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Abstract

Purpose The effect of caffeine to enhance fat utilisation as fuel for submaximal aerobic exercise is well established. How-
ever, it is unknown whether this effect is dose dependent. The aim of this study was to investigate the effect of 3 and 6 mg
of caffeine per kg of body mass (mg/kg) on whole-body substrate oxidation during an incremental cycling exercise test.
Methods In a double-blind, randomised, and counterbalanced experiment, 18 recreationally active males (maximal oxygen
uptake [VO,,,. ] =56.7 +8.2 mL/kg/min) performed three experimental trials after ingesting either 3 mg/kg of caffeine,
6 mg/kg of caffeine or a placebo (cellulose). The trials consisted of an incremental exercise test on a cycle ergometer with
3-min stages at workloads from 30 to 80% of VO,,,... Energy expenditure, fat oxidation rate, and carbohydrate oxidation
rate were continuously measured by indirect calorimetry.

Results During exercise, there was significant effect of substance (F =7.969; P=0.004) on fat oxidation rate. In comparison
to the placebo, the rate of fat oxidation was higher with 3 mg/kg of caffeine at 30, 40, 50 and 70% of VO,,,., [all P <0.050,
effect sizes (ES) from 0.38 to 0.50] and with 6 mg/kg of caffeine at 30, 40, 50, 60 and 70% of VO, (all P <0.050, ES from
0.28 t0 0.76). Both 3 mg/kg (0.40+0.21 g/min, P=0.021, ES=0.57) and 6 mg/kg of caffeine (0.40+0.17 g/min P=0.001,
ES =0.60) increased the maximal rate of fat oxidation during exercise over the placebo (0.31 +0.15 g/min). None of the
caffeine doses produced any significant effect on energy expenditure or heart rate during exercise, while both caffeine doses
reduced perceived fatigue at 80% of VO,,,,, (all P<0.050, ES from 0.71 to 1.48).

Conclusion The effect of caffeine to enhance fat oxidation during submaximal aerobic exercise is of similar magnitude with
3 and 6 mg of caffeine per kg of body mass. Thus, a dose of 3 mg of caffeine per kg of body mass would be sufficient to
enhance fat utilisation as fuel during submaximal exercise.
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Introduction

Caffeine (1, 3, 7-trimethylxanthine) is a naturally occurring
chemical compound found in plant constituents such as cof-
fee and cocoa beans, tea leaves, guarana berries and the kola
nut. The ingestion of caffeine via infusions of these plants/
seeds, through manufactured caffeine-containing foodstuffs
Faculty of Health Sciences, Universidad Francisco (e.g. cola drinks, energy drinks) and/or through dietary sup-
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of the world population [1]. The reasons for the high con-
sumption of caffeine are mainly associated with the wide
spectrum of benefits associated with acute and chronic caf-
feine intake [2]. Among others, the enhancement of stamina
and the lessening of physical and mental fatigue are the most
commonly sought effects of caffeine intake [3]. Although
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the dose of caffeine ingested depends on age, an average
of ~2.2 mg/kg of caffeine per day has been found as the
caffeine intake in the population of the United States—the
90th percentile is 5.0 mg/kg/day- [4]. These data suggest that
most of the benefits of caffeine intake can be obtained with
arelatively low dose of caffeine.

The high consumption of caffeine in modern societies is
also reflected in sports as caffeine has also become one of
the most consumed substances [5] despite having no nutri-
tional value. In the exercise and sports context, caffeine is
primarily used to enhance physical performance since there
is plenty of evidence confirming the ergogenic value of oral
caffeine intake on a variety of individual and team sports
[6-12]. Cafteine is habitually ingested by athletes in amounts
larger than the ones found in the general population. Con-
cretely, doses equivalent to 3—6 mg/kg are commonly rec-
ommended to enhance exercise and sports performance [13,
14]. Interestingly, literature on the potential dose-response
effect of caffeine on exercise performance indicates that
oral caffeine intake produces an ergogenic benefit of simi-
lar magnitude within the dose range of 3-9 mg/kg [15-18].
Doses below 3 mg/kg of caffeine habitually do not produce
ergogenic benefits [19, 20], although this is now always the
case in some exercise contexts [21].

Acute caffeine intake can also be used to enhance fat
oxidation during exercise. This is because the acute intake
of caffeine can enhance the use of fat as fuel for the work-
ing muscle—with a concomitant reduction in the use of
carbohydrates-during aerobic exercise [22-24]. To obtain
a benefit of caffeine on fat oxidation during aerobic exer-
cise, exercise intensity must be submaximal as the ergogenic
benefit of caffeine (i.e. increased exercise intensity) nullifies
the effect of caffeine on fat oxidation [25]. The effect of
caffeine to enhance fat oxidation during exercise has been
found in doses ranging from 3 to 7 mg/kg [22, 26, 27]. A
recent systematic review has summarised the findings of 19
studies published between 1978 and 2020 that investigated
the effect of caffeine on fat oxidation during exercise [28].
In this systematic review, caffeine produced an overall effect
on increasing fat oxidation during submaximal exercise, but
this effect was dose dependent. Specifically, caffeine was
not effective to enhance fat oxidation when the dose was
<3 mg/kg while there was an increasing effect of caffeine
on fat oxidation with doses of 3.1-5.9 and > 6 mg/kg of caf-
feine. However, none of the included studies investigated
more than one dose of caffeine within the same experi-
ment. Therefore, the aim of this study was to investigate,
by using a crossover design, the effect of 3 and 6 mg of caf-
feine per kg of body mass (mg/kg) on whole-body substrate
oxidation during an incremental cycling exercise test. We
hypothesised that both doses of caffeine would increase fat
oxidation during exercise of low-to-moderate intensity but
the effect of 6 mg/kg to enhance fat oxidation rate would
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be of higher magnitude than 3 mg/kg when compared to a
placebo condition.

Materials and methods
Participants

Eighteen young, and recreationally active males volunteered
to participate in this investigation. Participants were con-
sidered active because all of them exercised at least 60 min
of exercise per day for at least 4 days per week for the 2
years prior to the investigation, although they practised
different sport disciplines (road cycling, mountain biking,
endurance running and triathlon). Participants’ age, mor-
phological characteristics, and maximal values at the end of
a maximal oxygen uptake (VO,,,,,) test on a cycle ergometer
are depicted in Table 1. An a priori sample size calcula-
tion indicated that at least 9 participants were required to
obtain statistically significant differences between caffeine
and placebo on fat oxidation during exercise of increasing
intensity. The required sample size was calculated to obtain
an effect size of 0.5 Cohen’s d units based on a previous
study that reported increases of such magnitude in fat oxi-
dation with 3 mg/kg of caffeine at 30-70% VO,,,,, [23].
The sample size was calculated using the G*Power software
(v.3.1.9.7, Germany) with a statistical power of 0.95, a two-
tailed a level of 0.05, for an ANOVA of repeated measures,
within factors. We recruited 18 participants to increase the
likelihood of finding differences between 3 and 6 mg/kg of
caffeine. The inclusion criteria for participants were: (a)
regularly performing aerobic exercise training 1 h per day,
at least 4 days per week, (b) age between 18 and 45 years
and (d) low caffeine intake assessed by using a food fre-
quency questionnaire as defined by Filip [29]. Exclusion
criteria were: (a) smoking status, (b) using medications or
any type of dietary supplementation in the month before
testing, (c) allergy to caffeine and (d) cardiopulmonary or

Table 1 Participants’ age, morphological characteristics, and maxi-
mal values at the end of a VO,,,,, test on a cycle ergometer

Variable (units) Mean +SD Range

Age (years) 25.8+6.1 19.0-40.0
Body mass (kg) 69.8+9.2 51.4-88.0
Height (m) 176.8+5.4 166.0-184.0
Fat mass (%) 10.3+4.1 5.0-16.2
VO,,,.x (mL/kg/min) 56.7+8.2 46.9-74.5
Maximal heart rate (beats/min) 183+6 172-195
Maximal wattage in VO, test 336.1+39.5 250-400

Data are mean =+ standard deviations (SD) and range for 18 partici-
pants
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musculoskeletal diseases. Before the enrolment, all poten-
tial participants were fully informed about the experimen-
tal procedures and their potentially associated risks. Once
inclusion/exclusion criteria were applied, all participants of
the study provided oral and written informed consent. The
study was approved by the Francisco de Vitoria University
Research Ethics Committee (18-2020) and was conducted
under the latest version of the Declaration of Helsinki.

Experimental design

A randomised, double-blind, and placebo-controlled design
was used in this experimental investigation. Each participant
completed three identical trials separated by at least 3 days
to allow complete recovery and caffeine wash-out. In each
trial, participants ingested either 3 mg of caffeine per kg of
body mass (3 mg/kg), 6 mg of caffeine per kg of body mass
(6 mg/kg) or 3 mg/kg of an inert substance as a placebo. The
use of 3 and 6 mg/kg of caffeine was based on a previous
systematic review which found that the intake of more than
3 mg/kg of caffeine is needed to enhance fat oxidation dur-
ing exercise [28]. Both caffeine (HSN, Spain) and cellulose
(Guinama, Spain) were 100% pure and were administered
in an opaque and unidentifiable capsule. Upon arrival at the
laboratory, participants ingested the capsule with 150 mL
of tap water 60 min before the onset of the experimental tri-
als while a researcher verified the ingestion. Subsequently,
participants performed a cycling test of increasing intensity
with 3-min stages (i.e. Fatmax test) and the workload at each
stage was equivalent to 30-80% of VO,,,,.. An alphanumeric
code was assigned to each trial by an individual independent
of the study to blind participants and experimenters to the
substance being tested in each trial. Ambient temperature
and humidity were controlled to avoid the effect of ambi-
ent temperature on fat oxidation during exercise [30]. Both,
ambient temperature, and humidity were recorded at the
beginning and the end of each trial (OH1001, OH Haus,
Spain) they were 21.7 £0.9 “C and 41.5 + 6.2%, respectively.
All experimental trials were performed in the morning to
avoid the influence of circadian rhythm on the effect of caf-
feine on fat oxidation [24].

Pre-experimental trials

One week before the first trial, participants were weighed
and morphologically analysed by bioimpedance (InnerScan
Dual, Tanita, Japan) to estimate body fat. Then, participants
underwent a standardised warm-up that included 10 min at
50 W on a cycle ergometer (Ergoselect 4, Ergoline, Ger-
many) and completed an incremental exercise test (25 W
each 1 min) until volitional fatigue to determine VO, .., as
previously described [31]. The test was finished when partic-
ipants were unable to maintain a cadence > 50 rpm or when

they abruptly stopped pedalling. During exercise, oxygen
uptake (VO,) and carbon dioxide production (VCO,) were
measured through a breath-by-breath gas analyser (Ergostik,
Geratherm Respiratory, Germany) and the data were aver-
aged each 15 s. VO,,,,,, was defined as the highest VO, value
obtained during the test. The VO, ,, was considered valid
when participants rated their perceived exertion higher than
19 on the Borg scale, the VO, difference between the last
two consecutive loads was less than 0.15 L/min, the respira-
tory exchange ratio was higher than 1.10, and the heart rate
was superior to 80% of the age-adjusted estimate of maximal
heart rate [33]. To normalise exercise intensity in the experi-
mental trials (workloads that elicited between 30 and 80% of
participants’ VO,,,...), a regression analysis was performed
for each subject for the relationship between workload (in
W) and VO, (L/min) obtained in this test. In this pre-exper-
imental testing, participants fixed the saddle and handlebar
position of the cycle ergometer and wore the same cloth-
ing that would be used in the trials. Within the week prior
to the onset of the experiment, a second pre-experimental
testing was carried out to familiarise participants with the
experimental protocol. In this second pre-experimental trial,
participants performed the incremental exercise test as in the
experimental trials but without the intake of any substance.

Standardisations and experimental trials

Before and after each experimental trial, participants
refrained from strenuous exercise and adopted a similar diet
and fluid intake regimen. Participants were also required to
avoid alcohol, caffeine, and other stimulants 24 h before each
trial. Participants were requested to complete a 24-h dietary
record on the day before the first trial and to follow the same
dietary pattern during all visits. During experimental trials,
participants come to the laboratory between 09.00 and 11:00
am) in a fasted state (at least 8 h after their last meal) and
2 h after ingesting 7 mL/kg of water. Upon arrival, partici-
pants voided, and a urine sample was obtained to measure
urine specific gravity (MASTER-SUR, Atago, Japan). A
threshold of < 1.020 for urine specific gravity was used to
certify euhydration before the trials [34]. The capsule with
the assigned experimental treatment was provided in an uni-
dentifiable bag and ingested. Then, participants rested supine
for 60 min to allow the substance absorption.

Participants were then dressed in a T-shirt, and shorts and
a heart rate belt (H10, Polar, Finland) was attached to their
chest. Then, participants performed a 10-min standardised
warm-up at a workload equivalent to 30% of VO,,,,, on the
cycle ergometer and the exercise intensity was increased by
10% of VO,,,, every 3 min until they completed the work-
load equivalent to 80% of VO,,,,,. The final load was set
at 80% of VO,,,,, because the respiratory exchange ratio
was > 1.00 for all individuals beyond this workload. At
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the end of each workload, the rating of perceived exertion
was measured with the 620 point Borg scale [35]. During
the whole exercise trial, expired gases were collected and
measured by the same breath-by-breath analyser used for
the pre-experimental trial and representative values of VO,
and VCO, and heart rate were assessed for each workload by
averaging the last 60 s of each stage [36]. The gas analyser
used for this investigation has good inter-day reliability for
respiratory measurements (CV=7.7+5.5% for the maxi-
mal rate of fat oxidation (MFO), and CV =6.5+8.0% for
Fatmax [32]). The rate of energy expenditure and fat and
carbohydrate oxidation were calculated from stoichiomet-
ric equations assuming that urinary nitrogen excretion was
negligible [37, 38]. Energy expenditure (kcal/min) during
exercise was calculated as (3.869 X VO,) + (1.195 x VCO,),
where VO, and VCO, are in L/min. Fat oxidation rate (g/
min) was calculated as (1.67 X VO,) — (1.67x VCO,) and
carbohydrate oxidation rate (g/min) was calculated as
(4.55%xVCO,) — (3.21 X VO,). In each trial, MFO was indi-
vidually calculated for each participant as the highest value
of fat oxidation rate obtained during the incremental exer-
cise intensity test. The exercise intensity at which MFO was
obtained for each individual was categorised as Fatmax. In
addition, the total amount of fat oxidised during each trial
was calculated using data from all the expired gases during
the whole exercise testing, excluding the warm-up.
Certified calibration gases (16.0% O,; 5.0% CO,, Sanro,
Spain) and a 3-L syringe were used to calibrate the gas ana-
lyser and the flowmeter before each trial. The same test with
the identical workloads and times was used for the three
experimental trials being the only difference among them the
content of the capsule ingested before exercise. The position
of the saddle and handlebar in the cycle ergometer, clothing
used, and cycling cadence were meticulously replicated in
both trials. After the exercise testing, participants continued
with their daily activities but were encouraged to avoid any
dietary source of caffeine and alcohol or to perform any
extra exercise. Participants completed an ad hoc question-
naire regarding common side effects after acute caffeine
intake. This questionnaire included a 1-10-point scale to
assess the magnitude of each side effect. Participants were
previously informed that one point meant a minimal mag-
nitude of the side effect (equivalent to a normal day) and
10 points meant the highest magnitude of the side effect.
Participants were provided with an online version of this
questionnaire via WhatsApp, and the questionnaire con-
tained two phases. In the first phase, participants had to rate
their feelings of nervousness, vigour, irritability, gastroin-
testinal problems, muscular pain, headache, and diuresis and
they completed this questionnaire 12 h after the end of the
exercise protocol. In the second phase of the questionnaire,
participants rated their level of insomnia during the night
after the experimental trial. This survey was completed on

@ Springer

the following morning of the experiment once participants
had completed their night’s sleep. This two-phase survey has
been effectively used to assess side effects resulting from
acute caffeine ingestion in individuals performing several
exercise situations [39, 40].

Statistical analysis

Data were collected as previously indicated and the results
of each test were blindly introduced into the statistical pack-
age SPSS v21.0 (IBM, USA) and subsequently analysed.
The normality of each variable was initially tested with the
Shapiro—Wilk test which confirmed normal distribution for
all variables. A one-way analysis of variance (ANOVA) was
used to compare MFO and Fatmax, the total amount of fat
oxidised, and the magnitude of side effects among trials. A
two-way ANOVA (substance X workload; 3 X 6) was used
to compare energy expenditure, fat and carbohydrate oxida-
tion rates, heart rate and perceived exertion during exer-
cise. Sphericity assumption was checked with Mauchly’s
test. In the case of a main effect of substance, workload,
or interaction between these two factors, pairwise compari-
sons between caffeine and placebo trials (i.e. 3 mg/kg vs
6 mg/kg vs placebo) were performed at each workload and
differences were identified with LSD post hoc tests. The
Cohen’s effect size (d) was calculated in pairwise compari-
sons between each caffeine dose and the placebo [41]. In all
statistical tests, a significance level of P <(0.050 was set to
consider the difference as significant. The data are presented
as mean + standard deviation.

Results

Figure 1 depicts the effect of 3 and 6 mg/kg of caffeine
ingestion on fat oxidation, carbohydrate oxidation and
energy expenditure during exercise with increasing inten-
sity. There were significant effects of substance (F=7.969;
P =0.004), exercise intensity (F=42.535; P<0.001),
and substance X exercise intensity interaction (F=5.893;
P=0.010) on fat oxidation rate during exercise. The post
hoc analysis revealed that the rate of fat oxidation was higher
with 3 mg/kg of caffeine than with the placebo at 30, 40, 50
and 70% of VO, (all P<0.050, ES from 0.38 to 0.50;
Fig. 1). Moreover, the rate of fat oxidation was higher with
6 mg/kg of caffeine than with the placebo at 30, 40, 50 60
and 70% of VO, (all P <0.050, ES from 0.28 to 0.76)
with no differences between 3 and 6 mg/kg at any exercise
intensity. There were main effects of substance (F=23.580;
P <0.001) and exercise intensity (F=110.797; P <0.001),
and a substance X exercise intensity interaction (F=5.993;
P=0.013) on carbohydrate oxidation rate during exercise.
The post hoc analysis revealed that the rate of carbohydrate
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Fig.1 Rates of fat oxidation, carbohydrate oxidation and energy
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oxidation was lower with 3 mg/kg of caffeine than with the
placebo at 70% of VO,,... (P=0.050, ES=0.41). Similarly,
the rate of carbohydrate oxidation was lower with 6 mg/
kg of caffeine compared to the placebo at 40, 50 and 70%
of VO,,..« (all P<0.050, ES from 0.23 to 0.34), with no
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Fig.2 Heart rate and perceived exertion during exercise of increasing
intensity after the ingestion of 3 and 6 mg/kg of caffeine or a placebo.
Data are mean=+ SD for 18 participants. (*) Differences between pla-
cebo and 3 mg/kg (P<0.05). () Differences between placebo and
6 mg/kg (P <0.05)

differences between 3 and 6 mg/kg at any exercise inten-
sity. There was a significant effect of exercise intensity
(F=166.911; P<0.001) on energy expenditure rate, with
no effect of substance or substance X exercise intensity
interaction.

Figure 2 depicts the effect 3 and 6 mg/kg of caffeine
ingestion on heart rate and perceived exertion during exer-
cise of increasing intensity. There was a significant effect
of exercise intensity (F'=110.496; P <0.001) on heart rate,
with no effect of substance or substance X exercise inten-
sity interaction. There was a significant effect of exercise
intensity (F=251.436; P<0.001), and a substance X exer-
cise intensity interaction (F=5.629; P=0.016) on the rating
of perceived exertion. The post hoc analysis revealed that
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the rating of perceived exertion was lower with 3 mg/kg
of caffeine than with the placebo at 70 and 80% of VO,,,.,
(all P<0.050, ES from 0.51 to 0.71) and with 6 mg/kg
of caffeine lower than with the placebo at 80% of VO,,,.,
(P<0.001, ES=1.48). No differences in the rating of per-
ceived exertion were noted between 3 and 6 mg/kg at any
exercise intensity.

Figure 3 depicts the effect of caffeine on MFO and Fat-
max. There was an effect of substance on MFO (F'=7.085;
P=0.003). The post hoc analysis showed that both 3 mg/
kg of caffeine (P=0.021, ES=0.57) and 6 mg/kg of caf-
feine (P=0.001, ES =0.60) increased MFO over the pla-
cebo. However, the intake of caffeine did not modify Fatmax
compared to the placebo (F=0.079; P=0.924). There was
an effect of substance on the total amount of fat oxidised
in the trial (F=8.055; P=0.001). During the placebo trial,
19.2+8.2 g of fat were oxidised while this value increased
t0 23.5+10.6 g (P=0.038, ES=0.52) with 3 mg/kg of caf-
feine and to 23.9+9.0 g (P <0.001, ES=0.57) with 6 mg/
kg of caffeine.

In the 24 h following the ingestion of substances, both 3
and 6 mg/kg of caffeine increased participants’ feelings of
nervousness and vigour (Table 2). However, caffeine did not
modify the rating of any other side effect.

0.7 1 " +

3 mg/kg

0.6 A
0.5 A

0.4 4

0.3 A

MFO (g/min)

0.2 A
0.1

0.0 -

60 1

50 -
40 -
30 -
20 -
10 -
0

Placebo

Fatmax (%VO,,...)

6 mg/kg

Fig.3 Maximal fat oxidation (MFO) and exercise intensity at maxi-
mal fat oxidation (Fatmax) during exercise of increasing intensity
after the ingestion of 3 and 6 mg/kg of caffeine or a placebo. Data
are mean+SD for 18 participants. (*) Differences between placebo
and 3 mg/kg (P <0.05). (t) Differences between placebo and 6 mg/
kg (P<0.05)
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Table 2 Magnitude of side effects for 24 h following the ingestion of
3 and 6 mg/kg of caffeine or a placebo

Variable (units) Placebo 3 mg/kg 6 mg/kg P value
Nervousness (a.u.) 1.6+09 29+23* 3.6+2.8> 0.002
Vigour (a.u.) 29422 37+20*° 44+22°¢ 0018
Irritability (a.u.) 1.7£0.7 1.8+1.3 12+0.6 0.246
Muscle pain (a.u.) 21+16 1.6x12 17+14 0.560
Headache (a.u.) 1.6+1.0 1.2+05 134038 0.369
Gastrointestinal distress 1.4+0.6 14+14 1.6+1.6 0910
(a.u.)
Diuresis (a.u.) 24419 2.1+£19 23+2.0 0.878
Insomnia (a.u.) 1.3+£0.6 24+24 22+2.0 0.144
Sleep quality (a.u) 75+19 76+1.6 73+14 0.732

Each side effect was self-reported by using 1-10 arbitrary units (a.u.)
scale. Participants were previously informed that one point meant a
minimal amount of that item and 10 points meant a maximal amount.
Data are mean + SD for 18 participants.

#Differences between placebo and 3 mg/kg (P <0.05)
"Differences between placebo and 6 mg/kg (P <0.05)
“Differences 3 mg/kg and 6 mg/kg (P <0.05)

Discussion

The aim of this investigation was to test the effect of oral
intake of 3 and 6 mg/kg of caffeine on whole-body sub-
strate oxidation during an incremental cycling exercise test.
While the study of the potential effect of caffeine to enhance
fat oxidation during aerobic exercise has been the topic of
previous research [22-24, 26, 27] and one meta-analysis
[28], the current experiment is the first to analyse whether
a dose-response effect of caffeine on fat oxidation during
exercise is present or not. The main findings of this research
indicate that, in comparison to the placebo trial, oral inges-
tion of caffeine with a dose of either 3 and 6 mg/kg of caf-
feine enhanced the rate of fat oxidation at several workloads
between 30 and 70% VO,,,,.- The effect of caffeine on fat
oxidation rate was of similar magnitude with both doses and
there was no difference in fat oxidation rate between 3 and
6 mg/kg of caffeine at any workload. As a result, both doses
of caffeine increased MFO from 0.31 g/min to 0.40 g/min
in the placebo-caffeine comparison, respectively. In the case
that the participants would have maintained exercise at Fat-
max for 1 h, the intake of caffeine would have produced a
change from 18.8 +8.9 g/h to 23.8 +8.9 g/h with 3 mg/kg
and 24.4+10.9 g/h with 6 mg/kg of caffeine. These changes
represent an increase of 31.9-34.2% in the amount of fat
oxidised for 1 h with the intake of caffeine. Interestingly,
these effects were obtained without any change in energy
expenditure or heart rate during the whole exercise protocol
while both caffeine doses reduced perceived fatigue at the
higher workloads. Collectively, all these outcomes suggest
that oral acute ingestion of caffeine between 3 and 6 mg per
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kg of body mass enhances the utilisation of fat as a fuel at
intensities between 30 and 70% of VO, -

The potential effect of caffeine to enhance fat oxidation
during aerobic exercise, at the expenses of lower use of car-
bohydrates, was established at the end of the 1970s [27, 42,
43]. However, the existence of this effect was disputed for
several decades as there were contradictory results regard-
ing the effect of caffeine on the rate of fat utilisation dur-
ing aerobic exercise [44—46]. The conflicting results can be
explained by the type of exercise protocol used to assess the
effect of caffeine on fat oxidation (free-chosen vs fixed exer-
cise intensity). In those protocols designed to measure the
ergogenic effect of caffeine with free-chosen intensity pro-
tocols, caffeine habitually increased performance but failed
to produce any effect on the shifting of substrate oxidation.
This point may be easily explained because in trials with
free-chosen intensity caffeine enhances exercise intensity
(e.g. ergogenic effect) which counteracts the effect of caf-
feine on fat oxidation rate [25]. On the other hand, acute
caffeine intake has the capacity to enhance the rate of fat
oxidation in those investigations that compared caffeine to
placebo using a protocols of fixed exercise intensity, either
in incremental [23] or in steady-state tests [22]. The cur-
rent investigation provides further evidence of the caffeine-
induced effect on fat oxidation rate during submaximal aero-
bic exercise in a protocol with normalised exercise intensity.
Moreover, the present study is innovative because it supplies
the first evidence to recommend the use of either a dose of
3 or 6 mg of caffeine per kg of body mass to improve fat
oxidation during exercise.

In 1995, Graham and Spriet [15] carried out an elegant
study to determine metabolic, catecholamine and exercise
performance responses to 3, 6 and 9 mg/kg of caffeine. In
their investigation, these authors found that a dose-related
response in the concentration of epinephrine and free-fatty
acids (FFA) at rest. However, the ergogenic benefit of caf-
feine, measured as the time to exhaustion during running
at 85% of VO,,,.«» Was of similar magnitude with 3, 6 and
9 mg/kg of caffeine. This investigation established the start-
ing point of the lack of dose—response, in terms of ergogenic
effect, of oral caffeine intake and contributed to the current
knowledge that considers caffeine as a substance that pro-
duces comparable benefits in the dose range of 3-9 mg/kg, at
least for individuals with low habituation to caffeine [15, 17,
18]. Graham and Spriet’s investigation [15] also contributed
to understand the mechanism associated to caffeine’s ergo-
genicity as the metabolic responses seemed to uncouple from
the performance benefits of the substance. The blockade of
adenosine receptors was then confirmed as the most plausi-
ble mechanism explaining the ergogenic effect of caffeine
[47], while the metabolic effect may an accessory mecha-
nism for endurance events in which glycogen spring may
entail some benefit on performance. Although less related

to exercise performance, ascertaining whether the dose-
related effect of caffeine on epinephrine- and free-fatty acid
release [15] produces a dose—response effect on fat oxidation
is also scientifically relevant. This is because enhanced fat
oxidation during aerobic exercise is an objective of athletes/
sportspeople seeking body fat reduction. The current inves-
tigation sheds light on this topic as the effect of caffeine on
fat oxidation during exercise was similar with 3 and 6 mg/
kg of caffeine. Moreover, the effect was present with both
doses at intensities between 30 and 70%VO,,,,, and none of
the doses produced any effect on energy expenditure or heart
rate during exercise. As presented in Fig. 1, the curve of fat
oxidation rate-exercise intensity was almost identical with
3 and 6 mg/kg of caffeine. In fact, both doses of caffeine
produced an increase of 0.09 g/min in MFO over the placebo
trial (Fig. 3). The effect of caffeine on fat oxidation found
in this investigation was similar to the one found during a
ramp exercise test with 3 mg/kg of caffeine (+0.09-0.14 g/
min [23, 24]) or the mean effect found during 1 h of exercise
at Fatmax (4+0.08 g/min [22]). Collectively, this information
supports that doubling the dose of caffeine from 3 to 6 mg/
kg does not produce a further benefit at increasing fat oxida-
tion rates during aerobic exercise.

This study presents some limitations that should be dis-
cussed to understand the true scope of the study outcomes:
(i) the participants of this experiment were individuals that
practised recreational exercise at least 4 days per week. Their
values of MFO and Fatmax with the placebo were in the
20th percentile for recreationally active, lean males [48]. In
fact, most of the recent investigation on the effect of caffeine
on fat oxidation during exercise has been carried out with
samples of recreationally active individuals [22-24]. There-
fore, it is safe to conclude that caffeine enhances fat oxi-
dation during exercise in recreationally active individuals,
but further research is needed in other populations such as
endurance-trained athletes and obese/overweight individuals
to assure that this effect is present in these populations. (ii)
The sample was composed of male participants. Although
recent evidence suggests that men and women obtain simi-
lar ergogenic benefits from oral caffeine intake [49, 50], it
is still necessary to determine whether women also obtain
enhanced fat oxidation with oral caffeine intake at different
doses. (iii) We included low daily caffeine intake as an inclu-
sion criterion to participate in the study. It is thus needed to
investigate if the effect of caffeine on fat oxidation still exists
in participants with high levels of daily caffeine intake as
tolerance to the ergogenic properties [51] and the cardiovas-
cular effect [52] of caffeine has been found with a chronic
intake of the substance. (iv) We obtained only samples of
expired air during exercise while blood and tissue samples
would have been helpful to determine molecular and physi-
ological pathways that explain such caffeine-derived effects
on energy metabolism [53]. (v) We tested two doses of
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caffeine which are within the most commonly recommended
in the context of exercise [13, 14]. However, the effect of
caffeine on fat oxidation may be different with higher doses
of caffeine as 9 mg/kg was the dose that produced the high-
est increase in epinephrine and FFA concentrations in the
study by Graham and Spriet [15]. In addition, it is neces-
sary to establish the minimal effective doses of caffeine for
enhanced fat oxidation by investigating doses below 3 mg/
kg. Future investigation should also determine if the effect of
caffeine on fat oxidation is still maintained in the fed state,
as in the current investigation, participants were in a fasted
state to avoid any interference of carbohydrate intake the
potential effect of caffeine on substrate oxidation.

In summary, acute oral ingestion of either 3 or 6 mg of
caffeine per kg of body mass was effective to increase fat
oxidation during exercise at 30-70% VO,,,... Both doses
produced an effect of similar magnitude on fat oxidation dur-
ing exercise as 3 m/kg increased MFO by 26.7 +43.4% and
6 mg/kg by 28.6 +32.6%. The increase in fat oxidation at
low-to-moderate intensities was not accompanied by higher
energy expenditure rates or higher heart rates. However, both
doses of caffeine also reduced carbohydrate oxidation rates
at several workloads and perceived fatigue during the most
intense workloads. From a practical perspective, it seems
more recommendable to use 3 mg/kg instead of 6 mg/kg of
caffeine to obtain a potential effect of caffeine on shifting
substrate oxidation towards a higher reliance on fat during
aerobic exercise. This is because the prevalence and mag-
nitude of several side effects associated with oral caffeine
intake increase along with the dose of caffeine, as found here
and elsewhere [54].
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