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 The Impact of Acute Mild Normobaric Hypoxia and a Single 
Bout of Exercise to Volitional Exhaustion on Cognitive 

Performance in Endurance and Strength-Trained Athletes:  
The role of BDNF, EP-1, Catecholamines and Lactate 

by 

Zofia Piotrowicz 1,*, Miłosz Czuba 2, Małgorzata Chalimoniuk 3, Józef Langfort 1 

The aim of the study was to examine whether a single bout of exercise to volitional exhaustion, performed under 
moderate normobaric hypoxia (H), would affect psychomotor performance (PP) in differently trained athletes. For this 
purpose, ten strength-trained (S) athletes, ten endurance-trained (E) athletes and ten healthy men leading a sedentary 
lifestyle as a control (C) group performed voluntarily two graded exercise tests until volitional exhaustion (EVE) under 
normoxia (N) and H (FiO2 = 14.7%). We measured the peripheral level of the brain derived neurotrophic factor (BDNF), 
choice reaction time (CRT) and the number of correct reactions (NCR) as indices of PP. Psychomotor tests were performed 
at rest, immediately after the EVE and 3 minutes after the EVE. Venous blood samples were collected at rest, immediately 
after cessation of each EVE, and 1 h after each EVE. The results showed that the EVE significantly (p < 0.05) impaired 
CRT under N and H, and NCR under H only in the E group. The higher WRmax in the E compared to the S and C groups 
was associated with a significant (p < 0.005) increase in adrenaline (A) and noradrenaline (NA). There were no significant 
differences between conditions (N vs. H) in the BDNF at rest and after exercise. The EVE impaired cognitive function 
only in the E group; higher involvement of the sympathetic nervous system, A and NA may also play a role in this 
phenomenon. Therefore, it can be concluded that exposure to H did not have a negative impact on CRT or NCR. Moreover, 
BDNF did not improve cognitive function. 
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Introduction 

Exercise and exposure of the human body 
to hypoxia are well-known physiological and 
environmental stressors that can modify the 
functions of the central nervous system (CNS), but 
typically their effect is the opposite. Hypoxia is 
thought to have detrimental effects on the CNS by 
decreasing arterial pressure of O2 (PaO2) and 
arterial saturation of O2 (SaO2) (Kolb et al., 2004) 
leading to neurological deficits and impairment of 
cognitive performance at rest (Wilson et al., 2009). 
Furthermore, the turnover of several 

neurotransmitters can be altered under hypoxia 
compared to normoxia, adversely affecting 
cognitive functions (Gibson et al., 1981; Kramer et 
al., 2006; Levitt and Gutin, 1971). Less clear-cut 
results relate to physical effort under hypoxia, as 
under such conditions both beneficial and 
detrimental effects on cognitive performance have 
been reported. This applies primarily to research 
published in recent years: some studies have 
reported cognitive improvement in response to 
combined effects of acute exercise and hypoxia 
(Komiyama et al., 2017; Seo et al., 2017), whereas  
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other studies have found that cognitive 
performance was impaired under such conditions 
(Lefferts et al., 2016; Ochi et al., 2018). 
Nevertheless, there does seem to be a research-
based consensus, supported by a growing body of 
evidence, suggesting that acute exercise at 
moderate intensity under hypoxia does indeed 
improve cognitive performance (Chang et al., 
2012). The aforementioned phenomenon may be, at 
least partially, explained by increased cardiac 
output and cerebral blood flow, which are pivotal 
in maintaining oxygen delivery to the CNS 
(Aimslie and Subudhi, 2014). The above described 
inconsistent findings were above all obtained in 
studies conducted in young sedentary men, and 
the resulting differences are attributed to 
methodological differences and differing 
experimental designs (Dinoff et al., 2016).  

Brain-derived neurotrophic factor (BDNF), 
which is believed to affect cognitive functions, 
among other things, is the most abundant 
neurotrophin located in the hippocampus, cortex, 
midbrain, thalamus (amygdala), hypothalamus, 
striatum, pons and medulla (Binder and 
Scharfman, 2004; Cunha et al., 2010). Importantly, 
dopaminergic neurons of the substantia nigra and 
striatum, e.g., structures involved in movement 
regulation, have been found to be the main source 
of BDNF secretion (Ventriglia et al., 2013). Regular 
long-term repeated physical exercise and/or 
moderate to high intensity training induces an 
increased level of BDNF and TrkB receptors in the 
brain regions responsible for motor activity 
(Zoladz and Pilc, 2010). Acute aerobic exercise 
increases the concentration of the BDNF in the 
blood (Szuhany et al., 2015) in both trained 
(Piotrowicz et al., 2020) and sedentary individuals 
(Piotrowicz et al., 2019). This increase depends on 
the intensity and duration of the single bout of 
exercise or the training process (Liu and Nusslock, 
2018). In other studies, an increase in serum BDNF 
was reported after high-intensity interval training 
(HIIT) (Helm et al., 2017). Notably, high-intensity 
exercise performed at short intervals has been 
found to be more effective than continuous high-
intensity exercise for increasing serum BDNF 
(Jiménez-Maldonado et al., 2018), while a 12-week 
resistance training exercise program of healthy 
individuals was not found to cause an increase in 
basal BDNF concentrations (Williams and Ferris, 
2012). Keeping in mind that the vast majority of  
 

 
studies have provided evidence of the beneficial 
effects of physical exercise on cognitive functions, 
with a simultaneous increase in BDNF levels in the 
blood, this suggests that BDNF may be involved in 
improving cognitive function (Ferris et al., 2007; 
Gold et al., 2003; Hung at al., 2018).  

One of the first studies on BDNF release 
during exercise under hypoxia showed no additive 
effect on the serum BDNF concentration (Van 
Cutsem et al., 2015). A previous study (Piotrowicz 
et al., 2020) reported that maximal exercise 
performed under both normoxia and hypoxia 
conditions, corresponding to 3000 m altitude (FiO2 
= 14.7%), caused a similar increase in peripheral 
BDNF concentration in endurance athletes. 
However, an increase in the BDNF did not prevent 
cognitive impairment under hypoxia, as measured 
by choice reaction time (CRT) and the number of 
correct reactions (NCR) (Piotrowicz et al., 2020). 
These limited data indicate that the relationship 
between BDNF secretion and cognitive function 
under hypoxia is unclear and poorly understood.  

The effects of habitual exercise or training 
processes on the human body are thought to be the 
result of repeated exercise, and therefore may be 
associated with cumulative acute responses to 
exercise. Importantly, the chronic effects of 
exercise can be modified using the same acute 
exercise, by changing the exercise mode, strength, 
duration, and/or frequency. One can expect that 
this may also involve different adaptive changes in 
the brain in response to different training 
processes. Therefore, adaptive changes in the brain 
triggered by strength training may be different 
from those caused by endurance training 
(Hashimoto et al., 2021). For example, studies 
demonstrated that some metabolic factors (e.g., 
lactate, myokines), released during muscle 
contraction depending on the exercise mode, 
activated unmyelinated group IV afferents, 
whereas mechanical-sensitive, myelinated group 
III afferents were preferentially stimulated during 
the production of muscle strength (Gandevia, 
2001). Studies in animals have revealed that 
adaptive changes in the brain triggered by 
endurance training affect the serotonergic system 
(Langfort et al., 2006). Other research on the effects 
of aerobic and strength training on BDNF levels 
and neuroplasticity has found that both endurance 
and resistance-training result in similar 
stimulating effects on BDNF levels in rats (Vilela et  
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al., 2017).  

It is not known whether acute exercise to 
exhaustion under hypoxic conditions will elicit a 
different response in individuals who exhibit 
adaptive changes in the brain caused by endurance 
or resistance training. This phenomenon is not yet 
fully understood considering psychomotor skills 
and possible involvement of BDNF in this 
phenomenon due to a small number of studies. In 
this regard, the aim of the present study was to 
examine whether a single bout of maximal exercise 
to volitional exhaustion, performed under 
moderate normobaric hypoxia, would affect 
psychomotor performance in strength-trained 
athletes, compared to endurance-trained athletes 
and individuals leading a sedentary lifestyle. For 
this purpose, we measured the peripheral level of  
BDNF, CRT and NCR as indices of psychomotor 
performance during exercise to volitional 
exhaustion. In addition, we examined the level of 
selected circulating biochemical factors, such as 
cortisol (COR), lactate (LA), nitric oxide (NO), 
endothelin-1 (ET-1), and catecholamines, because 
they are known to affect BDNF expression / 
production, and their expression can be influenced 
by both exercise and hypoxia.  

Methods 
Participants 

Ten strength-trained (S) athletes (age 22.0 
± 1.7 years; body height 180.7 ± 3.9 cm; body mass 
79.6 ± 6.4 kg; fat content 11.3 ± 4.0%) and ten 
endurance-trained (E) athletes (age 21 ± 1.3 years; 
body height 180.2 ± 6.7 cm; body mass 69.6 ± 6.8 kg; 
fat content 9.1 ± 3.1% ), as the experimental groups, 
plus ten healthy men leading a sedentary lifestyle 
(age 20.1 ± 1.2 years; body height 177.2 ± 8.9 cm; 
body mass 71.4 ± 10.6 kg; fat content 12.1 ± 4.5%), 
as a control (C) group, were recruited for the study. 
All participants had current valid medical 
examinations and showed no contraindications to 
participating in the experiment.  

Each participant declared that for at least 
one month prior to testing, they had not taken 
either medications or dietary supplements, and 
each provided written informed consent prior to 
the study commencement. The experimental 
procedures and related risks were explained to all 
the participants verbally, and they were able to 
withdraw from the study at any time. The 
investigation was conducted according to the  
 

 
Helsinki Declaration and was approved by the 
Ethics Committee for Scientific Research at the 
Jerzy Kukuczka Academy of Physical Education in 
Katowice, Katowice, Poland (no. 5/2013, approval 
date: 26 June 2013). 

Participants were tested on two occasions, 
five days apart. On each occasion, participants 
underwent two graded exercise tests until 
volitional exhaustion (EVE) on an ergocycle, 
performed under normobaric normoxic and 
normobaric hypoxic conditions (3000 m asl). 
Participants were allocated to the normoxic or 
hypoxic conditions randomly, by means of a 
computer-generated list (Urbaniak and Plous, 
2013). Before each test, the body mass and body 
composition of each participant was determined 
using electrical impedance measurements, by 
means of an Inbody 720 body composition 
analyzer (Biospace Co., Tokyo, Japan). 

To create hypoxic conditions, representing 
the equivalent of 3000 m asl altitude (FiO2 = 14.7%), 
we used a normobaric hypoxia chamber (Losa 
Hyp/Hyop-2/3NU system, Lowoxygen Systems, 
Berlin, Germany) maintained at the Hypoxia 
Laboratory. 

Ergocycle Graded Exercise Test to Volitional 
Exhaustion 

The graded exercise tests were carried out 
on an Excalibur Sport ergocycle (Lode BV, 
Groningen Netherlands), beginning at a workload 
of 40 W, which was increased by 40 W every 3 min 
until volitional exhaustion. When a particular 
participant discontinued the test before completing 
a given workload, then the maximum workload for 
that test was calculated by the formula WRmax = 
WRk + (t/T × WRp) (Kuipers et al., 1985), where WRk 
represented the previous workload, t represented 
exercise duration with the workload until 
premature failure, T represented duration of each 
workload, and WRp was the workload increment 
by which exercise intensity was increased during 
the test. 

During the tests, the heart rate (HR), 
minute ventilation (VE), breathing frequency (BF), 
oxygen uptake (VO2) and carbon dioxide content 
in expired air (VCO2) were recorded for each 
participant by means of a MetaMax 3B gas analyzer 
(Cortex, Leipzig, Germany). Fingertip capillary 
blood samples for the assessment of LA 
concentration (Biosen C-line Clinic, EKF- 
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diagnostic GmbH, Barleben, Germany) were 
drawn at rest and at the end of each testing stage.  

Psychomotor Performance Determination 

Choice reaction time and NCR were 
selected as indices of psychomotor performance. 
The CRT console was mounted on the wall in front 
of the ergometer, at the eye level, 1.5 m away from 
the participant. The test included 15 positive (red 
light or a sound) and 15 negative (green or yellow 
light) stimuli displayed in randomized order, in 1s 
to 4 s intervals. Participants were asked to press 
and then to release, as quickly as possible, the 
button of the switch device kept in their right hand 
in response to the red light stimulus, the button in 
the left hand in response to the sound stimulus, 
and not to react in either way to the negative 
stimuli. The total time for each CRT was 107 s. The 
stimuli and participants’ responses were recorded 
using the reaction time measuring device (MRK 
432, ZEAM, Zabrze, Poland), and determined to 
the nearest 0.01 s. The results are presented as the 
mean reaction time for all 15 responses to positive 
stimuli. Participants had been familiarized with 
the testing procedure a week before the study, by 
practicing the task both at rest and during cycling. 

Venous Blood 

On the day of the EVE, each participant 
was cannulated into their antecubital vein, 15 min 
prior to having breakfast. Two samples of venous 
blood were then collected at each time point: 10 
min later, immediately after cessation of each 
ergocycle test, and again 1 h after each ergocycle 
test. Of each pair of samples, one was drawn using 
an ethylenediaminetetraacetic (EDTA) tube (for 
morphology analysis); the other was drawn using 
an anti-coagulant tube and processed for serum for 
the other biochemical assays (BDNF, ET-1, C, 
catecholamines). After 30 min, blood samples were 
centrifuged at 1500 × g for 15 min. The serum 
samples so obtained were kept stored at −80°C 
until they were analyzed. 

Determination of Brain-Derived Neurotrophic 
Factor, Cortisol and Endothelin-1 Concentrations 

Assays of blood serum levels of BDNF, C, 
and ET-1 were performed using a commercially 
available Quantikine ELISA kit (R&D Systems, 
Minneapolis, MN, USA) in compliance with the 
procedure supplied by the manufacturer. This 
method allows for measurements of BDNF, C, and  
 

 
ET-1 in the range of 0.372–4000 pg/mL, 0.030–100 
ng/mL, and 0.031–50 ng/mL, respectively. The 
intra-assay coefficient of variance was <4.0%, <8%, 
<4%, respectively. To quantify the level, a standard 
curve was performed using a standard solution. 

Determination of Catecholamines by HPLC 
Method 

Assays of blood serum levels of adrenalin 
(A), noradrenaline (NA) and dopamine (DA) were 
carried out using a high-performance liquid 
chromatograph (HPLC, Gynkotek, Copenhagen, 
Denmark) with electrochemical detection using a 
Coulochem III model 520 (ESSA, Copenhagen, 
Denmark). Serum samples were mixed with 0.1 M 
perchloric acid containing 22.5 ng/mL ascorbic acid 
(ASC, Sigma-Aldrich, St. Louis, MO, USA). After 
being centrifuged at 15,000 g for 10 min at 4°C, the 
supernatant was filtered through a nylon syringe 
filter (Millipore, 0.22 μm, Merck KGaA, Darmstadt, 
Germany). Samples of 20 μL filtrate were then 
injected into a high-performance liquid 
chromatography system (Gynkotek, Copenhagen, 
Denmark) equipped with a Hypersil Gold (15 cm × 
4.6 mm) column (Thermo Electron Corporation, 
Kleinostheim, Germany). The samples were eluted 
by a mobile phase comprising 107 mM of Na2HPO4 
× 2H2O, 107 mM citric acid, 0.3 mM octane-1 
sulfonic acid sodium salt (OSA), 0.2 μM of EDTA, 
pH, 4.6, 1.5% methanol and 1.5% acetonitrile, at a 
flow rate of 0.8 mL/min. The column temperature 
was set at 25°C. Peaks were identified by 
electrochemical detection (Coulochem III, ESSA, 
Copenhagen, Denmark) with potentials set at E1 = 
−50 mV and E2 = +400 mV. Data were collected and 
analyzed using Chromeleon software running on a 
PC (Gynkotek, Copenhagen, Denmark). DA and 5-
HT levels in the sample were calculated by 
extrapolating the peak area from a standard curve. 

Determination of Nitric Oxide in Serum 

Nitrate/nitrite (NO) concentration was 
determined in serum using a Total Nitric Oxide 
and Nitrate/Nitrite assay (kat. No.KGE001; R&D 
Systems, Minneapolis, MN, USA) according to the 
manufacturer’s instruction.  This assay determines 
nitric oxide concentrations based on the enzymatic 
conversion of nitrate to nitrite by nitrate reductase. 
The reaction is followed by colorimetric detection 
of nitrite as an azo dye product of the Griess 
Reaction. The Griess Reaction is based on the  
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twostep diazotization reaction in which acidified 
NO2- produces a nitrosating agent, which reacts 
with sulfanilic acid to produce the diazonium ion. 
This ion is then coupled to N-(1-naphthyl) 
ethylenediamine to form the chromophoric azo-
derivative which absorbs light at 540–570 nm. The 
optical density (OD) in each 96-well plate  was 
measured using a microplate reader (Ex 800 TK 
Biotech, Taipei City, Taiwan) at 540 nm. The 
concentration of nitrite was calculated by the 
nitrite standard curve. 

Statistical Analysis 

The results of the study were analyzed 
using Statistica 13.3 software (TIBCO Software Inc., 
USA). The results are presented as arithmetic 
means (x) and standard deviations (SD). The 
statistical significance was set at p < 0.05. Prior to 
all statistical analyses, the normality of the 
distribution of variables was verified using the 
Shapiro-Wilk test. The intergroup differences 
between the research trials, comparisons of 
repeated measurements and differences between 
the groups were assessed by the analysis of 
variance (ANOVA) for repeated measures. When 
significant differences were found, the Tukey’s 
post-hoc test was used.  

Results 
Incremental Test Results and Blood Lactate 
Concentration 

ANOVA with repeated measures showed 
a significant interaction (conditions × groups) for 
the maximal workload (WRmax, F = 3.5; p < 0.05) and 
VO2max (F = 91.2; p < 0.001) during the incremental 
test. Statistical analysis did not show a significant 
interaction (conditions × groups) for delta values of 
blood lactate concentration (∆LA) during the 
incremental test; however, ∆ values of LA in 
hypoxia were significantly different compared to 
normoxia (F = 40.09, p < 0.001). 

The Tukey’s post-hoc test revealed that 
WRmax (p < 0.001) decreased significantly due to 
hypoxia exposition (3000 m) in all groups (by 
14.1% in E athletes, 11.7% in S athletes, and 16.7% 
in the C group) (Figure 1a). Moreover, WRmax 

values in the E group were significantly (p < 0.01) 
higher compared to the S and C groups under 
normoxia and hypoxia (Figure 1a). The same trend 
of changes was also observed in VO2max values 
under hypoxia. The statistical analysis showed a  
 

 
significant (p < 0.001) decrease in VO2max values 
under hypoxia (3000 m) in all tested groups (by 
16.7% in E athletes, 14.3% in S athletes, and 18.2% 
in  the C group; Figure 1b). The values of VO2max in 
the E group were significantly (p < 0.001) higher 
compared to the values in S and C groups under 
normoxia and hypoxia (Figure 1b). However, ∆LA 
during the incremental test under hypoxia 
significantly (p < 0.05) increased in S and E groups, 
by 7.5% and 9.7%, respectively, compared to 
normoxia (Figure 2). There were no statistically 
significant changes in ∆LA values in the C group 
under hypoxia. 

Choice Reaction Time and the Number of Correct 
Reactions 

ANOVA with repeated measures for time 
× group interactions showed statistically 
significant differences in CRT under normoxia (F = 
15.46, p < 0.001) and hypoxia. Similarly, there was 
a significant difference in NCR under normoxia (F 
= 3.98; p < 0.0) and hypoxia (3000 m) (F = 18.18; p < 
0.001). 

The Tukey’s post-hoc test revealed a 
significant (p < 0.05) increase in CRT immediately 
after the test, and a significant (p < 0.05) decrease 
after 3 min of recovery only in the E group under 
normoxia and hypoxia (Figures 3a, 3b). There were 
no significant differences in CRT in the S and C 
groups under either condition, as well as between 
conditions (normoxia vs. hypoxia) in all groups. 

There were no significant differences in 
NCR in the S and C groups under either condition, 
or between conditions (normoxia vs. hypoxia) in 
all groups (Figures 4a and 4b). The post-hoc test 
showed a significant (p < 0.05) decrease in NCR 
immediately after the test, and a significant (p < 
0.05) increase after 3 min of recovery only in the E 
group under hypoxia (Figure 4b).  

Brain Derived Neurotrophic Factor and Selected 
Biochemical Variables 

ANOVA with repeated measures for time 
× group interactions showed statistically 
significant differences in BDNF concentration 
under normoxia (F = 2.55, p < 0.05) and hypoxia (F 
= 34.93, p < 0.001), ET-1 concentration under 
normoxia (F = 4.27; p < 0.01) and hypoxia (F = 3.53; 
p < 0.05), NO2- under normoxia (F = 5.01; p < 0.01) 
and hypoxia (F = 10.72; p < 0.0001), COR only under 
normoxia (F = 2.89; p < 0.06), and A under normoxia 
(F = 8.18; p < 0.001) and hypoxia (F = 18.75; p< 0.001).  
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There were no significant time × group interactions 
for DA and NA concentration under normoxia and 
hypoxia. However, NA concentration under 
hypoxia was significantly different (F = 12.62, p < 
0.001) compared to normoxia.  

ANOVA with repeated measures did not 
show a significant condition × group interaction for 
BDNF concentration at rest, immediately after the 
test and after 1 h of recovery; however, BDNF 
concentration immediately after the test under 
hypoxia was significantly different (F = 11.48, p < 
0.01) compared to normoxia. 

The Tukey’s post-hoc test showed that 
BDNF concentration under normoxia significantly 
increased immediately after the test in the E group 
(by 30.5%; p < 0.05) and the C group (by 34.1%; p < 
0.01). Additionally, BDNF concentration decreased 
significantly (p < 0.01) after 1 h of recovery, by 
24.4% in the C group, and 39.5% in the S group 
under normoxia (Figure 5a). Under hypoxia 
conditions (3000 m), BDNF concentration 
increased significantly (p < 0.05) immediately after 
the test in all groups (by 46.8% in E athletes, 32.1% 
in S athletes, and 42.3% in the C group). After 1 h 
of recovery, BDNF concentration significantly 
decreased (p < 0.001) by 40.8% in the E group, and 
by 29.7% in the C group. There was no significant 
decrease in BDNF concentration after 1 h of 
recovery in the S group in the hypoxia 
environment (Figure 5b). The Tukey’s post-hoc test 
revealed that BDNF concentration immediately 
after the test in the E group was significantly 
higher (by 6.5%, p < 0.05) under hypoxia compared 
to normoxia.  

Additionally, the post-hoc test showed 
that ET-1 significantly increased immediately after 
the test (by 44.9%, p < 0.001), and significantly 
decreased after 1 h of recovery (by 47.8%, p < 0.001), 
compared to the resting level in the C group under 
normoxia (Table 1). Under hypoxia, ET-1 increased 
significantly immediately after the test only in the 
C group (by 35.2%, p < 0.001). There were no 
significant differences in other groups in ET-1 
concentration (Table 2). 

Under normoxia, NO2- decreased 
significantly (p < 0.01) by 46.7%, after 1 h of 
recovery compared to values after exercise in the C 
group (Table 1). Hoverer, under hypoxia, NO2- 
increased significantly (p < 0.05) immediately after 
the test in the E and C groups, by 52.3% and 96.2%, 
respectively. After 1 h of recovery under hypoxia  
 

 
condition, NO2- concentration decreased 
significantly (by 43.3%, p < 0.01) only in the E 
group. Serum concentration of COR increased 
significantly (by 56.3%, p < 0.001) immediately after 
the test compared to initial concentration in the C 
group, and decreased significantly (by 28.8%, p < 
0.001) in this group after 1 h of recovery(Table 2). 
There were no significant differences under 
normoxia and hypoxia in other examined groups. 
Concentration of NA increased significantly (p < 
0.01) immediately after the test by 55.9% in the E 
group under normoxia, and by 221.1% under 
hypoxia. There were no significant differences in 
other groups under all conditions (Tables 1 and 2). 
Under normoxia, levels of A increased 
significantly (p < 0.001) immediately after the test 
in all groups (611.5% in E athletes, 918.8% in S 
athletes, 491% in the C group). Moreover, in the S 
group, after 1 h of recovery, A concentration was 
significantly (p < 0.001) lower than at rest, by 
837.1%, and in the E group by 68.1% compared to 
the level after exercise. Under hypoxia, statistical 
differences in the A level were only found in the E 
group. After exercise, the A level increased 
significantly (p < 0.001), by 632.9%, and decreased 
significantly (p < 0.001) after 1 h of recovery, by 
42.8%. Additionally, in the S group, there was a 
tendency (p < 0.08) towards an increase in the A 
level immediately after the test under hypoxia, by 
940%. 

Discussion 
Among the factors that have an influence 

on the combined effects of exercise and hypoxia on 
cognitive performance, a pivotal role is attributed 
to the severity or/and duration of hypoxia, as well 
as to the intensity or/and duration of exercise 
(Taylor et al., 2016). Less recognized and poorly 
investigated is the influence of the type of exercise 
and the performance level on cognitive 
performance in well-trained athletes. Evidence 
from previous studies indicates that endurance- 
and strength-training processes cause different 
adaptive changes at the CNS and peripheral levels 
(Leveritt et al., 1999). Taking this into account, one 
may argue that different types of exercise 
(endurance vs. strength) contribute to cognitive 
performance in a different way. At the CNS level, 
a plethora of changes in response to different types 
of exercise is particularly assigned to the lateral 
and dorsolateral prefrontal cortex, which takes  
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part in regulating many human executive 
functions to prepare for situations demanding high 
levels of working memory, attention and cognitive 
flexibility (Arsten, 2011; Ludyga et al., 2016). This 
response can be attributed to the neural activation 
of dopaminergic, noradrenergic, glutaminergic 
systems and some neuropeptides (for example  

 
BDNF) which play a key role in activation of the 
prefrontal cortex and thereby cognitive function, as 
well as to periphery produced substances during 
exercise (for example lactate or ammonia) which 
can cross the blood-brain barrier (Arsten, 2011; 
Świątkiewicz et al., 2023; Zajac et al., 2015). 

 
 

 
 

 

Table 1. Mean values of selected biochemical variables registered under normoxia condition at rest, 
immediately after the incremental test (max) and after 1 h of recovery (after 1 h). 

Variables 

 
Normoxia 

 at rest max after 1 h 
group x ± SD Me x ± SD Me x ± SD Me 

ET-1 
[pg/ml] 

S 6.8 ± 4.5 4.8 8.4 ± 4.1 6.5 6.7 ± 4.0 5.4 

E 2.5 ± 0.9 2.5 2.4 ± 1.8 2.3 2.0 ± 1.1 1.8 

C 6.9 ± 3.1 6.7 10 ± 2.8*** 11.3 10.2 ± 4.7** 8.6 

NO2- 
[pg/ml] 

S 41.5 ± 28.5 28.7 39.7 ± 24.3 28.1 47.1 ± 13.5 46.8 

E 29.8 ± 12.2 27.5 47.7 ± 22.8 36.9 31.5 ± 12.6 25.7 

C 49.1 ± 21.5 54.9 59.5 ± 20.6 48.2 31.7 ± 18.2# 27.7 

C 
[pg/ml] 

S 7.1 ± 2.7 6.3 11 ± 3.4*** 11.1 7.9 ± 3.1# 7.4 

E 7.8 ± 3.0 6.7 11.1 ± 3.5 11.3 9.4 ± 2.9 9.7 

C 7.8 ± 3.0 6.6 11.0 ± 3.5 10.3 9.5 ± 2.9 9.7 

NA 
[pg/l] 

S 127.9 ± 72.0 136.3 263.1 ± 126.8 240.7 262.5 ± 93.4 237.1 

E 363.6 ± 207.8 366.4 566.8 ± 261.3** 575.6 422.1 ± 212.9 471.8 

C 364.5 ± 133.3 350.3 439.9 ± 123.8 422.1 442.3 ± 89.7 402.6 

 
A 

[pg/l] 

S 18.6 ± 12.6 14.1 189.5 ± 92.7** 165.6 174.3 ± 50.1*** 163.1 

E 53.9 ± 31.0 46.0 383.5 ± 197.2*** 351.8 122.5 ± 102.0## 117.0 

C 31.9 ± 8.0 29.2 188.5 ± 32.0*** 189.5 133.4 ± 22.1 139.7 

DA 
[pg/l] 

S 12.0 ± 7.2 11.8 17.5 ± 10.1 13.5 16.3 ± 10.8 13.1 

E 4.3 ± 1.7 4.2 8.7 ± 6.1 7.6 5.4 ± 1.3 5.2 

C 13.8 ± 2.5 14.3 19.9 ± 4.2 18.8 14.8 ± 1.4 15.1 

S – strength-trained; E – endurance-trained; C – control; * p < 0.05; ** p < 0.01;  
*** p < 0.001 compared to rest; # p < 0.01; ## p < 0.001 compared to max; & p < 0.08 compared to rest 
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Table 2. Mean values of selected biochemical variables registered under hypoxia condition at rest, 
immediately after the incremental test (max) and after 1 h of recovery (after 1 h). 

Variables 

 Hypoxia 3000 m 

group at rest max after 1 h 
x ± SD Me x ± SD Me x ± SD Me 

ET-1 
[pg/ml] 

S 6.8 ± 3.3 6.4 8.1 ± 2.7 7.5 8.2 ± 3.4 7.4 

E 2.3 ± 0.8 2.5 
2.3 

± 1.0 
2.5 2.6 ± 1.2 2.3 

C 9.1 ± 4.0 7.6 12.3 ± 5.8*** 9.7 10.6 ± 3.9 11.9 

NO2- 
[pg/ml] 

S 46.7 ± 21.7 36.2 38.9 ± 6.6 42.6 51.8 ± 23.1 41.8 

E 35.0 ± 16.7 40.1 53.3 ± 16.6* 51.0 30.2 ± 9.5# 28.0 

C 29.2 ± 12.3 31.0 57.3 ± 23.8*** 56.6 22.4 ± 5.5# 23.0 

C 
[pg/ml] 

S 6.1 ± 2.4 6.1 9.1 ± 2.6 8.9 8.1 ± 9.2 5.9 

E 6.6 ± 2.3 6.4 8.3 ± 2.5 8.8 8.1 ± 4.3 7.1 

C 6.6 ± 2.2 6.4 9.9 ± 2.0 9.2 9.4 ± 2.9 9.7 

NA 
[pg/l] 

S 367.0 ± 198.9 470.9 732.3 ± 326.9 746.6 639.9 ± 231.5 588.4 

E 326.3 ± 158.9 238.6 1047.6 ± 1080.6* 348.4 591.5 ± 374.1 471.8 

C 149.9 ± 43.2 136.0 392.3 ± 167.7 336.6 416.9 ± 78.4 399.6 

 
A 

[pg/l] 

S 31.5 ± 13.5 25.5 327.6 ± 91.5& 318.9 301.1 ± 130.0 333.6 

E 204.4 ± 74.5 228.5 1498.1 ± 627.0** 1539.1 856.9 ± 261.4*# 763.7 

C 36.2 ± 7.4 37.9 271.3 ± 67.0 302.5 191.4 ± 40.7 198.9 

DA 
[pg/l] 

S 42.8 ± 20.0 38.3 50.7 ± 25.8 39.1 56.8 ± 21.5 55.8 

E 7.3 ± 2.6 6.8 12.5 ± 2.9 14.3 12.6 ± 5.5 13.7 

C 13.5 ± 3.7 15.1 20.1 ± 2.5 21.5 16.7 ± 1.3 16.9 

S – strength-trained; E – endurance-trained; C – control; * p < 0.05; ** p < 0.01;  
*** p < 0.001 compared to rest; # p < 0.01; ## p < 0.001 compared to max; & p < 0.08 compared to rest 

 
Figure 1. Mean values of the maximal workload (WRmax) (a) and VO2max (b) during the 

incremental test performed under different conditions. S – strength-trained; E – endurance-
trained; C – control; *** p < 0.001 (compared to normoxia); ** p < 0.001 (compared to normoxia); 

# p < 0.01 (compared to C and S groups under normoxia), ## p < 0.01 (compared to S and C 
groups under hypoxia) 
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Figure 2. Mean values of ∆LA after the incremental test performed under different conditions.  

* p < 0.05 (compared to normoxia); *** p < 0.001 (compared to normoxia) 

 
Figure 3. Choice reaction time (CRT) at rest, during maximal effort (max) and after  

3 min of recovery under (a) normoxia, and (b) hypoxia (3000 m). *** p < 0.001 

 
Figure 4. Number of correct reactions (NCR) at rest, during maximal effort (max)  
and after 3 min of recovery in (a) normoxia, and (b) hypoxia (3000 m). * p < 0.05 
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Figure 5. Brain-derived neurotrophic factor (BDNF) serum concentration at rest,  

immediately after the test (max) and after 1 h of recovery under (a) normoxia, and (b) hypoxia (3000 m).  
*p < 0.05; *** p < 0.001. 

 
 
 
 
 
 

Our study reveals that exercise to 
volitional exhaustion (EVE) does not change CRT 
or NCR in strength-trained (S) athletes under both 
normoxic and hypoxic conditions. A similar 
phenomenon was also seen in our control (C) 
group. In turn, in endurance-trained (E) athletes, 
the EVE impaired CRT under normoxia and 
hypoxia (increases of 0.03 s and 0.05 s, 
respectively). Additionally, under hypoxia, the 
EVE reduced NCR by 1.7 compared to the resting 
state. Moreover, under hypoxia, NCR was lower in 
the E group after the EVE, as compared to the S (by 
1.3) and C (by 1.2) groups.  

On the basis of the values of maximal 
power reached by participants in the investigated 
groups, it can be assumed that exercise-induced 
changes in psychomotor performance occur only 
in response to heavily exhaustive exercise stress. 
This is evidenced in the present study by the rating 
of maximum relative (F = 3.517, p = 0.043) and 
absolute power that achieved the highest values in 
the E group as compared to the S and C groups 
(Table 1). In line with this assumption are the 
observed changes in catecholamine levels and  
some other biochemical and cardiovascular  
variables. Interestingly, the greatest increase in A  
 

and NA immediately after exercise was observed  
in the E group, under both hypoxia and normoxia. 
Moreover, under hypoxia, this increase was two 
and three times greater than under normoxia, 
respectively. At the same time, CRT was elongated 
immediately after maximal exercise under both 
normoxia and hypoxia; however, this change was 
significantly smaller under hypoxia compared to 
normoxia. In addition, the latter effect was 
accompanied by a reduction in NCR. Collectively, 
our results indicate that high-intensity exercise, 
performed during acute exposition to hypoxia, 
plays a dominant role in the pathomechanism of 
cognitive performance impairment. Previously, a 
similar effect was observed in healthy young 
people in response to interval exercise, as 
measured by the GNS task (Sun et al., 2019). 
Furthermore, the fact that only the E group showed 
cognitive impact of heavy exercise may reflect that 
these participants performed a higher overall 
motor activity (in the brain also) and exercised for  
a longer period of time than the other groups. The 
aforementioned influence on the brain could 
contribute to, and partially explain, differences  
between groups considering their cognitive 
function. 
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In our study, all groups were instructed to  

perform the maximal effort; therefore, we could 
expect similar effects at the CNS level. However, it 
has been shown that in endurance-trained athletes, 
a large percentage of exercise-induced fatigue 
originates from the so-called central fatigue 
(Tornero-Aquilera et al., 2022). In relation to our 
study, it can be assumed that E athletes terminated 
exercise more due to central fatigue than to 
peripheral fatigue, and this phenomenon was 
manifested by cognitive impairment. It is believed 
that strength-trained athletes are more sensitive to 
metabolic and chemical factors conducive to 
fatigue (Gandevia, 2001; Zajac et al., 2015). Hence, 
in our study S athletes could stop exercising 
without central fatigue, which resulted in no 
changes in cognitive function.  

Consistent with the above reasoning are 
the catecholamines data in the E group. The higher 
workload in this group is associated with a 
significant activation of the sympathetic nervous 
system, both under H and N, which resulted in 
increased peripheral concentration of A and NA. 
Again, we can assume that the S and C groups 
stopped exercising before central fatigue occurred. 
Some data indicate that the effect of 
catecholamines on cognition depends on their level 
in the brain. Their release following moderate 
intensity exercise may promote cognitive function 
(Chmura et al., 1994), while an excess in A and NA 
can lead to the so-called neuronal noise, which is 
associated with inhibition of brain efficiency 
including cognitive impairment (McMorris et al., 
2011, McMorris and Hale, 2012).  

Animal studies have shown that stress 
induces A and DA signaling in the prefrontal 
cortex (Reader, 1981). Acute exposure to hypoxia 
has been found to be a stress factor in rats, leading 
to a decrease in cognitive performance, 
accompanied by an increase in A and DA (Miguel 
et al., 2018). Our study did not confirm that DA is 
an important player in this phenomenon, which is 
in line with previous research (Piotrowicz et al., 
2020). 

Excitatory synapses, most of all 
glutaminergic, dominate in the gray matter in the  
prefrontal cortex, indicating that excitatory 
neurotransmission gives rise to most of the energy 
requirements in this structure. Since evidence  
points to reduced cerebral blood flow under high 
intensity exercise, this can lead to reduced oxygen  
 

 
and glucose delivery from the vasculature into  
neurons and uncoupling between energy demand 
and supply. However, PET studies bring support 
to the notion that neuronal metabolic needs are met 
by glycolysis (Frigley and Stroman, 2011). Since the 
brain contains little energy reserves, the continued 
supply of energy substrates to neurons can be 
balanced by a large increase in LA production via 
the astrocyte-neuron lactate shuttle (Migistretti, 
2009). This LA is released in the extracellular space 
(Bousier-Sore et al., 2006). What seems to be 
equally important, especially in our experimental 
setup, is the transport of LA from the blood via 
monocarboxylate transporters to the brain 
(Quistorff et al., 2008). In our study, the highest 
blood LA values in response to maximal exercise 
occurred in endurance-trained athletes both under 
hypoxic and normoxic conditions (11.6 mmol/l vs. 
13.7 mmol/l, respectively), which created the most 
favorable conditions for the transport of this 
metabolite to the brain among the studied groups. 
A large body of evidence shows that neurons can 
efficiently use LA as an energy substrate 
(Boumezbeur et al., 2010), which is even 
preferentially metabolized over glucose when 
these substrates are simultaneously available (Itoh 
et al., 2003).  

Interestingly, exercise-induced elevated 
BDNF levels did not prevent cognitive impairment 
in the E group under both normoxia and hypoxia 
conditions. Moreover, there was no effect on the 
improvement in CRT and NCR in the control 
group. Previous data indicated that one of the most 
important factors which can improve cognitive 
functions by exercise is the BDNF (Chang et al., 
2012; Liu and Nusslock, 2018). However, they 
strongly relate to endurance training or prolonged 
aerobic exercises (Erickson et al., 2011; Huang and 
Reichard, 2009). It is believed that BDNF can 
improve cognition by binding to the TRKb 
receptor, triggering a neuroprotective cascade of 
intracellular signaling which involves the CaMK II, 
MAPK pathways (Małczyńska et al., 2019; 
McMorris and Hale, 2012). However, some authors 
suggest that the time to induce this positive effect 
is delayed (Slusher et al., 2018). Following this 
path, it would be expected that in our study, the 
improved CRT after rest under normoxia and 
hypoxia conditions was the result of the post- 
exercise BDNF increase. It should be noted that 
some authors did not report any relationship  
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between BDNF changes and executive functions in  
relation to acute exercise (Piotrowicz et al., 2020; 
Slusher et al., 2018). Additionally, Slusher et al. 
(2018) showed improvement in cognitive functions 
after resting from short-interval exercise, but no 
correlation with the BDNF level, which could also 
confirm the delayed post-exercise effects of BDNF. 

Another important finding is that the S 
group showed no increase in the BDNF as a result 
of the EVE under either normoxia or hypoxia. 
Under normoxia, the suppression of BDNF 
secretion could be explained by a significant 
increase in COR in this group. It is believed that 
stress is a factor releasing this hormone into the 
bloodstream (Choi et al., 2018), and its exercise 
level may be negatively correlated with the level of 
BDNF (Whiteman et al., 2014). Studies on animal 
models have shown that an increase in cortisol 
production caused a decrease in the production of 
BDNF in the brain (Dessypris et al., 1980; Zajac et 
al., 2010). It has been shown that the negative 
correlation can be also caused by a mutation in the 
BDNF encoding gene, resulting in a methionine 
(Met) occurrence in protein 66th residue 
(Val66Met) (Garcia-Suarez et al., 2020). 
Additionally, individuals with the aforementioned 
polymorphism may not show a response to 
exercise in the form of an increase in BDNF (Egan 
et al., 2003). 

In the brain, ET-1 is produced by epithelial 
as well as neuronal and glial cells (among others), 
and is considered as the most potent 
vasoconstrictor and mitogen yet found 
(Silpanisong et al., 2017). ET-1 plays an essential 
role in the control of the brain microcirculation 
(Petrov et al., 2002). ET-1 stimulates secretion of 
nitric oxide and some other peptides participating 
in the hormonal control of salt and water balance 
(Levin, 1996). Under both physiological conditions 
and during exercise, ET-1 and NO play a pivotal 
antagonistic role in modulating the diameter of 
blood vessels (De Mey and Vanhutte, 2014; 
Rapoport and Merkus, 2018). Hypoxia and 
ischemia augment peripheral ET-1 secretion; 
however, their impact on brain ET-1 production 
and secretion is still poorly recognized (Levin,  
1996).  Importantly, during exercise, ET-1 is 
released to regulate vascular tone in areas that are 
not involved in exercise, thereby redirecting blood  
to organs involved in exercise, including the brain. 
In turn, increased exercise intensity may also lead  
 

 
to a balance between NO and ET-1 production due  
to pulsatile shear stress (De Mey and Vanhutte, 
2014). The second factor enhancing production of 
the mentioned substances is hypoxia (Ogh et al., 
2014). In our study, a significant increase in 
peripheral NO in the E and C groups during 
exercises under hypoxic condition may suggest an 
additive effect of these two factors in enhanced low 
body oxygen availability. This phenomenon is 
accompanied by an increase in the BDNF. The lack 
of significant changes in the level of ET-1 in our 
study indicates the lack of a meaningful role of this 
peptide in the regulation of cerebral 
microcirculation under hypoxia. This is in line with 
recent research indicating that acute intermittent 
hypoxia (IH) causes an increase in ET-1, muscle 
sympathetic nerve activity (MSNA) and blood 
pressure (BP) in healthy young men; however, the 
effects of IH on MSNA and BP do not occur via 
activation of ET receptors in untrained healthy 
young men (Limberg et al., 2022). The 
experimental evidence is more indicative of the 
conclusion that activated astrocytes are the most 
potent brain microcirculation regulators via 
termination ends located on significant portions of 
the intracerebral circulation (Nedergaard et al., 
2002) and this cell population is well positioned to 
integrate neuronal activity and link neuronal 
activity to the vascular network (Ransom et al., 
2003).  

The correlation of BDNF production due to 
the NO signalization (Banoujaafar et al., 2016) is 
supported by the fact that in the C group, we did 
not observe an increase in either NO or BDNF due 
to the EVE. However, conversely, under normoxia, 
the exercise production of the aforementioned 
neurotrophin was increased despite there being no 
differences in NO concentration, which suggests 
that the BDNF can be synthesized independently 
of NO. Due to the fact that the increase in NO 
concentration in our study was not associated with 
the improvement in cognitive function in any 
group, it seems that this substance is not a major 
player in this phenomenon. It is worth mentioning 
that many studies which confirm the positive effect 
of NO on cognitive function were performed in  
vitro or after exogenic administration of NO 
(Lefferts et al., 2016). Moreover, Canossa et al. 
(2002) reported that only exogenously  
administered NO had a positive effect on the 
BDNF level and endogenous administration could  
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suppress the production of this neurotrophin 
(Canossa et al., 2002). 

Conclusions 
Maximal endurance exercise to volitional 

exhaustion impairs cognitive function only in 
endurance-trained young men, which is probably 
caused by the coexistence of peripheral and central  
fatigue. Higher involvement of the sympathetic  
nervous system expressed by elevated blood levels  
 

 
of A and NA in such athletes (compared to 
strength-trained athletes and individuals leading a  
sedentary lifestyle) may also play a role in this 
phenomenon. Additionally, exposure to moderate 
hypoxia did not have a negative impact on CRT or 
NCR. BDNF, which is known as the main factor 
enhancing cognitive function, in our study did not 
play an important role during exercise. Moreover, 
both NO and ET-1 seemed to have no effect on 
cognition, independent of oxygen availability 
(normoxia vs. moderate hypoxia) and the 
performance level. 
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