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Lactate consumption mediates exercise-enhanced executive function

Lactate consumption mediates 
repeated high-intensity interval 
exercise-enhanced executive 
function in adult males
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[Purpose] Lactate is a principal energy substrate for 
the brain during exercise. A single bout of high-intensity 
interval exercise (HIIE) can increase the blood lactate 
level, brain lactate uptake, and executive function 
(EF). However, repeated HIIE can attenuate exercise-
induced increases in lactate level and EF. The lactate 
levels in the brain and blood are reported to be cor-
related with exercise-enhanced EF. However, research 
is yet to explain the cause-and-effect relationship 
between lactate and EF. This study examined whether 
lactate consumption improves the attenuated exercise-
enhanced EF caused by repeated HIIE. 

[Methods] Eleven healthy men performed two sets 
of HIIE, and after each set, 30 min were given for rest 
and examination. In the 2nd set, the subjects consumed 
experimental beverages containing (n = 6) and not 
containing (n = 5) lactate. Blood, cardiovascular, and 
psychological variables were measured, and EF was 
evaluated by the computerized color–word Stroop test.

[Results] The lactate group had a higher EF (P < 
0.05) and tended to have a higher blood lactate level 
(P = 0.082) than the control group in the 2nd set of HIIE. 
Moreover, blood lactate concentration was correlated 
with the interference score (i.e., reverse score of EF) 
(r = -0.394; P < 0.05). 

[Conclusion] Our results suggest that the attenuated 
exercise-enhanced EF after repeated HIIE can be im-
proved through lactate consumption. However, the role 
of lactate needs to be elucidated in future studies, as it 
can be used for improving athletes’ performance and 
also in cognitive decline-related clinical studies.

[Key words] Exercise, Performance, Sports drink, 
Fatigue, Brain energy, Cognitive function

[Abbreviations] EF, executive function; HIIE, high-
intensity interval exercise; PAR-Q+, physical activity 
readiness questionnaire for everyone; BDNF, brain-
derived neurotrophic factor; CWST, color-word Stroop 
test
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INTRODUCTION
The second half of a sporting event is the time when players’ perfor-

mances weaken and many points are conceded. The time–scoring sta-
tistics of the FIFA World Cup (1930–2018) suggest that, on an average, 
more goals are scored in the second half than in the first half of the game. 
For example, in the quarter-final of the World Cup in 2018, the six teams 
scored 65% of their goals during the second half1. Moreover, the perfor-
mance of the referees, who run with the players throughout the game, 
also declines in the second half. During the official matches of the Brazil-
ian Under-20 Championship (U-20) in 2002, of a total of 321 foul calls 
recorded, missed calls were more frequent in the second half2,3.

Many studies have focused on endured physical function for improv-
ing the performance of players during the second half of matches. In 
addition to physical function, optimal cognitive function is also required 
to maintain the performance of players until the end of the game. Some 
studies have observed a positive correlation between performance and 
the executive function (EF) score, an indicator of cognitive function4,5. 
Vestberg et al.6 suggested that EF is a determining factor for players with 
higher performance. EF, which includes working memory, cognitive 
flexibility, and inhibitory control, is a part of the essential cognitive pro-
cesses for behavioral control5. Many brain sites, such as the dorsolateral 
prefrontal, anterior cingulate, and parietal cortex, are related to EF. EF 
is usually evaluated using the Stroop test7,8, one of the most commonly 
used tests in neuropsychology and various fields of study8. 

The decreased performance of players during the second half of 
matches is related to fatigue9. From a physiological perspective, fatigue 
is divided into two components: central fatigue and peripheral fatigue. 
Central fatigue is related to reduced cognitive performance, represented 
by the decline in cognitive function caused by changes in the concentra-
tion of neurotransmitters in the synapses of the central nervous system 
(CNS)10,11. Moreover, central fatigue affects not only cognitive function 
but also muscle contraction, which induces a decline in physical function; 
therefore, overall performance can be affected10. 

The energy depletion model is one of the main theories in fatigue re-
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search12. Central fatigue is also related to energy depletion 
in the CNS, as neurons in the CNS require energy for the 
transport of neurotransmitters and ions for neural activi-
ty7. Thus, decreased cognitive function induced by central 
fatigue can be explained by the energy metabolism of the 
CNS, particularly within the brain. Blood-borne glucose is 
the main fuel for the human brain at rest. However, when 
the lactate concentration in the blood is increased during ex-
ercise, it replaces glucose as the primary energy source for 
the brain7,13. Lactate is an efficient fuel for brain energy me-
tabolism and neurons preferably use lactate during exercise, 
even when both glucose and lactate are present14-16. Further-
more, as exercise intensity increases, brain glucose uptake 
decreases and brain lactate uptake increases in proportion to 
the blood lactate level16-18. 

Previous studies have reported correlations between lac-
tate and EF. A single bout of high-intensity interval exercise 
(HIIE, between 60% and 90% of peak VO2) increases the 
level of blood lactate and EF compared to moderate-inten-
sity continuous exercise (60% of peak VO2)19. Furthermore, 
a single HIIE bout can increase the level of blood lactate, 
brain lactate uptake, and EF. However, repeated HIIE can 
attenuate exercise-induced increases in lactate level and 
EF.7,20. Therefore, the correlation between lactate and EF 
seems to be associated with the relationship between blood 
lactate level21 and decreased athletic performance2,22 in the 
second half of the game. Therefore, it is necessary to further 
verify the relationship between lactate and EF. 

However, the positive correlation between lactate and EF 
alone cannot explain the causality, as several studies have 
shown that exercise changes multiple psychological factors 
and the level of brain-derived neurotrophic factor (BDNF), 
which are also related to cognitive function7,23-27. Further-
more, relatively few studies have attempted to confirm the 
improvement of cognitive function through the consumption 
of lactic acid in humans, although Holloway et al. have28 
reported cognitive recovery through lactate injections after 
traumatic brain injury in rats. Therefore, the purpose of this 
study was to identify whether lactate consumption affects 
the maintenance of exercise-induced improvement in EF.

METHODS
Participants

Eleven healthy adult males were assigned to one of two 
study groups (lactate group: n = 6; control group: n = 5). 
Smokers and individuals with neuromuscular, neurological, 
metabolic, cardiovascular, respiratory, and visual disorders 
were excluded. The participants who had body mass in-
dex> 18.5 kg/m2 and <35 kg/m2 and were able to exercise 
were selected through the 2019 Physical Activity Readiness 
Questionnaire for Everyone (PAR-Q+)29. Prior to the experi-
ment, all the procedures of the experiment were explained to 
the participants and they signed a written informed consent. 

Procedure and conditions
All the procedures were approved by the ethics commit-

tee of Seoul National University (IRB No. 1909/002-010). 
For each experiment, the participants made the following 
two visits:

Screening visit
The participants received an explanation of the experi-

mental protocol and procedures. To determine the exercise 
intensity of the participants accurately, they underwent 
graded exercise testing (<Exercise intensity setting proto-
col>) as presented below. The maximal workload for each 
participant was calculated. After completion of the pre-
examinations, the participants were asked to refrain from 
introducing any drastic changes in their normal routine for 
a week. Additionally, prior to the test day, the researchers 
contacted the subjects to remind them to avoid consuming 
caffeine and alcohol and performing strenuous exercise. To 
progress to a double-blind randomized control model, the 
principal investigator asked a third person not related to the 
experiment to make different types of experimental bever-
age for the two groups and to randomly assign subjects to 
the lactate and control groups.

< Exercise intensity setting protocol >
1.   A 5-min-long preparation time was provided when the 

subject arrived in the measuring room.
2.   The workload of the cycle ergometer was set at 30 W; 

the subject kept pedaling for 3 min at 60 rpm.
3.   The load was increased by 15 W every minute. If 60 

rpm was not maintained for more than 30 s, the pre-
vious highest level of workload was considered as the 
subject’s exercise intensity.

Experimental visit
Before starting the experiment, the subjects were remind-

ed about the experimental protocol. To exclude learning 
effects, the subjects practiced the Stroop test five times to 
familiarize themselves with the tests. After body measure-
ment, the following measurements were conducted:

1. Felt arousal scale, visual analog scale, peripheral oxy-
gen saturation, and pulse rate; 2. Blood glucose and lactate 
levels; 3. Color–word Stroop test; and, 4. Blood BDNF level

Subjects performed the two sets of HIIE following the 
<High Intensity Interval Exercise Program> as presented 
below. After the first HIIE, a rest period of 40 min was 
given. Later, the tests were performed again immediately 
after HIIE, and after 10 min, 20 min, and 30 min after the 
exercise. After the first exercise protocol and rest period, the 
second exercise protocol was initiated. Ten minutes after 
the start of the second HIIE protocol, the subjects consumed 
their experimental beverages within a minute, and the tests 
were performed in a similar manner as that in the first HIIE 
protocol. 

< High-intensity interval exercise program >
1.   A 5-min-long preparation time was provided when the 

subject arrived in the measuring room.
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2.   The cycle ergometer was set at 50% of the subject’s 
maximum workload and the subject was asked to per-
form a 2 min warm-up at 60 rpm.

3.   After the 2-min warm-up exercise, the exercise intensi-
ty was set to 90% of the subject’s maximum work max 
and the subject exercised for 3 min at 60 rpm.

4.   After 3 min of exercising, the intensity was set at 50% 
of the subject’s set maximum work max and the sub-
ject performed the exercise for 2 min at 60 rpm.

5.   The steps 3 and 4 were performed alternately three 
more times (last moderate-intensity exercise for 2 min 
was the cool-down exercise).

Body measurement 
The subjects stood on the marked foot shape of a manual 

extensometer, stretching their spine, inhaling deeply, and 
exhaling one-third of the time, after which they were mea-
sured with suppressed breathing. Body composition mea-
surements, such as weight, skeletal muscle mass, lean mass, 
body fat percentage, and waist–hip ratio were measured 
using Inbody 720 (Biospace, Korea). To ensure accurate 
measurement, the participants were asked to remove un-
necessary accessories and clothing before the measurements 
were taken. In addition, the subjects were contacted one day 
before the measurement and asked to refrain from vigorous 
exercise, alcohol, and caffeine, and eating any food other 
than normal meals.

Blood lactate 
Blood lactate levels were analyzed using Lactate Pro 2 

& strip (LT-1730, Arkray, Japan). When the subjects sat on 
chairs and relaxed, the experimenters wiped their fingertips 
with alcohol swabs for disinfection, pricked a finger using a 
lancing device (Accu-Chek Softclix Plus lancing device & 
Softclix, Roche®, Germany), and placed the blood onto the 
test strip. In this way, blood lactate was measured five times 
for each set (a total of 10 times), that is, pre-exercise, post-
exercise, and 10, 20, and 30 min post-exercise. 

Other measurement variables
Cardiovascular and blood variables, BDNF, and psy-

chological variables were all evaluated, as explained in the 
Supplementary Materials and Methods. 

Color–word Stroop test
The color-word Stroop test (CWST) is one of the most 

commonly used neuropsychological tests to evaluate EF, 
especially selective attention and inhibitory control8. In this 
study, the computer-based CWST involved three types of 
tasks and four colors (red, green, blue, and yellow). The 
congruent task was the first type of CWST, in which the 
text was the same in meaning and color, and the color of the 
text was selected. The neutral task was a test that selected 
the color of the rectangle. The incongruent task was a test in 
which the text was different in meaning and color, and the 
color of the text was selected. The answers to the questions 
were provided as 1, 2, 3, and 4, and the subjects were asked 
to place their index and middle fingers on the numbers 1, 2, 3, 

and 4 of the keyboard. Twelve questions of each type were 
presented, three types of tests were randomly assigned, and 
continuing with three or more of the types and answers was 
prohibited. The total reaction time(RT), accuracy rate, and 
interference score were measured, and the formula used for 
calculating the interference score7 was as follows: 

We encountered an error in which the response time was 
measured at an abnormally fast rate due to two mechanical 
problem-induced inputs during the examination. To correct 
for this, one question recorded in the minimum response 
time was removed from all the types, and the results of 
the 33 questions were used. The CWST was conducted in 
a separate place that was curtained off and with minimal 
noise disturbance. The CWST software was provided by the 
Department of Human Movement Science (Seoul Women’s 
University).

Experimental beverage
To identify the effects of lactate consumption on the 

maintenance of decreased EF and the concentration of blood 
lactate after repeated HIIE, an experimental beverage was 
provided to each group 10 min after the 2nd HIIE started. 
A lactate drink was provided to the lactate group that was 
composed of a “food grade” 88% lactic acid solution (LD 
Carlson Company, USA), which is mainly used beer man-
ufacturing. Given the insufficiency of advanced empirical 
studies on the timing and concentration of lactate to be ad-
ministered, a pilot test was conducted. The overall process 
for the test is shown in Supplementary Materials and 
Methods, and the results are presented in Supplementary 
Results. Experimental beverages were produced based on 
the results, as shown in Supplementary Tables S1 and S2. 
To set the total volume of the solution for the control group, 
a sports drink (Pocari Sweat®, Otsuka Pharmaceutical, Ja-
pan) was provided at 3.5 ml per weight (kg) of the subject. 
The experimental beverage for the lactate group was made 
following these procedures. First, the total volume of the 
solution was set to equal that of the control group; then, 
1/1000 of the total calculated volume (about 0.1% concen-
tration) was added to the experimental beverage and the re-
maining volume was filled with the sports drink, except for 
the amount of lactic acid solution added in the total amount. 
Overall information about the composition and volume of 
the experimental beverage is presented in Supplementary 
Table S3. 

From the results of the pilot test (Supplementary Tables 
S1 and S2), ingestion timing was based on the expectation 
that the blood lactate levels would rise 10 to 20 min after 
the ingestion of lactate. Therefore, experimental drinks were 
given to the participants 10 min after the start of the 2nd 
HIIE.

Statistical analysis
All data were analyzed using IBM SPSS statistics 25 

and Prism 7 software. Nonparametric tests were used as the 
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number of samples in this study was less than 10 per group, 
and the normality and variability assumptions were not met. 
Thus, instead of the three-way repeated measures ANOVA, 
which was deemed most suitable for this study, the varia-
tions in time, group, and set were analyzed, and the interac-
tion effects of the three variables were excluded. 

General characteristics such as age, height, and weight 
of the subjects were described using descriptive statistics. 
To test the homogeneity between the two groups, the dif-
ference between the general characteristics of each group 
and the time points of the remaining measurement variables 
were analyzed using the Mann–Whitney test. Friedman test 
was conducted to check the time-induced change within 
each group by set, after which Dunn’s multiple comparison 
test was conducted as a post-hoc test to compare the pre- 
and post-exercise recovery periods in each set (10, 20, and 
30 min after HIIE). In order to identify the effect of lactate 
consumption, the differences in measurement variables be-
tween groups in the 2nd HIIE set and the variations over the 
set within each group (1st set–2nd set values) were compared 
over time using the Mann–Whitney test. Spearman’s cor-
relation test was used to analyze the correlation between the 
results of the CWST and the variables. Statistical signifi-
cance was set to α = 0.05, and the data are expressed as the 
means and standard errors of the means (Mean ± SEM).

RESULTS
General characteristics 

The general characteristics of the two groups and the re-
sults of the homogeneity test are presented in Table 1. The 
two-tailed independent t-test showed no significant differ-
ences in the general characteristics between the two groups 
(P > 0.05). 

Blood lactate level
The overall changes in the blood lactate levels of the 

groups are presented in Figure 1. The changes in blood 
lactate levels over time in each group are shown in Supple-
mentary Table S4. The control group had a significantly 
different blood lactate level over time during the first (P < 
0.001) and second sets (P < 0.01). The post-hoc analysis in-

dicated significant increases in the post-exercise (P < 0.001) 
and 10 min post-exercise (P < 0.05) levels as compared to 
the pre-exercise levels in the first set. Additionally, there 
was a significant increase in the post-exercise lactate levels 
(P < 0.001) as compared to the pre-exercise lactate levels in 
the second set. 

There were significant differences over time in both the 
first and second sets of lactate groups (P < 0.001). The post-
hoc analysis indicated a significant increase in the post-exer-
cise (P < 0.001) and 10 min post-exercise (P < 0.05) levels 
as compared to the pre-exercise level in the first set. In the 
second set, unlike the control group, there was a significant 
increase post exercise (P < 0.001) and 10 min post exercise 
(P < 0.05). 

Blood lactate levels were compared between the two 
groups by time point, and the amount of blood lactate level 
changes were compared by set (Table 2). There were no 
significant differences in the blood lactate levels between 
the two groups (P > 0.05). However, at 10 min (P = 0.0823) 
and 20 min after the 2nd HIIE (P = 0.0974), the lactate group 
had higher blood lactate levels than the control group, al-
though this difference was not significant. Additionally, on 

Values are expressed as means ± standard errors of the means. 

Table 1. General characteristics of the two groups and homogeneity tests

General characteristics Control group  
(n = 5)

Lactate group  
(n = 6) P value 

Age 26.4 ± 1.03 24.17 ± 1.869 0.253
Height (cm) 176.7 ± 1.197 176 ± 2.715 0.818

Body weight (kg) 81.06 ± 2.586 73.67 ± 4.005 0.126
Skeletal muscle 

mass (kg) 37.16 ± 0.975 34.25 ± 2.193 0.329

Body fat mass (kg) 15.9 ± 2.562 13.33 ± 1.534 0.628
Body mass index (kg/m2) 25.98 ± 0.855 23.68 ± 0.69 0.091

Percent body fat (%) 19.4 ± 2.608 18.13 ± 1.908 0.894
Waist–hip ratio 0.86 ± 0.0255 0.828 ± 0.013 0.351

Visceral fat level (cm2) 64.82 ± 11.6 51.73 ± 7.8 0.792

Figure 1. Changes in blood lactate levels; the differences in 
the inter-group blood lactate levels in the 2nd HIIE set and the 
variation over the set within each group (1st set–2nd set value) 
were compared over time using a Mann–Whitney test. Fried-
man test was conducted to check the time-induced change 
within each group by set. Data are expressed as the means ± 
standard errors of the means.
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comparing the value of changes by set within the groups at 
each time point, the blood lactate level of the lactate group 
was lower than that of the control group (P = 0.0823) 20 
min after HIIE. Blood lactate levels in both the groups were 
higher in the first HIIE set than those in the second set in 
most of the time points post exercise. However, the blood 
lactate level of the lactate group was only higher in the sec-
ond HIIE set than that in the first HIIE set at 20 min after 
HIIE.

Executive function
To check the effect of lactate consumption on EF after 

acute repeated HIIE, the interference scores were examined 
using CWST. The overall changes in the blood lactate levels 
of the groups are presented in Figure 2. The changes in the 
interference scores over time in each group are shown in 
Table S5. There were no significant differences according 
to time in the interference scores of the first and second sets 
in either group (P > 0.05). Although the interference scores 

tended to change over time in the first set of the lactate 
group (P = 0.0504), the post-hoc test showed that there was 
no significant difference during all the post-exercise periods 
compared to the pre-exercise period (P > 0.05). 

Furthermore, the comparison of interference scores be-
tween the two groups and that of changes in the interference 
scores according to the sets in each group are shown by time 
points in Table 3. There were no significant differences in 
the interference scores of the two groups (P > 0.05). How-
ever, we observed that the interference score of the lactate 
group in the two sets was significantly lower than that of the 
control group 20 min after HIIE (P < 0.05). 

The results of the accuracy rate and total reaction time of 
the CWST are presented in Supplementary Tables S6–S9. 
In particular, we observed that the change in the accuracy 
rate of the lactate group within the two sets was significantly 
lower than that in the control group 20 min after HIIE (P < 
0.05), as presented in Supplementary Table S7. Moreover, 
the reaction time showed a significant change over time in 

HIIE Set Time Control group  
(n = 5)

Lactate group  
(n = 6) P value

1st

Pre-exercise 1.56 ± 0.258 1.7 ± 0.308 0.346
Post-exercise 9.04 ± 2.079 10.73 ± 1.536 0.154

Post-exercise 10 min 5.96 ± 1.481 7.383 ± 1.69 0.214
Post-exercise 20 min 3.52 ± 0.677 5.417 ± 1.059 0.123
Post-exercise 30 min 2.9 ± 0.281 4.683 ± 1.046 0.102

2nd

Pre-exercise 2.18 ± 0.287 3.083 ± 0.572 0.178
Post-exercise 7.68 ± 1.254 9.083 ± 1.908 0.396

Post-exercise 10 min 4.1 ± 0.764 6.167 ± 1.098 0.082
Post-exercise 20 min 3 ± 0.370 5.867 ± 1.283 0.097
Post-exercise 30 min 2.58 ± 0.338 3.967 ± 0.779 0.141

Comparison of 
changes in the values 
according to sets of 
HIIE between groups 

(1st–2nd)

Pre-exercise −0.62 ± 0.338 −1.383 ± 0.492 0.119
Post-exercise 1.36 ± 1.03 1.65 ± 0.828 0.251

Post-exercise 10 min 1.86 ± 1.054 1.217 ± 0.702 0.444
Post-exercise 20 min 0.52 ± 0.35 −0.45 ± 0.515 0.082
Post-exercise 30 min 0.32 ± 0.24 0.717 ± 0.626 0.124

Table 2. Comparison of the blood lactate levels between the two groups & difference values by sets within a group

Mann–Whitney test; values are expressed as means ± standard errors of the means. 

Table 3. Comparison of the interference scores between the two groups & difference values by sets within a group

Mann–Whitney test; values are means ± standard errors of the means. 

HIIE Set Time Control group  
(n = 5)

Lactate group  
(n = 6) P value

1st

Pre-exercise 22.19 ± 8.326 20.85 ± 6.205 0.5
Post-exercise 21.08 ± 9.066 9.456 ± 3.408 0.2143

Post-exercise 10 min 17.94 ± 8.041 18.18 ± 5.225 0.465
Post-exercise 20 min 14.84 ± 8.521 18.46 ± 3.284 0.465
Post-exercise 30 min 19.52 ± 7.401 19.36 ± 3.992 0.465

2nd

Pre-exercise 24.49 ± 6.403 14.68 ± 6.655 0.268
Post-exercise 23.15 ± 11.33 10.73 ± 3.474 0.214

Post-exercise 10 min 17.53 ± 7.111 15.87 ± 5.367 0.465
Post-exercise 20 min 37.05 ± 12.82 23.12 ± 2.587 0.331
Post-exercise 30 min 19.49 ± 4.616 16.18 ± 6.619 0.268

Comparison of 
changes in the values 
according to sets of 
HIIE between groups 

(1st–2nd)

Pre-exercise −2.302 ± 9.879 6.174 ± 6.36 0.268
Post-exercise −2.064 ± 14.97 −1.27 ± 3.34 0.465

Post-exercise 10 min 0.4104 ± 12.36 2.31 ± 4.667 0.465
Post-exercise 20 min −22.2 ± 5.99 −4.657 ± 2.213 P < 0.05
Post-exercise 30 min −0.237 ± 8.323 3.181 ± 4.592 0.5
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the second set of the lactate group (P < 0.05), although there 
was no significant difference between the two groups (P > 
0.05) (Supplementary Tables S8–S9). 

Other measurement variables
The results of blood and cardiovascular variables are 

presented in Supplementary Tables S10–S15. The BDNF 
level in the lactate group was higher than that in the control 
group at pre-exercise in the first set of HIIE (P < 0.05). 
However, there were no significant changes over time and 
between the two groups in the second set (P > 0.05), as pre-
sented in Supplementary Tables S16–S17. 

The results of psychological variables are presented in 
Supplementary Tables S18–S23. At 10 min and 20 min 
after the 2nd HIIE (P < 0.05), the lactate group had lower 
arousal levels than the control group (Supplementary Table 
S19). However, on comparing the value of changes by sets 
within the groups in the post-exercise period, there were no 
significant differences in the arousal levels between the two 
groups. In addition, there were no significant differences in 
mental fatigue between the two groups (P > 0.05) (Supple-
mentary Table S21). 

Correlation between blood lactate and the results 
of the CWST 

The correlation analysis between the average blood lac-
tate level and the interference score of each group at specific 
time points is illustrated in Figure 3. The blood lactate lev-
els showed a significant positive correlation with the results 
of the CWST. The blood lactate concentration was nega-
tively correlated with the interference score (r = −0.394 and 
P < 0.05) (Figure 3A) and total reaction time (r = −0.6466 
and P < 0.01) (Figure 3B). 

DISCUSSION
A single bout of HIIE can temporarily increase blood 

lactate levels, brain lactate uptake, and EF in adult males. 
However, this effect of exercise-induced increment was at-
tenuated after repeated HIIE. Moreover, several studies have 
suggested a correlation between lactate level and EF, point-
ing to possible causation effects of lactate on EF7,20. Based 
on this previous research, we aimed to identify the effect 
of lactate consumption in maintaining the reduced EF after 
repeated HIIE. Our results confirm the positive correlation 
between lactate intake on the maintenance of the reduced 
EF and the causal relationship between lactate consumption 

Figure 3. The correlation between blood lactate levels and the results of the CWST; (A) interference score and (B) total reaction time of 
CWST. The average of the blood lactate level and the CWST results for each group of each time point were calculated to analyze the 
correlation between the two variables.

Figure 2. Changes in Stroop test scores; the inter-group dif-
ference in the interference scores in the 2nd HIIE set and the 
variation over the set within each group (1st set–2nd set value) 
were compared over time using a Mann–Whitney test. Fried-
man test was conducted to check the time-induced change 
within each group by set. Data are expressed as the means ± 
standard errors of the means. *p<0.05 indicates a significant 
difference between the two groups in changes in the interfer-
ence score of each group within the two sets.
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and EF.
In this study, the EF of participants was analyzed using 

interference scores, response times, and accuracies measured 
by the CWST. The interference score (an indicator of EF) 
represents the ability to inhibit automated cognitive process-
es in response to specific stimuli and that to perform less-
automated cognitive processes. Twenty minutes after HIIE, 
changes in the interference score and accuracy between sets 
in the lactate-consuming group were significantly lower 
and higher than those in the control group, respectively. Ad-
ditionally, unlike the control group, the reaction time of the 
lactate group improved 30 min after exercise. Therefore, the 
overall CWST results in the lactate group improved com-
pared to that in the control group. These results are in line 
with those of previous studies, such as that by Holloway et 
al.28, who reported improvements in cognitive recovery with 
100 mM L-lactate injections in rats in traumatic brain injury 
models. Moreover, Bisri et al.30 suggested that exogenous 
hyperosmolar sodium lactate infusions before surgery can 
improve neurocognitive function in patients with mild trau-
matic brain injury. Therefore, we also suggest that lactate 
consumption has a favorable effect on the reduction of EF 
due to repeated HIIE. 

The blood lactate levels in both the groups reduced more 
significantly after the second HIIE set than after the first 
set. This result is consistent with previous studies7,20 show-
ing reduced blood lactate levels due to repeated HIIE. Ad-
ditionally, this phenomenon has also been observed among 
the blood lactate levels of players after the first and second 
half of football matches, in which the players have similar 
physical demands after repeated HIIE21. High-intensity or 
long-term exercise gradually depletes the energy sources 
in the body such as ATP, creatine phosphate, and glyco-
gen. The depletion of glucose and glycogen, precursors of 
lactate, suggests decreases in lactate production and blood 
lactate level. It also suggests an energy gap greater than that 
normally needed to transmit ions and neurotransmitters for 
neural activity, which can be a causative factor of central 
fatigue31. 

While previous studies have reported increases in blood 
lactate levels after injection13,16, a few studies have exam-
ined changes in lactate levels resulting from lactate con-
sumption. In this study, the decrease in the blood lactate 
levels due to repeated HIIE was balanced through lactate 
consumption. These results suggest that the level of brain 
lactate uptake can be maintained, as results from previous 
studies also showed that brain lactate uptake increases in 
proportion to blood lactate levels3,16,32.

Additionally, the higher the exercise intensity, the greater 
the proportion of lactate in brain metabolism17, which sug-
gests an increase in the brain’s lactic acid consumption 
during exercise. Taken together, repeated HIIE not only 
increased the rate of lactate metabolism in the brain but it 
also gradually depleted energy. This requirement would 
have been maintained by the supplementation of the insuf-
ficient blood lactate levels and enabling brain lactate uptake 
through oral consumption. In other words, it may mediate 
the fatigue and reduction of EF induced by the reduction of 

lactate required for the transport of neurotransmitters and 
ions during neural activity7,33-35. This interpretation is sup-
ported by our results, which show that the timings of the 
increase in blood lactate levels and that of differences in EF 
are consistent at 20 min after exercise. Additionally, as re-
ported in previous studies7,20, the level of blood lactate is the 
only variable that correlated with EF. 

BDNF is a member of the neurotrophin family of growth 
factors that enables neurogenesis, neuroprotection, and neu-
roplasticity36,37. Therefore, it is one of the most commonly 
used indicators for investigating improvements in the cogni-
tive function due to exercise. In a previous study, not only 
was the correlation between BDNF, a major biomarker of 
cognitive function, and lactate presented but also the pos-
sibility of lactate mediating BDNF signaling was suggested. 
The increased levels of lactate and BDNF in the blood were 
correlated38, lactic acid injection at rest increased the BDNF 
level in the blood39, and lactate treatment in a rodent model 
of brain damage induced increases in BDNF and improved 
the cognitive performance13. However, unlike the results 
of previous studies, our results did not show significant 
changes in blood BDNF due to lactate intake and exercise. 
Based on recent results, BDNF does not always increase af-
ter exercise. Maderova et al.40 suggested that acute exercise 
increased serum BDNF but not plasma BDNF. Therefore, 
we should have examined BDNF levels in serum as well as 
plasma. In addition, blood BDNF levels did not significantly 
correlate with the Stroop test results. Therefore, as presented 
by Hashimoto et al.7, we considered that BDNF did not have 
a significant impact on the improvement of EF.

In a previous study, the increase in the level of arousal af-
ter exercise showed a positive correlation with the increase 
in EF measured by the Stroop test27. In this study, the in-
crease in arousal level after HIIE compared with that before 
HIIE was consistent with previous studies. However, our re-
sults showed that the arousal level of the control group was 
significantly higher than that of the lactate group whereas 
the EF of the lactate group was more improved than that of 
the control group. Furthermore, we expected that the mental 
fatigue will also decrease due to the improvement of central 
fatigue through lactate consumption. However, there was 
no significant difference between the lactate and control 
groups, and there was no significant correlation between EF 
and mental fatigue. However, as demonstrated by Pageaux 
et al.41, it could be considered that changes in mental fatigue 
levels do not necessarily indicate changes in central fatigue. 
It is known that patients with attention deficit hyperactivity 
disorder, which involves a general lack of concentration, 
have impaired EF42. However, our results showed that the 
EF of the lactate group was higher than that of the control 
group, although the concentration level of the lactate group 
was lower than that of the control group. In addition, there 
was no significant correlation between the concentration 
level and the EF. In other words, there was no significant 
correlation between psychological changes and EF, although 
several results of the psychological variables in this study 
showed different tendencies from those of previous studies. 
Therefore, we considered that psychological variables do 
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not significantly impact the improvement of EF. 
However, this study has limitations, and further studies 

are required to address those without bias. First, the increase 
in the blood lactate level in the experimental group was not 
statistically significant, and the metabolic pathway of lactate 
was not identified. Therefore, we are unable conclude if the 
ingested lactate had been transferred to the brain and was 
used to improve EF. Additionally, the small sample size of 
this study limits its statistical power. The complexity of the 
experiment process, which takes about two and a half hours 
to measure 10 variables, and the high intensity of exercise 
caused many people to drop out. Sufficient participants are 
needed to achieve adequate statistical power, and a cross-
over design would perhaps be more suitable than our cur-
rent design. Lactate consumption methods in this study 
were also limited because of the lack of advanced empirical 
studies on the proper concentration and timing of lactate 
beverage consumption. For this reason, the experimental 
beverage manufacturing process was established through 
pilot test results, as presented in Supplementary Tables S1 
and S2. Further studies should be conducted based on more 
appropriate concentrations and timings of lactate intake. 

Nonetheless, the results of this study are meaningful, 
given the lack of research of cognitive improvement on lac-
tate consumption. Additionally, our study revealed a causal 
relationship between lactate consumption and EF that was 
significantly different from the correlation found in previous 
studies. Therefore, the results of this study could provide 
meaningful data for research on the improvement of cogni-
tive performance of athletes and clinical research related to 
cognitive diseases.
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