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A b s t r a c t

Introduction: Our previous studies showed only slight improvement in central fatigue, measured indirectly by psy-
chomotor performance, after branched chain amino acids (BCAA) supplementation during various efforts in healthy 
men. It is hypothesised that hyperammonaemia resulting from amino acids metabolism may attenuate their benefi-
cial effect on psychomotor performance; therefore, the L-ornithine L-aspartate (OA) as an ammonia decreasing agent 
was used. The aim of this study was to investigate the effectiveness of oral BCAA + OA supplementation to reduce 
plasma ammonia concentration and enhance psychomotor performance during exhaustive exercise in healthy men.
Material and methods: Eleven endurance-trained men (mean age 32.6 ± 1.9 years) performed two sessions (separat-
ed by one week) of submaximal cycloergometer exercise for 90 minutes at 60% of maximal oxygen uptake followed 
by graded exercise until exhaustion with randomised, double-blind supplementation with a total of 16 g BCAA and 
12 g OA (BCAA + OA trial) or flavoured water (placebo trial). Before exercise, during both efforts and after 20 minutes 
of recovery multiple choice reaction time (MCRT), perceived exertion, heart rate and oxygen uptake were measured 
and venous blood samples were taken for plasma leucine, valine, isoleucine, ornithine, aspartate, free tryptophan 
(fTRP), ammonia, lactate and glucose determination.
Results: After ingestion, during both efforts and after 20 minutes of recovery the plasma concentrations of all supple-
mented amino acids were significantly increased, while the fTRP/BCAA ratio decreased in the BCAA + OA trial more 
than in the placebo trial. At the end of graded exercise plasma fTRP was lower and MCRT shorter in BCAA + OA than 
in the placebo trial (p < 0.05). At the end of prolonged exercise the plasma ammonia concentration was higher in 
BCAA + OA than in placebo trial (p < 0.05). Decreases in plasma ammonia during recovery were significantly higher 
in BCAA + OA than in the placebo trial. Plasma ammonia positively correlated with the total plasma BCAA and MCRT 
only in the BCAA + OA trial. The fTRP/BCAA ratio positively correlated with MCRT only in the placebo trial.
Conclusions: Supplementation with BCAA and OA is a useful way to improve MCRT during high-intensity exercise 
and accelerate the elimination of ammonia at the recovery stage after exercise in healthy young men.

Key words: hyperammonaemia, tryptophan, brain, psychomotor performance, reaction time, effort.

Communicating author: 

Tomasz Mikulski, Mossakowski Medical Research Centre, 5 Pawinskiego St., 02-106 Warszawa, Poland, phone: +48 22 608 65 17,  

fax: +48 22 668 54 45, e-mail: tomik@imdik.pan.pl

mailto:tomik@imdik.pan.pl


378 Folia Neuropathologica 2015; 53/4

Tomasz Mikulski, Jan Dabrowski, Wojciech Hilgier, Andrzej Ziemba, Krzysztof Krzeminski

Introduction 

Exercise fatigue usually involves both peripher-
al muscle and central fatigue. Peripheral fatigue is 
relatively well understood, while the knowledge of 
mechanisms underlying central fatigue is still limit-
ed. Stress central fatigue may arise from changes in 
various neurotransmitters in the brain secondary to 
the changes that occur in the body, especially in the 
working muscles and in the mind. There are several 
theories concerning central fatigue, including mod-
ulation of glutamatergic and GABA-ergic synaptic 
signal transmission, as well as increased serotonin, 
which works as a neurotransmitter in the brain [3,26]. 
Since administration of selective serotonin reuptake 
inhibitors in humans has shown increased fatigue 
and perceived exertion [41,49] it seems likely that 
central fatigue may result from enhanced synthesis 
and release of serotonin from some neurons in the 
brain [14,26,50]. Serotonin is synthesised from L-tryp-
tophan by a metabolic pathway consisting inter alia 
of tryptophan hydroxylase, the rate-limiting enzyme 
of serotonin synthesis [27,32,37]. Tryptophan circu-
lates in blood in both albumin-bound and free forms. 
The free form crosses the blood-brain barrier and is 
converted into serotonin. Increased plasma free tryp-
tophan (fTRP) enhances the rate of entry of trypto-
phan into the brain. Free tryptophan, the branched-
chain amino acids (BCAA), as well as other amino 
acids share a common transporter across the blood-
brain barrier [17,28,38]. Similarly, tryptophan and free 
fatty acids (FFA) compete for the same binding sites 
to albumin [24]. 

Thus, the reduction in BCAA and elevation in FFA 
may lead to an increase of tryptophan uptake into 
the brain. Some studies in human subjects [19] and 
in animals [13,37] have shown that exercise-induced 
increases in fTRP/BCAA ratio, due to higher BCAA oxi-
dation in skeletal muscles and FFA mobilisation from 
adipose tissue, are associated with an increased 
rate of serotonin synthesis in brain neurons [12,49].  
The rate of serotonin synthesis can be lowered by 
raising the blood BCAA concentration, which reduces 
tryptophan uptake into the brain. Studies in human 
subjects have shown that ingestion of BCAA reduc-
es the perceived exertion and mental fatigue during 
standardised cycle ergometer exercise and sustained 
heavy exercise (a  competitive 30-km cross-country 
race), as well as improves cognitive performance 
after exercise in human subjects [12,15,16,29,39,49]. 
However, the BCAA supplementation did not affect 

physical fatigue and was ineffective in preventing 
muscle power loss and perceived muscle pain dur-
ing strenuous exercise such as in a marathon race 
[5,49]. Our previous studies in soccer players [39,54] 
showed a slight improvement in psychomotor per-
formance after BCAA supplementation during both 
graded exercise until exhaustion and treadmill run-
ning simulating a football game. 

Several studies demonstrated that both ingested 
BCAA and prolonged exercise itself can enhance the 
circulating level and the cerebral uptake of ammonia 
[4,25,40]. Strüder et al. [49] demonstrated that the 
increase in plasma ammonia during strenuous activ-
ity is significantly higher in subjects supplemented 
with BCAA than in the group supplemented with 
tyrosine or placebo. Elevated ammonia concentra-
tion is a result of both increased catabolism of amino 
acids and purine nucleotide deamination within the 
working muscles [34,43]. Since ammonia is crossing 
the blood-brain barrier [6], its high circulating level 
can cause detrimental effects on neurotransmitter 
metabolism (glutamate, GABA), neurotransmission 
as well as cerebral metabolism, which in turn may 
lead to central fatigue [3,4,9]. The enhanced cere-
bral ammonia uptake was observed during both 
prolonged and maximal exercise [4,9]. Thus, it was 
concluded that hyperammonaemia may cause cen-
tral fatigue. Since in most experimental studies 
[7,35,42,44,48] the greatest effect on ammonia reduc-
tion was achieved with L-ornithine L-aspartate (OA), 
it seems likely that oral intake of BCAA together with 
OA may reduce ammonia accumulation and cerebral 
absorption, thereby delaying fatigue. 

The present study was designed to investigate 
the effectiveness of a BCAA + OA containing drink to 
reduce plasma ammonia concentration and enhance 
the psychomotor performance (assessed by mea-
surement of multiple-choice reaction time) during 
high-intensity exercise in healthy young men. It has 
been reported that the multiple-choice reaction time 
closely reflects the flow rate of neurophysiological, 
cognitive, and information processes that are creat-
ed by the action of stimulus on the subject’s sensory 
system [10,30].

Material and methods 

Eleven healthy, endurance-trained male volun-
teers (mean age 32.6 ± 1.9 years, height 180 ± 2.0 cm,  
weight 73.6 ± 1.6 kg, BMI 22.3 ± 0.3 kg × m–2 (range 
20.60-24.19 kg × m–2), peak oxygen uptake 59 ± 1 ml × 
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kg–1 × min–1 (range 56-73 ml × kg–1 × min–1) and mean 
arterial blood pressure 79 ± 3 mmHg; the values are 
means ± SEM) participated in this study. They were 
asked to refrain from strenuous activity and caffeine 
or alcohol consumption three days prior to the study. 
All subjects gave their informed consent to partici-
pate in the study. The investigation conforms to the 
principles outlined in the Declaration of Helsinki and 
was approved by the Local Ethics Committee (permis-
sion No. KB/48/2009). All procedures were carried out 
under similar environmental conditions (23-24°C and 
50-60% humidity) between 8:00 and 12:00 AM. The 
subjects visited the laboratory three times with one-
week intervals between the tests. 

On the first occasion, the subjects were sub-
mitted to an incremental, graded exercise test per-
formed on a  bicycle ergometer (EM 840, Siemens, 
Germany) until volitional exhaustion, to determine 
their maximal oxygen uptake (VO2 max). The work-
loads were increased by 50 Watts (W) every 3 min-
utes starting with 50 W. Oxygen uptake, carbon 
dioxide production and heart rate (HR) were continu-
ously recorded using a Vmax 29 (Sensormedics, USA) 
analyser. Before exercise and during the last two 
minutes of each workload a multiple-choice reaction 
time (MCRT) test was conducted in order to famil-
iarise the subjects with the procedure chosen for 
evaluation of psychomotor performance [10,30,39]. 
The subjects were asked to react to visual and audio 
stimuli by pressing as fast as possible the corre-
sponding buttons on the handlebars of the bicycle 
ergometer. Three coloured lights and sound were 
emitted in various time intervals by a psychomotor 
performance measurement device (CRR-APR-2/05, 
Unipar, Poland) with the signaller placed two metres 
in front of the subject at eye level. There were 15 
stimuli for which the reaction time was recorded in 
milliseconds (red light for right hand and sound for 
left hand), while other 15 stimuli (green and orange 
light) were supposed to be ignored. 

On the second and third occasion, according to the 
same protocol, the subjects were submitted to submax-
imal exercise performed on a bicycle ergometer lasting 
90 minutes at 60% HRmax followed by graded exercise 
performed until volitional exhaustion as during the first 
visit. Before exercise each subject performed an MCRT 
test. Afterwards, a catheter was inserted into the ante-
cubital vein in one arm for sampling of the plasma con-
centrations of amino acids (va line, leucine, isoleucine, 
tryptophan, ornithine, as partic acid), ammonia, lactate, 

and glucose. The blood samples were collected into 
the tubes containing EDTA as an anticoagulant. Then, 
the subjects were randomised in a double-blind cross-
over manner to receive amino acids with ornithine 
aspartate (BCAA + OA trial, n = 11) or flavoured water 
as placebo (placebo trial, n = 11). The supplements 
were given in a cross-over fashion, i.e. six of the sub-
jects started with BCAA and OA and the other five 
started with placebo, in the second experiment, after 
one week, the order was changed. Before exercise the 
subjects ingested 500 ml of either a flavoured solution 
containing 10 g of BCAA (leucine, valine, isoleucine;  
2 : 1 : 1, Olimp Labs) with 6 g of OA (Hepa-Merz 3000, 
Merz Pharmaceuticals GmbH, Germany) or flavoured 
water. Both drinks contained artificial sweetener, fruit 
flavour – orange syrup mixed with citric acid – and 
were indistinguishable in taste.

After a 30-minute rest period in a sitting position, 
baseline blood sample was taken and the subjects 
were submitted to prolonged submaximal exercise 
for 90 minutes at 60% of HRmax. 

In the 30th minute of exercise the second por-
tion of 500 ml solution containing 6 g of BCAA and 
6 g of OA or placebo was administered. After three 
minutes of rest, upon completion of the prolonged 
exercise, the subjects started graded exercise until 
volitional exhaustion, as they did at the first visit. 
Blood samples for determinations of the plasma 
amino acids, ammonia, glucose and lactate concen-
trations were taken in the 45th minute and at the end 
of prolonged exercise as well as at the end of each 
workload of graded exercise until exhaustion and 
after 20 minutes of recovery. Before exercise, in the 
45th minute and at the end of prolonged exercise, 
as well as during last two minutes of each workload 
of graded exercise until exhaustion MCRT was mea-
sured. Additionally, at the end of each workload of 
graded exercise the rate of perceived exertion with 
a 20-point Borg scale was recorded.

Amino acids were assayed in deproteinised blood 
samples using HPLC with fluorescence detection 
after derivatisation in a timed reaction with o-phtha-
laldehyde plus mercaptoethanol, as described by Kil-
patrick [36]. Derivatised samples were injected onto 
a 150 × 4.6-mm 5-µ Hypersil Gold BDS C18 column 
with a  mobile phase of 50-mM phosphate buffer 
containing 10% v/v methanol, pH 6.2 (solvent A), and 
methanol (solvent B). Blood ammonia and lactate 
concentrations were analysed using a  photometer 
Dr Lange LP420 (Konisburg, Germany) and cuvette 
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tests AM1054 (Randox, UK) and LKM140 (Hach Lange, 
Germany), respectively. Blood glucose concentration 
was measured using a  glucometer (Optium Xido, 
UK). The fTRP/BCAA ratio was calculated by dividing 
the concentration of free tryptophan by the sum-
marised concentrations of valine, leucine, and isole-
ucine (expressed in the same units). 

Statistical analysis

The data are expressed as means with standard 
errors of the mean (SEM). Distribution of results was 
analysed by Shapiro-Wilk’s test and paired t test or 
Wilcoxon test was used to compare results, accord-
ingly. Changes over time were examined with two-
way ANOVA for repeated measures, and p < 0.05 
was accepted as the level of significance. In addition, 
correlation coefficients were calculated between 
variables using linear regression analysis. For calcu-
lations, Statistica (2001) version 6 (Statsoft Inc., Tulsa, 
OK, USA) was used.

Results

The aerobic capacities of the young men were 
within the upper normal range for men of their res-

pective ages. There were no significant differences in 
HR, oxygen uptake and rating of perceived exertion, 
as well as in blood lactate or glucose between BCAA 
+ OA and placebo trials at all stages of the study. 
Supplementation with BCAA + OA caused significant 
increases in the pre-exercise resting plasma concen-
trations of valine, leucine, isoleucine and ornithine. 
The concentration of these amino acids in the plas-
ma remained significantly elevated during both types 
of exercise (prolonged – of moderate intensity and 
graded – until exhaustion) as well as after 20 minutes  
of the recovery period (Table I and II). Plasma aspar-
tic acid concentration was significantly higher at  
the end of prolonged moderate-intensity exercise and 
after 20 minutes of recovery period only in the BCAA 
+ OA trial (Table II). At the end of graded exercise 
until exhaustion plasma tryptophan was significantly  
lower in the BCAA + OA than in the placebo trial  
(19.2 ± 2.7 µM vs. 29.1 ± 2.0 µM, p < 0.05). The ratio 
of fTRP/BCAA was significantly lower in the BCAA + 
OA than in the placebo trial at all stages of the study 
(Table II). At the end of prolonged submaximal exer-
cise the plasma ammonia concentration was signifi-
cantly higher in the BCAA + OA than in the placebo trial  
(Fig. 1). Plasma ammonia decrease after graded exer-

Table I. Plasma valine, leucine, and isoleucine concentrations (branched chain amino acids – BCAA) at rest 
and during prolonged exercise followed by graded exercise until exhaustion with or without BCAA and 
ornithine aspartate (OA) supplementation

Placebo (n = 11) BCAA + OA (n = 11)

Valine (µM) Leucine (µM) Isoleucine (µM) Valine (µM) Leucine (µM) Isoleucine (µM)

Pre 138 ± 19 67 ± 5 36 ± 3 141 ± 26 82 ± 15 46 ± 9

Post 140 ± 10 70 ± 5 39 ± 3 335 ± 42*** 164 ± 19*** 129 ± 16***

45’ 136 ± 22 62 ± 9 37 ± 7 328 ± 53** 133 ± 24* 111 ± 21**

90’ 122 ± 29 56 ± 11 33 ± 8 409 ± 52*** 159 ± 25** 133 ± 22**

50 W 127 ± 20 58 ± 7 33 ± 5 385 ± 51** 147 ± 24** 115 ± 21**

100W 124 ± 23 55 ± 8 31 ± 5 342 ± 46** 108 ± 16** 87 ± 14**

150W 124 ± 20 56 ± 6 30 ± 6 373 ± 48*** 123 ± 18** 99 ± 15**

200W 133 ± 33 55 ± 8 32 ± 6 409 ± 45** 131 ± 15** 105 ± 14***

250W 128 ± 25 57 ± 6 33 ± 5 365 ± 45*** 113 ± 16** 91 ± 15***

300W 125 ± 20 57 ± 5 33 ± 4 439 ± 48** 110 ± 16* 82 ± 14**

350W 121 ± 11 58 ± 4 32 ± 3 324 ± 46** 112 ± 18** 78 ± 12**

Rec 117 ± 19 52 ± 6 29 ± 3 337 ± 52** 119 ± 25* 81 ± 16**

Pre – rest, Post – 30 minutes after ingestion of BCAA and OA (BCAA + OA) or placebo, 45’ and 90’ – minutes during prolonged submaximal exercise, 50-350 Watts 
– workloads of graded exercise until exhaustion, Rec – at the 20th min of the recovery period, BCAA + OA – amino acids with ornithine aspartate trial. Values 
are means ± SEM. * – denote significant differences between trials: *p < 0.05, **p < 0.01, ***p < 0.001
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Table II. Plasma ornithine and aspartic acid concentrations and the ratio of free tryptophan to branched 
chain amino acids (fTRP/BCAA) at rest and during prolonged exercise followed by graded exercise until 
exhaustion with or without BCAA and ornithine aspartate (OA) supplementation

Placebo (n = 11) BCAA + OA (n = 11)

Ornithine (µM) Aspartic acid (µM) fTRP/BCAA Ornithine (µM) Aspartic acid (µM) fTRP/BCAA

Pre 48 ± 6 3.3 ± 0.7 0.137 ± 0.012 47 ± 7 4.0 ± 0.8 0.134 ± 0.013

Post 49 ± 6 2.8 ± 0.5 0.137 ± 0.013 107 ± 14*** 3.4 ± 0.6 0.056 ± 0.006***

45’ 45 ± 6 2.5 ± 0.5 0.149 ± 0.015 119 ± 22** 3.1 ± 0.5 0.053 ± 0.010***

90’ 41 ± 5 2.5 ± 0.4 0.155 ± 0.017 187 ± 31*** 4.5 ± 0.8* 0.047 ± 0.010***

50 W 41 ± 5 3.1 ± 0.5 0.139 ± 0.014 155 ± 27*** 4.4 ± 0.9 0.047 ± 0.011**

100 W 40 ± 5 2.9 ± 0.4 0.151 ± 0.016 124 ± 18*** 3.5 ± 0.7 0.056 ± 0.140**

150 W 40 ± 5 2.7 ± 0.5 0.148 ± 0.009 134 ± 18*** 3.7 ± 0.7 0.055 ± 0.019**

200 W 39 ± 6 2.9 ± 0.5 0.151 ± 0.015 147 ± 20*** 4.0 ± 0.8 0.051 ± 0.012**

250 W 41 ± 6 2.6 ± 0.4 0.148 ± 0.016 122 ± 18*** 3.7 ± 0.7 0.058 ± 0.017**

300 W 44 ± 6 3.0 ± 0.7 0.139 ± 0.011 112 ± 21** 3.5 ± 0.7 0.052 ± 0.011**

350 W 42 ± 5 2.9 ± 0.6 0.144 ± 0.014 102 ± 15** 4.0 ± 0.6 0.049 ± 0.014**

Rec 42 ± 7 2.1 ± 0.5 0.136 ± 0.012 98 ± 21* 3.7 ± 0.6*** 0.058 ± 0.015**

Pre – rest, Post – 30 minutes after ingestion of BCAA and OA (BCAA+ OA) or placebo, 45’ and 90’ – minutes during prolonged submaximal exercise, 50-350 Watts 
– workloads of graded exercise until exhaustion, Rec – at the 20th min of the recovery period, BCAA+OA – amino acids with ornithine aspartate trial. Values are 
means ±SEM. *– denote significant differences between trials: *p < 0.05, **p < 0.01, ***p < 0.001

cise until exhaustion was significantly higher in the 
BCAA + OA than in the placebo trial (Δ 99.5 ± 16.6 µM 
vs. Δ 51.4 ± 11.5 µM, p < 0.05; Fig. 2). After 20 minutes 

of the recovery period the plasma ammonia concen-
tration did not differ significantly from the resting 
values only in the BCAA + OA trial (Fig. 1). At work-
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Fig. 1. Plasma ammonia concentration at rest (Pre) 30 minutes after ingestion of branched chain amino acids 
(BCAA) and ornithine aspartate (OA) (BCAA + OA) or placebo (Post), during both prolonged submaximal exer-
cise (45’ and 90’) and graded exercise until exhaustion (50-350 Watts workloads) and at the 20th min of the 
recovery period (Rec). Values are means ± SE. * – denotes significant differences between trials: *p < 0.05; 
x – denotes significant differences from the resting values: xp < 0.05.
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loads of 100 W, 150 W and at the end of graded 
exercise until exhaustion MCRT was significantly 
shorter in the BCAA + OA than in the placebo trial 
(272 ± 8 ms vs. 286 ± 8 ms, p < 0.05; 271 ± 9 ms vs. 
287 ± 8 ms, p < 0.05; and 281 ± 7 ms vs. 310 ± 8 ms, 
p < 0.01, respectively; Fig. 3). Plasma ammonia con-
centration correlated positively with the total plas-
ma BCAA in both trials, and with MCRT only in the 

BCAA + OA trial (r = 0.40, p < 0.05; r = 0.20, p < 0.05; 
r = 0.35; p < 0.05, respectively). The fTRP/BCAA ratio 
correlated positively with MCRT only in the placebo 
trial (r = 0.38, p < 0.05; Fig. 4).

Discussion

The new finding of this study is that, despite 
similar levels of ammonia in both trials, shorter mul-
tiple-choice reaction time at the end of strenuous, 
exhaustive exercise and faster return of ammonia 
concentration to the pre-exercise resting values 
were observed in the BCAA + OA trial. Furthermore, 
significant positive correlations were found between 
plasma ammonia and the total plasma BCAA concen-
tration in both trials and between plasma ammonia 
and MCRT in the BCAA + OA trial. Similar correlation 
was found between the fTRP/BCAA ratio and MCRT 
only in the placebo trial. The study showed also that 
BCAA + OA supplementation, although effective in 
increasing blood concentrations of BCAA and OA, did 
not influence aerobic performance or the rating of 
perceived exertion.   

Several studies showed that ammonia is tightly 
regulated in response to exercise, being affected by 
factors such as exercise duration and intensity and 
energy substrates availability [4,9,40]. During high- 
intensity or exhaustive exercise ammonia is mainly 
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Fig. 2. Restitution of plasma ammonia concentra-
tion after graded exercise in placebo and amino 
acids-supplemented (branched chain amino acids 
and ornithine aspartate; BCAA + OA) trials. Δ – the 
difference between concentration achieved at the 
end of maximal exercise and after 20 minutes of 
recovery. Values are means ± SE. * – denote signif-
icant differences between trials: *p < 0.05.

Fig. 3. Multiple choice reaction time (MCRT) at rest (Pre) 30 minutes after ingestion of branched chain ami-
no acids (BCAA) and ornithine aspartate (BCAA + OA) or placebo (Post), during both prolonged submaximal 
exercise (45’ and 90’) and graded exercise until exhaustion (50-350 Watts workloads) and at the 20th min 
of the recovery period (Rec). Values are means ± SE. * – denotes significant differences between trials:  
*p < 0.05, **p < 0.01.
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produced by deamination of AMP in the purine nucle-
otide cycle, which takes place in the contracting mus-
cles.  

The relationship between plasma ammonia and 
total plasma BCAA observed in this study may be 
at least partly associated with deamination of the 
branched chain amino acids for additional energy 
provision. Based on previous studies [51,52], it might 
be speculated that increased oxidation of BCAA lim-
ited the tricarboxylic acid cycle activity and fatty acid 
oxidation, and therefore plays an important role in 
fatigue mechanisms during prolonged exercise, lead-
ing to glycogen depletion at intensities above 60% 
VO2max. Nybo et al. [40] demonstrated that high lev-
els of systemic ammonia during prolonged exercise 
enhanced the uptake of ammonia by the brain in 
endurance-trained male subjects. Positive correla-
tions were observed between the arterial ammonia 
concentration and both the cerebral uptake and the 
cerebrospinal fluid ammonia. Weaker correlation 
was found between the cerebrospinal fluid ammonia 
and perceived exertion at the end of prolonged exer-
cise (at 60% of VO2max). The authors suggested that 
exercise-induced hyperammonaemia may induce 
a transient state of acute ammonia toxicity with con-
comitant disturbances in brain neurotransmitters, 
leading to central fatigue. The findings obtained in 
trained rats showed that an enhanced brain ammo-
nia level evoked by exhaustive exercise stimulates 

glutamine synthesis as a result of detoxification and 
subsequently decreases both brain glutamate lev-
els in all brain structures and gamma-aminobutyr-
ic acid (GABA) levels in the striatum. Thus, changes 
in neurotransmitters metabolism and subsequent 
central fatigue depend on the effect of ammonia on 
the excitatory amino acids [31]. Although the weak 
correlation between plasma ammonia concentration 
and MCRT in the BCAA + OA trial observed in the 
present study supports this mechanism, shortened 
MCRT at the end of exhaustive exercise in the BCAA 
+ OA trial indicates that other factors are involved in 
the development of central fatigue. 

An additional finding of the present investiga-
tion is that in the BCAA + OA trial the ratio of fTRP/
BCAA was significantly lower than in placebo trial 
at all stages of the study. Since tryptophan was not 
administered, the changes in fTRP/BCAA ratio result-
ed from the BCAA supplementation [28,32], which 
prevented the described decrease of these ami-
no acids in the latter stages of exercise [15,18,28]. 
However, the present study has not confirmed such 
a decrease that should have been observed in the 
placebo trial. The decrease in the fTRP/BCAA ratio 
would lead to decreased tryptophan transport across 
the blood-brain barrier because BCAA and trypto-
phan compete for entry by the same large neutral 
amino acid transporter [15-17]. This should lead to 
a lower level of 5-hydroxytryptamine responsible for 
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Fig. 4. Correlation between plasma free tryptophan to branched chain amino acids ratio (fTRP/BCAA) and 
multiple-choice reaction time (MCRT) during exercise in placebo and amino acids supplemented (branched 
chain amino acids and ornithine aspartate; BCAA + OA) trials.
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central fatigue [15,23,50]. Thus, the ingestion of BCAA 
could reduce the exercise-induced increase in brain 
tryptophan uptake and delay fatigue. The shorten-
ing of the multiple-choice reaction time at the end of 
exhaustive exercise in the BCAA + OA trial observed 
in the present study supports this “central fatigue” 
hypothesis. 

However, it is unclear why the fTRP/BCAA ratio 
did not correlate with MCRT in the BCAA + OA tri-
al. In this regard, it seems worth mentioning that 
MCRT reflects not only one pathway of the selected 
neurotransmitter or the flow rate of neurophysio-
logical and information processes, but also several 
cognitive modalities (attention, impulse control, pro-
cessing speed, cognitive flexibility) that are created 
by the action of stimulus on the subject’s sensory 
system [10,30]. During heavier but still submaximal 
workloads other involved pathways might dominate, 
for example BCAA also competitively inhibits tyro-
sine uptake into the brain, and thus catecholamine 
synthesis, which reduce physical performance [23].

In the placebo trial reflecting the physiological 
concentrations of amino acids and the balance in 
nitrogen turnover, MCRT correlated with fTRP/BCAA 
ratio and probably was not influenced by ammonia 
(Fig. 4). In the BCAA + OA trial this relationship disap-
peared, and enhanced nitrogen turnover adversely 
affected psychomotor performance, because MCRT 
became slower with increased blood ammonia con-
centration, which was not diminished during exer-
cise by OA. This finding suggests that exogenous 
amino acids can easily exceed autoregulatory capac-
ity, disturb nitrogen homeostasis and contribute to 
the development of central fatigue. Thus, very care-
ful selection of doses of BCAA should be applied in 
order to shift the fTRP/BCAA ratio but not to increase 
the nitrogen turnover beyond the limits resulting in 
significantly enhanced ammonia production.

Administration of OA prevented the expected 
increase in blood ammonia concentration after the 
BCAA supplementation during the graded exhaus-
tive exercise and therefore probably prevented the 
deterioration of multiple choice reaction time usu-
ally occurring in the final stage of the exhaustive 
exercise [20-22,39,54], which reflects improved psy-
chomotor performance (Fig. 3).

During prolonged exercise of constant intensity 
and graded exercise with subsequent workloads 
without any breaks the influence of OA on ammonia 
was limited, possibly due to decreased splanchnic 

(especially liver) blood flow [46]. The supposed site 
of detoxification action of OA in hepatocytes [47] by 
stimulation of urea cycle and glutamine synthesis 
[33] can be systematically effective only when suf-
ficient blood flow through the liver is maintained. 
However, in the BCAA + OA trial after 20 minutes of 
the recovery period a  beneficial effect of reduced 
ammonaemia was observed. It is very likely that 
the supplemented OA was available for ammonia 
metabolism in the liver, but the splanchnic blood 
flow was so limited by exercise that its action could 
not be significant. After cessation of exercise when 
liver blood flow increased [46,53] ammonia degrada-
tion became significantly faster in BCAA + OA than in 
the placebo trial. Improved recovery capacity is very 
important in daily activities or sports with repeated 
efforts with short breaks between them. On the oth-
er hand, application of OA is questionable in high-in-
tensity efforts performed as one bout of exercise 
without any breaks. In current trends for faster mobil-
isation of patients suffering from any diseases care 
should be taken in treatment of patients with hyper-
ammonaemia. Activities of moderate intensity with 
frequent breaks can be considered, whereas intense 
exercise, especially of constant intensity and with-
out breaks is not recommended as it can increase 
ammonia production and impair its breakdown and 
effectiveness of treatment with ammonia-decreas-
ing drugs acting in the liver, e.g. OA. Supplements 
based on proteins and amino acids are currently one 
of the most overused and overdosed, so any recom-
mendations for their use should be calculated very 
carefully. In certain cases the use of OA seems to be 
rational and in agreement with the results of most 
studies [1,7,8,11,42,44]; however, some critical works 
are also present [2,45].

Conclusions

In summary, this study demonstrated that BCAA 
+ OA supplementation, although effective in increas-
ing blood concentrations of BCAA and OA, did not 
influence aerobic performance or rating of perceived 
exertion. The most important finding is that, despite 
similar levels of ammonia in both trials, shorter mul-
tiple-choice reaction time at the end of strenuous 
exhaustive exercise and faster return to the pre-ex-
ercise resting values were observed only in the BCAA 
+ OA trial.

These results suggest that oral supplementation 
with BCAA + OA delays central fatigue during pro-
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longed exhaustive exercise in endurance-trained 
young men, but this requires more detailed studies.
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