercise intensity with the high relative (70–90%) V̇O2max, and
absolute work rates maintained by competitive athletes during endurance events lasting less than 2 h are not
supported by rates of muscle fat oxidation (Noakes, 2022). One of the nutritional strategies to enhance endurance
performance that has received widespread attention is caffeine (CAF) intake. Many studies have shown that
acute caffeine intake can improve aerobic endurance, anaerobic performance, maximal strength and muscular
endurance, movement velocity of resistance exercise, and sprint and agility performance (de Souza et al., 2022).
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(epinephrine)-induced enhanced FFA oxidation after CAF ingestion and consequent glycogen sparing, resulting
in improved endurance performance (Guest et al., 2021).
CAF has been for years a legal and widely used ergogenic aid or exercise performance enhancer among
athletes at various levels of sports competition. CAF is currently available in many products, e.g., coffee, gels,
energy bars, gum, and energy drinks. CAF administration in research is performed by instructing athletes to
ingest tablets or capsules with water or by drinking coffee, which is the largest source of CAF used by athletes
before a competition (Ganio et al., 2009; Wickham & Spriet, 2018). It has been reported that 74% of elite
athletes use CAF before or during a competition (Southward et al., 2018). The highest prevalence rate for CAF
use as an exercise performance enhancer is seen in endurance athletes, e.g., triathletes, cyclists, and marathoners;
the second highest prevalence rate for CAF use is in game athletes (e.g., tennis players, volleyball players, and
handball players) and strength athletes, e.g., weightlifters (Kyle et al., 2018; Del Coso et al., 2011). CAF has
been found to improve sport and exercise performance through three different mechanisms: increasing
intracellular calcium mobilization, acting as an adenosine receptor antagonist in the CNS to induce effects on
both the central and peripheral nervous systems to reduce pain and exertion perception, improving motor
recruitment and excitation–contraction coupling, and increasing free fatty acid (FFA) oxidation during exercise
and subsequent glycogen sparing (Del Coso et al., 2011; Ganio et al., 2009; Martins et al., 2020).
The benefits of CAF supplementation for endurance performance have been demonstrated in time to
exhaustion (TTE) tests. Bell and McLellan (2002), using a cycling time-to-exhaustion test, found an ergogenic
effect of ingesting 5 mg·kg−1 BM of caffeine that was greater and lasted longer in caffeine nonusers than users,
and Smirmaul et al. (2017) found a 12% improvement in TTE following ingestion of 4 mg·kg−1 BM of caffeine.
In many studies, the dosage of CAF to enhance performance is between 3 and 6 mg·kg−1 BM, 60 min before
exercise (Maughan et al., 2018; Goldstein et al., 2010; Hodgson et al., 2013). This 60 min period is the CAF
absorption period or the time necessary for CAF to reach the maximum peak of the substance in plasma (Martins
et al., 2020). However, recent studies have revealed that both low (≤3 mg·kg−1 BM) and moderate to high (i.e.,
6–9 mg·kg−1 BM) intakes of CAF doses 60 min before exercise can also improve exercise performance (Spriet,
2014; Pickering and Kiely, 2018, 2019). Zhang et al. (2020) suggested that the lower doses of CAF (≤3 mg·kg−1
BM) had greater effects on cognitive function and brain activation compared to moderate and higher doses (6 or
9 mg·kg−1 BM); thus, a lower amount of CAF (≤3 mg·kg−1 BM) is sufficient to induce saturation of the effect of
CAF on CNS (Zhang et al., 2020), and the use of moderate or higher doses (6 or 9 mg·kg−1 BM) is suitable for
altering the energetic use of the lipids with the muscle glycogen preservation, resulting in enhanced aerobic
exercise performance (Martins et al., 2020; Spriet, 2014; Taylor et al., 2011; Cruz et al., 2015).
Of note, acute higher CAF doses (9 mg·kg−1 BM) do not seem to increase the performance benefit, and
such dosages may increase the risk of side effects such as nausea, anxiety, insomnia, and restlessness, which
would counteract any performance-enhancing effects (Bruce et al., 2000; Burke, 2008).
CAF is typically excreted through sweat during endurance exercise (Hunter et al., 2002) and has a halflife of 3–5 h; consequently, endurance athletes with a faster metabolism may not experience the aerobic exercise
performance effects of CAF in long-duration events (e.g., marathons, triathlons, and ultra-endurance events) if
CAF is metabolized prior to the end of the event (Southward et al., 2018; Martins et al., 2020). Thus, athletes
should consume CAF prior to, during, or after physical exercise to maintain peak plasma CAF levels (Hunter et
al., 2002; Martins et al., 2020). Hunter et al. (2002) suggested that athletes should ingest a maintenance dose of
0.33 mg·kg–1 BM of CAF every 15 min during the exercise period. This dose was calculated to ensure the
overall
CAF dosage not exceeding 9 mg·kg–1 BM, and this dose maintains mean urinary CAF levels below the IOC limit
(12 μg·ml–1) (Hunter et al., 2002). However, the CAF dose should be administered based on the athlete’s
tolerance to CAF and the type of exercise.
Accordingly, this study examined the acute effects of two different dosing strategies of CAF ingestion,
i.e., high dose (ingestion of 6 mg·kg−1 BM of CAF 60 min before exercise and 3 mg·kg−1 BM of CAF at 45 min
during exercise, total CAF ingested after both doses was 9 mg·kg−1 BM) and moderate dose (ingestion of 6
mg·kg−1 BM of CAF only 60 min before exercise), in comparison with placebo on FFA responses and endurance
performance in male half-marathon runners. We hypothesized that the high dose caffeine intake would result in
an increase in serum FFAs during prolonged exercise compared to placebo, eliciting maximal fat oxidation, and
resulting in improved endurance performance as measured by the time to exhaustion test.
Materials and Methods
Participants
Eight male, well-trained half-marathon runners, from local running clubs volunteered to participate in
this study (mean ± S.D.: age of 33.25 ± 3.19 years; body mass (BM) of 71.80 ± 7.35 kg; height of 174.37 ± 4.86
cm; maximal oxygen consumption (V̇O2max) of 52.75 ± 2.76 mL·kg−1·min−1). Eligibility criteria included:
males 30–39 years old; experience in half-marathon races for 1–5 years; engaged in training for at least 3–5
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usage and consuming CAF <500 mg/day; free from heart conditions and/or did not recently experience shortness
of breath, chest pain, bone, or joint problems and has no symptom of gastrointestinal (GI) discomfort, and has
the approval of attending physician. All participants must not participate in any experimentation and/or
endurance road race and have no supplementation at least two weeks before the study begins and during the data
collection period in this study.
Design
This study used a double-blind, placebo-controlled, and repeated measures crossover design to
determine the effect of different doses of CAF on FFAs and endurance capacity in half-marathon runners. The
experiments took place at the Exercise and Sports Performance Laboratory (ESPL), the Faculty of Sports
Science, Chulalongkorn University, Thailand. The participants were fully informed of any associated risks and
discomforts and provided written informed consent prior to the study. The Research Ethics Review Committee
for Research involving Human Research Participants, Group I, Chulalongkorn University, Thailand, has
approved the study, and the study was performed in accordance with Belmont Report 1979, Declaration of
Helsinki 2013, Council for International Organizations of Medical Science (CIOM) 2016, Standards of Research
Ethics Committee (SREC) 2017, and National Policy and guidelines for Human Research 2015 (COA No.
062/2022).
Preliminary Testing
Anthropometric characteristics were measured during the first visit to the laboratory. Body composition
measurements without shoes and minimal clothing were taken with a bioelectrical impedance body composition
analyzer (ACCUNIQ BC510, Korea). Participants completed an exhaustive ramp incremental test on a
motorized treadmill (h/p/cosmos®, Germany) to determine the maximal oxygen uptake (V̇O2max), first
ventilatory threshold (VT1), and second ventilatory threshold (VT2). After a 3-min warm-up at a speed of 4.5
km·h−1, the test started at an initial velocity of 4.95 km·h−1 for 1 min, thereafter an increase in speed of 0.65
km·h−1 every 1 min along with a an increase in the treadmill inclination from the initial 0° by 0.4% every 1 min
until volitional exhaustion. Oxygen uptake was measured with an open-circuit breath-by-breath gas and volume
analyzer (Cortex Metamax 3B, Germany). Heart rate (HR) was recorded telemetrically with a chest strap sensor
(Polar, Finland) and was synchronized to the gas analysis system software, allowing the continuous recording of
heart rate expressed in beats per minute (bpm). The statistical analysis was conducted using the average gas,
volume, and heart rate values for each 30-s period, with the highest values being defined as the maximum values.
The determination criteria for exhaustion were as follows: 1) heart rate (HR) ≤10 beats/min or ≤5% of the agepredicted (220-age) maximum, 2) respiratory exchange ratio (RER) greater than 1.10–1.15, and 3) rating of
perceived exertion (RPE) based on the 6-20 Borg scale as 18 (extremely hard) (Midgley et al., 2007; Poole et al.,
2008; Poole and Jones, 2017). The initial velocities corresponding to VT1 were obtained to determine the
exercise intensity of the experiment trial (Chuychai et al., 2022).
Experimental Procedure
Each participant completed three trials, randomly, under double-blind conditions. All trials were
conducted at the same time of day (mornings) to eliminate the influence of circadian variation, with a 7-day
wash-out period between each session. The trials were performed in the same laboratory, on the same ergometer,
and under stable environmental conditions (∼20–21 °C, ∼60% relative humidity). Participants reported to the
laboratory for each visit early in the morning following an overnight fast (only water was permitted). Participants
recorded food and beverage intake as they were consumed and physical activity throughout three days prior to
the first laboratory visit, replicated this prior to the next visit, and abstained from all dietary sources of caffeine,
alcohol, vigorous physical activity, and any pre-workout supplement for 24 h preceding each experimental trial.
The participants were randomly assigned in a double-blind crossover design to dosing strategy conditions: 1)
high dose (HIGH); the participants ingested 150 mL of fluid containing 6 mg·kg−1 BM of CAF 60 min before
exercise and 150 mL of fluid containing 3 mg·kg−1 BM of CAF at 45 min during exercise; total CAF ingested
after both doses was 9 mg·kg−1 BM; 2) moderate dose (MOD); the participants ingested 150 mL of fluid
containing 6 mg·kg−1 BM of CAF 60 min before exercise and 150 mL of fluid with placebo at 45 min during
exercise; total CAF ingested after both doses was 6 mg·kg−1 BM; 3) placebo (PLA); the participants ingested
150 mL of fluid placebo 60 min before exercise and 150 mL of fluid placebo at 45 min during exercise, with the
instruction to consume the treatment fluid in 5 min.
After the treatment fluid ingestion for 30 min, the participants performed the time to exhaustion (TTE)
test on a motorized treadmill (h/p/cosmos®, Germany) to determine the endurance capacity. After a warm-up at
a self-selected running speed for 5 min, the running speed increased to the initial velocity corresponding to VT1
until voluntary exhaustion. BM with minimal clothing was measured before and after the trial to determine the
volume of fluid loss using a bioelectrical impedance body composition analyzer (Accuniq, Korea). RPE was
assessed every 30 min during TTE using the RPE 6–20 scale, and gastrointestinal symptoms were assessed
before ingestion, immediately prior to and post-exercise, and every 30 min during TTE using the visual analogue
scale (VAS) score for gastrointestinal symptoms.
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Arterialized fingertip blood samples were collected before ingestion, immediately prior to and postexercise, and every 30 min during TTE. Blood lactate concentrations were analyzed using a lactate analyzer
(Lactate-scout, EKF diagnostics, UK) immediately after blood collection. Antecubital venous blood was sampled
before ingestion, immediately prior to and post-exercise, and every 30 min during TTE. The sample was
homogenized in 200 μL of 1% (w/v) Triton X-100 in chloroform solution. The samples were centrifuged at
13,000 × g for 10 min to remove insoluble material. The organic phases (lower phase) were collected, and
chloroform was removed by air drying at 50°C. The dried lipids were dissolved in a 200-μL fatty acid assay
buffer by extensive vortexing for 5 min. Then, the concentration of FFAs was determined by a Free Fatty Acid
Quantitation Kit (Sigma-Aldrich, USA). To evaluate concentrations after CAF ingestion, serum CAF
concentrations were measured using high-performance liquid chromatography (HPLC; Spectra SERIES
P100/UV 100, UK). Serum glucose concentration was determined by the Hexokinase/G-6-PDH method using
Architect Analyzer (Abbott Laboratories, Abbott Park, IL).
Statistical Analysis
All data are presented as the mean ± standard deviation (S.D.). Statistical analysis was performed using
IBM SPSS Statistics software, version 22.0 (SPSS, IBM Statistics, New York, US). All analyzed variables of
interest were screened for normality using the Shapiro–Wilks test. Baseline differences (i.e., serum CAF
concentrations, serum FFA concentrations, serum glucose concentrations, blood lactate concentration,
gastrointestinal symptoms VAS score, and RPE) and differences between conditions (HIGH, MOD, and PLA)
were tested using a two-way analysis of variance (ANOVA). If a significant difference (p < 0.05) was observed,
Bonferroni post hoc analyses were conducted. The differences in time to exhaustion between conditions (HIGH,
MOD, and PLA) were tested using a one-way analysis of variances (ANOVA), followed by Bonferroni
correction for post hoc tests. Statistical significance was accepted at p < 0.05 for all tests.
Results
Serum Caffeine Concentrations
Serum CAF concentrations immediately before exercise testing (0 min) were not significantly different
(p > 0.05) between the HIGH (11.17 ± 10.53 μg/L), MOD (5.34 ± 8.89 μg/L), and PLA (0.00 ± 0.00 μg/L)
groups. During exercise testing, a significant effect was observed in mean serum CAF concentrations at the time
point of 60 min during exercise testing between the HIGH (30.64 ± 36.36 μg/L) and PLA (0.00 ± 0.00 μg/L)
groups (p = 0.00) and between the MOD (12.35 ± 19.63 μg/L) and PLA (0.00 ± 0.00 μg/L) groups (p = 0.03). At
the time point of 90 min, serum CAF concentrations were significantly different between the HIGH (16.17 ±
9.79 μg/L) and MOD (4.62 ± 8.53 μg/L) groups (p = 0.04) and between the HIGH (16.17 ± 9.79 μg/L) and PLA
(0.00 ± 0.00 μg/L) groups (p = 0.00). At the time point of 120 min, serum CAF concentrations were significantly
different between the HIGH (13.24 ± 7.11 μg/L) and PLA (0.00 ± 0.00 μg/L) groups (p = 0.00), respectively
(Fig. 1).
Serum Free Fatty Acid Concentrations
During exercise testing, a significant main effect group was observed in the mean serum FFA
concentrations at the time point of 120 min during exercise testing between the HIGH (0.086 ± 0.026 mmol/L)
and PLA (0.051 ± 0.018 μg/L) groups (p = 0.00) (Fig. 2).
Serum Glucose Concentrations
There was no significant difference in mean serum glucose concentrations between the HIGH, MOD,
and PLA groups in the period of exercise testing (Fig. 3).
Blood Lactate Concentrations
Baseline blood lactate concentrations were not significantly different between the HIGH (1.32 ± 0.16
mmol/L), MOD (0.87 ± 0.43 mmol/L), and PLA (1.30 ± 0.26 mmol/L) groups (p < 0.05). During exercise
testing, a significant effect was observed in mean blood lactate concentrations at the time point of 30 min during
exercise between the HIGH (1.60 ± 0.66 mmol/L) and MOD (0.97 ± 0.43 mmol/L) groups (p = 0.02) and
between the HIGH (1.60 ± 0.66 mmol/L) and PLA (0.87 ± 0.49 mmol/L) groups (p = 0.00). At the time point of
120 min, blood lactate concentrations were significantly different between the HIGH (1.57 ± 0.55 mmol/L) and
MOD (1.02 ± 0.67 mmol/L) groups (p = 0.01) and between the HIGH (1.57 ± 0.55 mmol/L) and PLA (0.82 ±
0.43 mmol/L) groups (p = 0.00), respectively (Fig. 4).
Time to Exhaustion
The two-way repeated-measures ANOVA indicated a significant effect of CAF ingestion on the time to
exhaustion (F = 3.75; p < 0.04). Post hoc analyses of the effect of CAF ingestion indicated a significant increase
in time to exhaustion after the intake of CAF in the MOD (127.46 ± 3.72 min) compared to the PLA (124.61 ±
4.58 min) groups (p = 0.02) (Table 1).
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--------------------------------------------------------------------------------------------------------------------------------------Table 1. Average time to exhaustion (min ± S.D.) in the HIGH, MOD, and PLA groups (n = 8)
Condition (n = 8)
HIGH
MOD
PLA

Time to Exhaustion (min)

Error! ± S.D.
126.52 ± 4.54
127.46 ± 3.72#
124.61 ± 4.58#

F

P-value

3.758

.049*

* Significant difference (p < 0.05) between groups. # Significant difference (p < 0.05) between MOD and PLA
Gastrointestinal Symptoms
During exercise testing, a significant effect was observed in the mean abdominal pain VAS score at the
time point of 90 min during exercise testing between the HIGH (87 ± 1.45 mm) and MOD (0.00 ± 0.00 mm)
groups (p = 0.01) and between the HIGH (87 ± 1.45 mm) and PLA (0.00 ± 0.00 mm) groups (p = 0.01). There
was no significant difference in the mean abdominal bloating and nausea VAS scores between the HIGH, MOD,
and PLA groups during the exercise test.
Rating of Perceived Exertion
RPE revealed a predictable pattern of physiological responses that are typical for exercising, and RPE
gradually increased throughout the exercise test. There were no significant differences between the groups.

Fig 1. Serum caffeine concentrations under the HIGH, MOD, and PLA conditions. + Significant difference (p <
0.05) between HIGH and PLA at 60 min. * Significant difference (p < 0.05) between MOD and PLA at 60 min.
† Significant difference (p < 0.05) between HIGH and MOD at 90 min. # Significant difference (p < 0.05)
between HIGH and PLA at 90 min. ‡ Significant difference (p < 0.05) between HIGH and PLA at 120 min

Fig 2. Serum free fatty acid concentrations under the HIGH, MOD, and PLA conditions.
* Significant difference (p < 0.05) between HIGH and PLA at 120 min
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Fig 3. Serum glucose concentrations under the HIGH, MOD, and PLA conditions

Fig 4. Blood lactate concentrations under the HIGH, MOD, and PLA conditions. + Significant difference (p <
0.05) between HIGH and MOD at 30 min. * Significant difference (p < 0.05) between HIGH and PLA at 30 min.
† Significant difference (p < 0.05) between HIGH and MOD at 120 min. # Significant difference (p < 0.05)
between HIGH and PLA at 120 min
Discussion
The HIGH group, which consumed two doses of CAF (for a total of 9 mg·kg−1 BM), had the highest
levels of serum FFAs, followed by the MOD group, which consumed one dose (for a total of 6 mg·kg−1 BM),
and the PLA group, which had the lowest levels. The HIGH group had the highest serum FFAs levels at 120 min
during the exercise test compared to the MOD and PLA groups. This occurred possibly because the HIGH group
took their second CAF dose after 45 min during the exercise test. The high serum FFAs levels may indicate that
the body can increase FFA oxidation at the proper rate to produce energy for prolonged aerobic exercise. As a
result, the running performance of the HIGH group was better than that of the PLA group.
CAF contains three metabolites that improve energy efficiency in endurance athletes, i.e., paraxanthin,
theophylline, and theobromine. These metabolites can stimulate the body's breakdown of fat into FFAs and
glycerol. CAF dosages of 3 to 6 mg·kg−1 BM, 60 min before exercising, are well-accepted to improve
performance; whereas the high doses of CAF (e.g., 9 mg·kg−1 BM) are associated with a high incidence of side
effects and do not appear to be required to elicit an ergogenic effect (Maughan et al., 2018; Guest et al., 2021). A
previously published critical review recently highlighted that both low (3 mg·kg−1 BM) and moderate to high
(i.e., 6–9 mg·kg−1 BM) CAF dosages can improve exercise performance; the abovementioned study also
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--------------------------------------------------------------------------------------------------------------------------------------demonstrated that, while low doses of CAF (3 mg·kg−1 BM) have the potential to be ergogenic, it is unclear
whether such doses are as ergogenic as higher doses (Pickering & Kiely, 2019). According to some studies,
prolonged aerobic exercises that are associated with moderate and high doses of CAF (i.e., 6–9 mg·kg−1 BM)
may change the oxidative flow of substrates. In those situations, CAF changed how lipids were used for energy
while maintaining muscle glycogen stores (Taylor et al., 2011; Cruz et al., 2015). The consumption of a high
dose of CAF prior to exercise sessions improved results in aerobic performance tests (Cruz et al., 2015). A
previous study by Olcina et al. (2011) suggested that the lower respiratory exchange ratio (RER) values, which
may indicate a lesser reliance on glycogen, were associated with an increase in relative fat oxidation due to
CAF's ergogenic effect and, consequently, lower lactate production (glycolytic metabolites). These results may
eventually result in a longer time to exhaustion.
The obtained results showed that different caffeine doses had no effect on blood glucose levels during
prolonged exercise. This finding is consistent with the findings of Siahpoosh and Nesaei (2016), who
investigated the effect of caffeine consumption at different doses on blood lactate and glucose levels after
middle-distance running and concluded that none of the caffeine doses had a significant effect on blood lactate
and glucose levels both before and after the middle-distance exercise. Several other studies have observed that
caffeine ingestion had no effect on the levels of blood glucose during exercise (Van Soeren & Graham, 1998;
Battram et al., 2005). Hulston and Jeukendrup (2008) demonstrated that CAF may only have an effect on muscle
glucose uptake during resting and possibly during the recovery period following exercise but not during exercise.
However, their findings indicated that relative to placebo, the ingestion of a high dose of caffeine resulted in
significantly increased blood lactate concentration during prolonged exercise. The effects of caffeine ingestion
on blood lactate concentration during exercise have received little attention, and in the few studies that focused
on this aspect, the findings regarding the glycogen-sparing property of caffeine are contradictory. Some studies
attribute higher lactate concentrations with caffeine ingestion to a catecholamine-induced increase in the rate of
muscle glycogenolysis. Indeed, epinephrine infusion can increase muscle glycogenolysis and lactate formation
during steady-state exercise (Watt et al., 2001; Hulston and Jeukendrup, 2008). The increased blood lactate
concentration can indicate lactate production (glycolytic metabolites) by active muscles or decreased blood
clearance. Of note, blood lactate concentration should not increase if glycogen sparing occurs because FFAs are
the primary source of fuel during exercise (Siahpoosh and Nesaei, 2016). Another controversial finding of
Hulston and Jeukendrup (2008) suggests that higher lactate concentrations after caffeine consumption may result
from decreased clearance by other nonexercising tissues (possibly the liver or resting muscles) instead of having
a direct impact on the exercising muscles. Although in this study blood lactate concentrations are significantly
different between the HIGH, MOD, and PLA groups, the blood lactate concentration values lower than 4
mmol·L−1 are also known as the onset of blood lactate accumulation (OBLA). The intensity of exercise testing in
this study corresponded to VT1, which is moderate intensity. As a result, the body circulates lactic acid into the
liver to restore glucose balance, and lactic acid accumulation in the blood is low.
According to the findings of this study, CAF consumption improves endurance performance as
measured by the time to exhaustion test. This occurs possibly because the higher serum FFA levels in the HIGH
group have the potential to increase fat oxidation during prolonged exercise, resulting in improved endurance
performance. The ability of the body to synthesize sufficient ATP to allow to perform exercise for the entire
distance is essential for long-distance running. According to the study's findings, the HIGH and MOD groups,
which both consume CAF, had a more significant increase in the serum FFA concentrations after 90 min of
exercising compared to the PLA group, which did not consume CAF. Typically, the conversion of FFAs to ATP
produces more ATP than the conversion of other macronutrients, which gives the body adequate energy reserves.
Additionally, this process can reduce the increase in blood lactic acid concentration; consequently, the endurance
running performance was superior to that of the caffeine-free group (Burke et al., 2019).
Conclusions
In conclusion, consumption of a high dose of caffeine, i.e., ingestion of 6 mg·kg−1 BM of CAF 60 min
before exercise and 3 mg·kg−1 BM of CAF after 45 min during exercise (for a total of 9 mg·kg−1 BM) may help
to improve endurance running performance in male half-marathon runners via higher serum FFA concentration,
increase fat oxidation at the proper rate to produce energy for prolonged aerobic exercise, and reduce the
increase in blood lactic acid concentration. These findings expand the usefulness of CAF as an ergogenic aid in
athletes. However, CAF ingestion can have several drawbacks and may produce undesirable side effects. Further
studies should examine the occurrence of side effects associated with different dosages of CAF ingestion among
the athletes which may be beneficial to establish CAF supplementation strategies that enhance athletic
performance while maintaining athletes’ safety and well-being.
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