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Abstract
Purpose  Caffeine is a stimulant with well-recognized performance and metabolic benefits, however, there is a lack of stud-
ies investigating the time-of-day influence in the properties of caffeine to enhance fat oxidation in women. Thus, the aim 
of the present study was to evaluate the influence of the time of the day on the effect of caffeine on the maximal rate of fat 
oxidation during aerobic exercise in trained women.
Methods  Fourteen female athletes (25.5 ± 7.1 years) took part in a randomized, crossover, double-blind study. All participants 
undertook four different experimental trials combining the ingestion of 3 mg/kg caffeine and a placebo either in the morning 
(8.00–10.00 h) and in the evening (17.00–19.00 h) realizing an incremental test on a cycle ergometer with 3 min stages at 
workloads from 30 to 70% of maximal oxygen uptake (VO2max). Substrate oxidation rates were measured by indirect calo-
rimetry. In each trial, the maximum rate of fat oxidation (MFO) and the intensity that elicited MFO (Fatmax) were measured.
Results  In comparison to placebo, MFO was significantly higher with caffeine both in the morning (0.24 ± 0.13 vs 
0.30 ± 0.14 g/min; p < 0.001; ES = 0.79) and in the evening (0.21 ± 0.08 vs 0.28 ± 0.10 g/min; p = 0.002; ES = 0.72). No 
time-of-day effect on the capacity of caffeine to increase MFO was found (all p = 0.336)
Conclusion  The intake of 3 mg/kg of caffeine increased the use of fat as a fuel during exercise independently of the time-
of-day in trained women.
Trial registration  The study was registered in ClinicalTrials.gov with the following ID: NCT05880186 by 15 May 2023.
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Introduction

The circadian system, controlled by a central pacemaker 
called suprachiasmatic nucleus, is a key regulator not only 
of daily sleep–wakefulness timing but also other physi-
ological and behavioral processes that occur in the human 
body (Maier et al. 2022). Specifically, the circadian sys-
tem controls metabolism at both central and local levels 
including clocks within several peripheral tissues such as 
the liver, pancreas, skeletal muscle, intestine, and adipose 
tissue (Marcheva et al. 2013). In these body tissues, the 
circadian system has the capacity to regulate glucose and 
lipid metabolism via endocrine hormones secretion (Bass 
and Takahashi 2010). In the last years, there has been an 
increase in the scientific interest on how the circadian 
system affects metabolism during exercise (Pickel and 
Sung 2020). Previous investigations on circadian rhythms 
showed that there is a diurnal variation in the rate of fat 
utilization during exercise with a higher contribution of 
fat as substrate in the evening than in the morning in men 
(Amaro-Gahete et al. 2019) but not in women (Robles-
Gonzalez et al. 2022). However, it is less well-understood 
if dietary supplements can also contribute to the time-of-
day variations in substrate oxidation during exercise.

Caffeine (1, 3, 7 trimethylxanthine) is a natural sub-
stance commonly included to dietary supplements due 
to their purported effect to enhance physical and mental 
performance. After oral intake, caffeine is distributed 
throughout body water and readily crosses cell membranes 
which produces that this substance targets several body tis-
sues with several physiological outcomes such as increased 
blood pressure, diuresis, and wakefulness (Benowitz 
1990). However, caffeine’s ergogenic effect during exer-
cise is believed to be mediated through the action of this 
substance exclusively in the central nervous system (CNS), 
thanks to its ability to cross the blood brain barrier (Fred-
holm 1995). Previous work has demonstrated caffeine’s 
antagonistic effect on adenosine receptors (A1 and A2A), 
reversing the fatiguing effects of adenosine while pro-
moting the liberation of other neurotransmitters (Kalmar 
et al. 2004). Hence, although some effect of caffeine has 
been found at the muscle level (Ruiz-Moreno et al. 2020, 
Domaszewski, et al. 2021) caffeine may be considered as 
a substance with a potent CNS action to enhance aspects 
of exercise performance (Guest et al 2018).

In the sports context, caffeine is presented in different 
natural and artificial nutritional forms (e.g., coffee, black 
tea, or capsules/tablets, etc.) and is commonly ingested for 
enhancing sports performance as the form of administra-
tion has minimal influence on the benefits obtained (Guest 
et al. 2018). The use of caffeine in sport has been pro-
gressively increased since 2004 as caffeine was removed 

from the World Anti-Doping Agency’s list of prohibited 
substances (Aguilar-Navarro et al. 2019). Aside its per-
formance-enhancing effect, caffeine has the potential of 
increasing fat utilization during aerobic exercise at sub-
maximal intensities, lowering-down the contribution of 
carbohydrate as a fuel. This property of caffeine may pro-
voke a glycogen-sparing effect in the skeletal muscle and 
liver for exercise situations where carbohydrate availabil-
ity may be a challenge (Collado-Mateo et al. 2020). Addi-
tionally, the capacity of caffeine to enhance fat utilization 
during exercise could be of interest for improving health 
outcomes as it may increase the rate of change in body 
composition in exercise programs (Ramirez-Maldonado 
et al. 2021).

Maximal fat oxidation rate (MFO) during exercise is a 
remarkable physiological indicator associated with meta-
bolic flexibility/body weight loss and endurance perfor-
mance, such as Ironman triathlon (Frandsen et al. 2017). 
Interestingly, previous investigations have found that MFO 
can be increased just by the oral intake of caffeine in doses 
between 3 and 6 mg/kg of body mass (Gutiérrez-Hellín et al. 
2023, Varillas-Delgado et al. 2023). Additionally, it has been 
demonstrated that caffeine increases MFO during exercise 
performed in the morning and in the evening although such 
effect has been found only in males (Ramírez-Maldonado 
et al. 2021). To date, it is unknown if caffeine increases 
MFO in the same proportion during morning and evening 
exercise trials in women according to what has been previ-
ously established that women have a greater reliance on fat 
oxidation than men during submaximal exercise (Cano et al. 
2022; Chenevière et al. 2011). In addition, the study of the 
effect of caffeine specifically in women at different times of 
the day is needed as the translation of data reported in male 
participants should be made with caution due to differences 
in body fat (Blaak 2001), circulating catecholamines (Fried-
lander et al. 1998) and oxidation rates of free fatty acids of 
women vs men (Roepstorff et al. 2002) in conjunction that 
caffeine intake has demonstrated and influenced human cir-
cadian timing (Burke et al. 2015). For this reason, the aim 
of the present study was to evaluate the influence of the 
time of the day on the effect of caffeine on MFO in women. 
We hypothesized that caffeine would increase MFO during 
morning and evening exercise and this effect would be of 
similar magnitude at both times of day.

Materials and methods

Participants

Fourteen trained women (25.5 ± 7.1 years) voluntarily par-
ticipated in this investigation. All of them performed at 
least 60 min of exercise per day for at least 4 days per week 
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for the 2 years prior to the investigation. Inclusion criteria 
were: (a) to be non-smokers, (b) to have a low caffeine intake 
(i.e., < 50 mg of caffeine per day in the previous 2 months) 
as previously defined (Goncalves et al. 2017), (c) to show 
no previous history of cardiopulmonary diseases or having 
suffered musculoskeletal injuries in the previous 6 months, 
(d) to have a regular duration of their menstrual cycle for the 
previous 6 months, and (e) to confirm no existence of any 
type of menstrual disorders such as dysmenorrhea, amenor-
rhea, or strong symptoms associated with pre-menstrual syn-
drome. This information was obtained from a pre-participa-
tion screening that included a medical and training history as 
well as a food frequency questionnaire. Participants signed 
an informed written consent form to participate in the inves-
tigation. The study was approved by the Francisco de Vitoria 
University Research Ethics Committee (Institutional Review 
Board) (18-2020) following the Declaration of Helsinki (last 
update 2013) and registered with ClinicalTrials.gov, U.S. 
National Institutes of Health (Identifier: NCT05880186).

Experimental design

A randomized, crossover, double-blind, and placebo-con-
trolled study design was used. Each participant completed 
four identical exercise sessions following identical proce-
dures under four different experimental conditions: a) dur-
ing the morning (8:00–10.00 h) after the intake of 3 mg/
kg of caffeine (Bulk Powders, Essex, United Kingdom), b) 
during the morning (8:00–10.00 h) after the ingestion of 
3 mg/kg of a placebo (Cellulose, Guinama, Valencia, Spain), 
c) during the evening (17.00–19:00 h) after the intake of 
3 mg/kg of caffeine, d) during the evening (17.00–19:00 h) 
after the ingestion of 3 mg/kg of the placebo. An interval 
period of 7 days between experimental sessions was used to 
allow the recovery derived from exercise testing sessions. 
The substances were administered in an opaque and uni-
dentifiable capsule and ingested with 150 mL of tap water 
60 min after the onset of exercise. The order assignment 
of the trials was performed by an independent investigator 
using a randomizer software (randomizer.org). To ensure 
the measurements’ standardization, all tests were completed 
at the same location (i.e., exercise, physiology, and labo-
ratory) using the same testing devices and handled by the 
same researchers. During all experimental sessions, we con-
trolled air temperature (21.4 ± 0.6 °C) and relative humidity 
(30 ± 4%) using a digital temperature and humidity moni-
tor (Ambistik, Bad Kissingen, Germany). All participants 
completed the experimental tests in the mid-luteal phase of 
their menstrual cycle (Frandsen et al. 2020) and duration 
of the menstrual cycle were monitored for each participant 
through a mobile application (Mycalendar, Period-tracker, 
US) (Janse de Jonge 2003).

Pre‑experimental procedure

One week before the first trial, participants were weighed 
and morphologically analyzed (e.g., body fat), by bioim-
pedance (Tanita InnerScan Dual, RD-901BK36, Japan). 
Once the bioimpedance measurement was finished, the 
participants filled a morningness-evening questionnaire 
for detecting individual chronotype to determine the par-
ticipants’ chronotype (morning, intermediate, or evening). 
The questionnaire consists of 19 questions related to sleep/
wake behavior and yields scores ranging from 16 to 86. 
Based on their scores, individuals were placed into one of 
five chronotype categories: 16–41: evening type, 42–58: 
intermediate, and 59- 86: morning type (Horne and Ostberg 
1976). Afterwards, they underwent a standardized warm-up 
that included 10 min at 50 W on a cyclergometer (Ergoline, 
Ergoselect 4, Sanro Electromedicine, Spain). A ramp exer-
cise test was subsequently completed programming 15-W 
increments every 1 min until volitional fatigue. During the 
test, participants chose a cadence between 70 and 90 rpm. 
The test was ended when participants were unable to main-
tain a cadence > 50 rpm. During the incremental exercise 
test, oxygen uptake (VO2) and carbon dioxide production 
(VCO2) were measured through indirect calorimetry. Par-
ticipants’ gas exchange was continuously monitored by a 
breath-by-breath analyzer (Ergostik-Geratherm Respiratory, 
Bad Kissingen, Germany). The ramp exercise test was con-
sidered maximal and valid when participants reached at least 
three of the following criteria: (a) to show VO2 stabilization 
despite increases in ergometric power, (b) to obtain a res-
piratory exchange ratio (RER) higher than 1.10, (c) to have 
a participant’ rate of perceived exertion-measured higher 
than 19 points in the 6–20 Borg scale, (d) to attain a heart 
rate was superior to 90% of maximal heart rate age-predicted 
estimate (HRmax = 220-age).

Experimental trials

For each experimental trial, the participants were instructed 
to refrain from strenuous exercise (24 h before) and to follow 
a similar diet pattern and fluid intake regimen. Participants 
were also instructed to avoid alcohol, caffeine, and other 
stimulants consumption 24 h before each trial. They were 
requested to complete a 24-h exercise and dietary record on 
the day before the first trial and to follow the patterns during 
the remaining visits. The compliance of each standardiza-
tion was checked by the reviewing the exercise and dietary 
diaries. In the day of the trials, the participants arrived at 
the laboratory in a fasted state (at least 8 h after their last 
meal) and 2 hours after ingesting 7 mL/kg of water. Upon 
arrival, euhydration status was estimated through urine sam-
ples and urine specific gravity was measured with a refrac-
tometer (MASTER-S28M, Atago company, Tokyo, Japan). 
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To possess a urine specific gravity < 1020 was a mandatory 
condition for starting the exercise testing. Then, partici-
pants ingested the capsule and rested in a supine position 
for 50 min. In the last 10-min of this period, the tympanic 
temperature was measured by triplicate using a portable 
thermometer (Thermoscan 6520, Braun, Germany) and 
heart rate (Wearlink, Polar, Kempele, Finland) and blood 
pressure (M6 Comfort, Omron, Kyoto, Japan) were meas-
ured. Just 60 min after substance ingestion, participants 
started the exercise testing which consisted of 10 min at 
30% VO2max (as a warming-up) followed by 10% VO2max 
increments every 3 min until the RER was higher than 1.00 
(Jeukendrup and Wallis 2005). All participants obtained 
RER > 1.00 at VO2max and the workloads included in this 
study varied from 30 to 70% of VO2max at steady state for 
3 min. Expired gasses were collected with the same station-
ary breath-by-breath device used for the pre-experimental 
testing, which is a reliable tool to assess substrate oxidation 
during exercise (Robles-González et al. 2021) and heart rate 
was measured during exercise using the heart rate band. For 
the last 15-s of each stage, participants were asked to rate 
their perception of effort (RPE) using the Borg 6–20-point 
scale as previously described (Borg 1982). Calibration of the 
fluxmeter and gas analyzer was carried out according to the 
manufacturer’s instructions before each experimental trial. 
The use of 3-min stages was selected to obtain stable VO2 
and VCO2 in each workload and an average of gas exchange 
data for the last minute of each 3-min stage was selected for 
statistical analysis based on previous methodological studies 
(Amaro-Gahete et al. 2019a, Amaro-Gahete et al. 2019b). 
Rates of energy expenditure and substrate oxidation (fat and 
carbohydrate) were calculated using the non-protein respira-
tory quotient (Frayn 1983).

Magnitude of side effects

The magnitude of side effects derived from the substances’ 
ingestion was measured using a questionnaire that included 
typical drawbacks associated to caffeine intake such as, nerv-
ousness, vigor, irritability, gastrointestinal, and insomnia 
among others. The magnitude of each side effect was meas-
ured with a 1- to 10-point scale following the recommenda-
tions laid out by (Salinero et al. 2014). Participants were 
previously informed that 1 point meant a minimal amount 
and 10 points referred to a maximal amount. This question-
naire was filled out 24 h after substances ingestion.

Statistical analysis

Data are presented as mean and standard deviation. The 
Shapiro–Wilk test was used to check the normality of all 
variables. Since all variables were normally distributed, 
parametric tests were applied to examine differences 

among conditions. Two-way analysis of variance (time-of-
day x substance) was employed to compare MFO, Fatmax, 
and magnitude of side effects among the different study 
conditions. A three-way ANOVA (time-of-the day × sub-
stance × exercise intensity) was used to compare energy 
expenditure, fat and carbohydrate oxidation rates, heart rate, 
and the rating of perceived exertion during exercise. When 
a significant F value was obtained, a LSD post hoc analysis 
was performed to determine pairwise differences. Cohen’s 
formula for effect size (ES) was used to examine potential 
differences in the comparisons for time-of-day (morning vs 
evening) and substances (caffeine vs placebo) classifying 
these effects based on the following criteria: trivial (0–0.19), 
small (0.20–0.49), medium (0.50–0.79), and large (0.80 and 
greater). The significance level was set at p ≤ 0.05. Graphs 
were plotted using GraphPad Prism 8 (GraphPad Software, 
San Diego, CA, USA).

Results

Participants’ age and anthropometric characteristics are 
depicted in Table 1. They were classified as intermediate 
(n = 9), morning (n = 4), and evening type (n = 1) based on 
the morningness-eveningness chronotype questionnaire. 
For MFO, there was a main effect of substance (F = 35.230; 
p < 0.001) but not a significant time-of-day effect (F = 0.487; 
p = 0.497) or a substance x time-of-day interaction 
(F = 0.249; p = 0.626) (Fig. 1). Compared to the placebo, 
caffeine increased MFO by 25.0 ± 7.7% in the morning 
(0.24 ± 0.13 vs. 0.30 ± 0.14 g/min; p < 0.001; ES = 0.79) and 
by 33.3 ± 25.0% in the evening (0.21 ± 0.08 vs. 0.28 ± 0.10 g/
min; p = 0.002; ES = 0.72; Fig. 1a). There was a main effect 
of substance (F = 8.273; p = 0.013; η2 = 0.39) on Fatmax 
but were not a significant time-of-day effect (F = 1.000; 

Table 1   Participants’ age, morphological characteristics and maximal 
values at the end of VO2max test on a cycle ergometer

Data are presented as mean ± standard deviations (SD) with minimal 
and maximal values (range)

Variable (units) Mean ± SD Range

Age (years) 25.5 ± 7.1 18–39
Body mass (kg) 62.7 ± 10.3 47.9–83.5
Height (cm) 166 ± 6 156–175
Fat mass (%) 25.3 ± 7.2 15.0–39.2
VO2max (ml/kg/min) 40.0 ± 6.3 31.5–49.8
VO2max (l/min) 2.5 ± 0.4 1.89–3.08
Maximal heart rate VO2max test (beat/min) 180 ± 7 171–197
Maximal respiratory quotient VO2max test 1.2 ± 0.1 1.1–1.4
Maximal power in VO2max test (W) 219 ± 42 170–300
Maximal Borg’s scale rating VO2max test 

(a.u.)
20.0 ± 0.2 19–20
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p = 0.336) or substance x time-of-day interaction (F = 1.000; 
p = 0.336). Caffeine intake increased Fatmax in the morning 
(p = 0.028; ES = 0.57) but there was no effect of caffeine in 
the evening (p = 0.752; Fig. 1b).

Figure 2 presents data on the effect of caffeine on fat 
and carbohydrate oxidation rates, and energy expenditure 
rate during the incremental exercise test. For fat oxida-
tion rate, there was a main effect of substance (F = 16.955; 
p < 0.001, η2 = 0.56) and exercise intensity (F = 15.318; 
p < 0.001η2 = 0.86), with no main effect of time-of-day 
(F = 2.454; p = 0.141) or interaction (F = 4.000; p = 0.614). 
The post hoc analysis revealed that caffeine increased the 
rate of fat oxidation over the placebo for both, the morning 
and evening trials, at 30%, 40%, 50%, and 60% of VO2max 

(all p < 0.05; η2 from 0.56 to 0.75). Regarding carbohy-
drate oxidation rate, there were significant main effect of 
substance (F = 24.750; p < 0.001; η2 = 0.65), exercise inten-
sity (F = 84.601; p < 0.001; η2 = 0.97), and time-of-day 
(F = 5.359; p = 0.038; η2 = 0.29; Fig. 2b), while no interac-
tion between variables (F = 4.000; p = 0.749). The post hoc 
analysis revealed that caffeine increased the rate of fat oxida-
tion at all exercise intensities in the morning and from 30 to 
60% of VO2max in the evening (all p < 0.05; η2 from 0.68 to 
0.71). There were no main effects of substance, time-of-day, 
or interaction for energy expenditure with only a main effect 
of energy expenditure (F = 121.034; p < 0.001η2 = 0.97; 
Fig. 2c).

Figure 3 depicts the effect of caffeine ingestion on RPE 
and heart rate for the trials performed in the morning and 
in the evening. For RPE, there was a main effect of exer-
cise intensity (F = 60.636; p < 0.001; η2 = 0.96) but not 
substance (F = 0.898; p = 0.361), time-of-day (F = 1.320; 
p = 0.271) or interaction (F = 0.435; p = 0.781) (Fig. 3a). 
The post hoc analysis revealed that caffeine intake reduced 
RPE values at 50% and 70% of VO2max only in the evening 
(p = 0.028–0.004; η2 = 0.57–0.70). Referring to heart rate, 
there was a main effect of exercise intensity (F = 97.957; 
p < 0.001) but no main effect of substance (F = 1.215; 
p = 0.290), time-of-day (F = 3.176; p = 0.098) or interac-
tion (F = 1.240; p = 0.355) (Fig. 3b). The post hoc analysis 
revealed no differences for any pairwise caffeine-placebo 
comparison.

Finally, differences in side effects reported by question-
naire were reported between caffeine and placebo consump-
tion (Table 2).

Discussion

The aim of the present study was to evaluate the influence 
of the time of the day on the effect of caffeine on MFO 
measured during a graded exercise test in trained women. 
This study was based on a previous investigation carried 
out with men that demonstrated that oral caffeine intake 
increases MFO during exercise performed in the morning 
and in the evening (Ramírez-Maldonado et al. 2021). The 
current investigation is also pertinent as women do not have 
a higher contribution to energy derived from fat in the even-
ing, contrary to time-of-day effect on fat oxidation during 
exercise found in men (Robles-Gonzalez et al. 2022). Over-
all, caffeine, ingested orally 60 min before exercise in a dose 
of 3 mg/kg, was effective to enhance fat oxidation from 30% 
to 60 of VO2max for both morning and evening trials. As a 
result, MFO was increased with caffeine in both trials while 
the statistical analysis revealed that there was not time-of-
day x substance interaction for MFO. These results suggest 
that caffeine intake can be considered an effective strategy 

Fig. 1   a Maximal fat oxidation individual response (MFO; upper 
panel), b Fatmax (lower panel) recorded during exercise of increasing 
intensity one hour after the acute ingestion of 3 mg·kg−1 of caffeine 
or a placebo in the morning, and in the evening. Data are mean ± SD 
for 14 participants. (*) Differences with placebo (P < 0.05)
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Fig. 2   a Fat oxidation rate (upper panel), b carbohydrate oxidation 
rate (middle panel) and c) energy expenditure (lower panel) during 
exercise of increasing intensity one hour after the acute ingestion of 

3 mg·kg−1 of caffeine or a placebo in the morning, and in the evening. 
Data are mean ± SD for 14 participants. (*) Differences with placebo 
(P < 0.05)
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to increase fat oxidation and MFO during both in the morn-
ing and in the evening in trained women. In this context, the 
magnitude of the caffeine-derived effect will be of similar 
magnitude, implying an increase of 12.5–13% in the amount 
of fat oxidized during exercise, independently of the time 
of the day.

In women, it has been found that the acute intake of 3 and 
6 mg of caffeine per kg of body mass increased MFO during 
exercise (Varillas-Delgado et al. 2023) slightly lower to the 

data presented in this current study. The study by Varillas-
Delgado was performed in women that carried out a graded 
exercise test in the morning after a period of fasting, mim-
icking the protocols employed in the current investigation. 
However, no previous study had been carried out to indicate 
if the benefits of caffeine on fat oxidation during exercise is 
also present in the evening in women. Interestingly, a pre-
vious study carried in active men reported improvements 
in MFO with caffeine between 10.7 and 29.0% while this 

Fig. 3   a Borg scale (upper panel) and b Heart rate (lower panel) dur-
ing exercise of increasing intensity one hour after the acute ingestion 
of 3 mg·kg−1 of caffeine or a placebo in the morning, and in the even-

ing. Data are mean ± SD for 14 participants. (*) Differences with pla-
cebo and (P < 0.05)
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effect was similarly present during exercise performed in the 
morning and in the evening (Gutierrez-Hellin and Del Coso 
2018; Ramirez-Maldonado et al. 2021). Referring to Fatmax 
(%VO2max) was increased in the morning after caffeine com-
paring with placebo conditions, while no differences were 
reported in the evening. It could be explained due to time-
of-day effect is lower in women’s athletes comparing with 
men as previously reported (Robles-Gonzalez et al. 2022).

In comparison to the placebo, the rate of fat oxidation was 
higher with 3 mg/kg of caffeine at 30, 40, 50, and 60% of 
VO2max (Fig. 2). Additionally, the increase of fat oxidation 
at these intensities coincides with a reduction in the use of 
carbohydrate, with no effect on energy expenditure. This 
concomitant effect of caffeine to increase fat and to reduce 
carbohydrate oxidation during exercise of low to moderate 
intensity has been found in studies with male participants 
(Gutierrez-Hellin et al. 2022), suggesting that both men 
and women may benefit from caffeine intake to enhance fat 
oxidation and to spare carbohydrate during exercise. Inter-
estingly, the effect of caffeine on fat oxidation was not pre-
sent at 70% VO2max, as the contribution of fat as a fuel was 
reduced at this intensity. In turn, the results show that the 
metabolic respiratory quotient (RQ) at steady state exercise 
is lower with caffeine intake (Fig. 2). This has interesting 
practical applications for women seeking enhanced fat oxi-
dation during exercise with caffeine as indicate that there has 
to be a combination of an exercise intensity < 70% VO2max a 
pre-exercise caffeine intake to optimize the use of fat as fuel 
during the exercise session.

RPE is a valid and reliable practical tool for monitoring 
the internal load imposed on the athlete during a training 
session (Haddad et al. 2017). Previous investigations have 
established that caffeine supplementation may result in a 
decrease in the RPE during aerobic and submaximal exercise 

when exercise intensity is fixed (Guest et al. 2021). This 
may be the result of the reduced leg-muscle pain induced 
by caffeine which ultimately allows to perceive less effort 
and exertion for the same exercise intensity (Astorino et al. 
2011). Our data agree that the caffeine-induced lower RPE 
although this effect was only present in the 50% and 70% 
VO2max. These data concurred with previous studies that 
reported between a 2.5 and 4.0% lower rate of perception 
exertion after caffeine ingestion in elite and recreational 
male athletes (Dominguez et al. 2021; Jodra et al. 2020). 
This interesting result could be explained by the caffeine 
ability to block the adenosine receptors in the central nerv-
ous system counteracting the negative effect of adenosine on 
central fatigue (Smith et al. 2005).

Finally, according to side effects, caffeine ingestion 
reported statistical differences in nervousness and vigor 
against placebo conditions, while a significant differences 
of time-of-day when placebo/caffeine were consumed was 
reported on irritability and sleep quality parameters. Lastly, 
an interaction between treatments was reported in diuresis. 
Referring similar findings to previous studies on previous 
studies while no differences were reported in heart rate 
between protocol has been reported (Ruiz-Moreno et al. 
2021; de Souza et al. 2022).

The results of this study provide further evidence regard-
ing the lack of diurnal variation (morning vs. evening) on 
MFO and Fatmax in trained women. Concretely, the present 
data confirmed those provided by Robles-Gonzalez (Robles-
Gonzalez et al. 2022) that reported no time-of-day effects in 
MFO and Fatmax during a submaximal aerobic exercise test in 
active females. However, our results did not concur with previ-
ous works which reported time-of-day differences in MFO and 
Fatmax levels, with higher values during the evening (Darvakh 
et al. 2014; Amaro-Gahete et al. 2019). These controversies 

Table 2   Self-reported rating of adverse effects and sleep quality for the 24 h following the test with the ingestion of 3 mg·kg−1 of caffeine or a 
placebo in the morning and in the evening

Data is shown as mean ± SD for 14 women. Each side effect was self-reported by using 1–10 arbitrary units (a.u.) scale
*p  <  0.05 significant difference from substance, **p  <  0.05 significant difference from time-of-day, and ***p  <  0.05 significant difference 
between groups interaction

Variable (units) Morning Evening p value

Placebo Caffeine Placebo Caffeine Substance Time-Of-day Interaction

Nervousness (a.u.) 1 ± 1 3 ± 3* 2 ± 1 3 ± 2* 0.001 0.721 0.405
Vigor (a.u.) 1 ± 1 4 ± 3* 2 ± 1 4 ± 3* 0.002 0.506 0.663
Irritability (a.u.) 1 ± 1 1 ± 1 2 ± 2** 2 ± 1 0.276 0.016 0.281
Muscle pain (a.u.) 2 ± 2 2 ± 1 2 ± 1 2 ± 2 0.943 0.798 0.165
Headache (a.u.) 3 ± 3 3 ± 3 3 ± 3 2 ± 2 0.636 0.326 0.385
Gastrointestinal distress (a.u.) 1 ± 1 1 ± 0 1 ± 1 2 ± 2 0.104 0.147 0.068
Diuresis (a.u.) 2 ± 1*** 2 ± 1 3 ± 2*** 2 ± 1 0.070 0.119 0.032
Insomnia (a.u.) 3 ± 2 3 ± 2 3 ± 3 4 ± 3 1.000 0.123 0.629
Sleep quality (a.u) 7 ± 2** 7 ± 2** 5 ± 3 6 ± 2 0.737 0.012 0.450
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can be explained because the last studies were conducted in 
non-athletic men (Darvakh et al. 2014) or male endurance ath-
letes (Amaro-Gahete et al. 2019) (instead of in trained women) 
and using different experimental protocols (i.e., using a sub-
maximal walking test or running test). Sex differences between 
studies may be attributed to trained women having a higher fat 
metabolism contribution during submaximal endurance exer-
cise compared with men, a point that could explain the lack 
of time-of-day differences in our study (Tate and Holtz 1998; 
Horton et al. 1998) and is mainly attributed to greater free fatty 
acids during the luteal phase characterized by increments in 
estrogens and progesterone levels that provoked greater use 
of fat and reduced amount of CHO compared to other phases 
(i.e., follicular phases).

Limitations

Although the numerous strengths of the present study—
including the study design and the rigorous protocol for 
data collection—the current investigation has several limi-
tations that should be addressed. First, despite we organized 
all exercise trials during the luteal phase of the menstrual 
cycle, no sexual hormones and free-fatty acids concentra-
tions were measured. Second, we used a relatively small 
dose of caffeine ingestion (3 mg/kg), thus, future studies 
should corroborate our findings with higher quantities in 
order to determine whether a dose–response effect is present. 
Third, only trained women were included in the investiga-
tion and, therefore, future studies should be developed in 
elite sportswomen and untrained women. Fourth, the pre-
sent study was conducted in eumenorrheic women, and 
the results should not be extrapolated to postmenopausal 
women. Fifth, all the participants were low caffeine consum-
ers (i.e., < 50 mg), establishing that caffeine effects could be 
different in women athletes with higher caffeine ingestion in 
their diets. Last, the graded exercise protocol employed in 
this experiment is a valid tool to examine MFO and Fatmax 
in trained and untrained individuals within an experimental 
session (Maunder et al. 2018) but it does not represent a real 
exercise scenario for those seeking weight loss or change 
body composition through exercise training. For this reason, 
the effect of caffeine on fat oxidation should be confirmed in 
more ecologically valid exercise protocols (e.g., prolonged, 
and fixed-load exercise and submaximal, intermittent exer-
cise) to definitively demonstrate the effectiveness of this 
substance for morning and evening exercise routines.

Conclusion

In conclusion, the intake of 3 mg/kg of caffeine increased the 
use of fat as a fuel during exercise independently of the time 
of day in trained women. The effect of caffeine to enhance 

fat oxidation during aerobic exercise was of similar mag-
nitude in the morning and evening, and it was enabled by 
the capacity to maximize fat oxidation at a higher relative 
intensity with caffeine (i.e., higher Fatmax), at least in the 
morning. From a practical perspective, the outcomes of this 
investigation suggest that caffeine can be used by women 
seeking to enhance fat oxidation in both morning and even-
ing exercise sessions. To obtain this benefit, caffeine should 
be ingested in a moderate dose of ~ 3 mg/kg, approximately 
60 min before endurance exercise set at 30–60% of VO2max. 
Additionally, no diurnal variation in MFO was obtained in 
this cohort of trained women suggesting that the effect of 
the time of day on fat utilization during exercise may not be 
present in women.
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