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We determined the participation of the cellular compartment in the changes of plasma amino acid concentrations
during maximal exercise test on a cycle ergometer. Following an overnight fast, male athletes were submitted to
a maximal exercise test until fatigue (for 25 min approximately) to determine maximal oxygen uptake. The amino
acid concentrations in total blood, plasma, and blood cells were determined before and after the maximal
exercise test. Most essential amino acids were decreased significantly in the total blood concentration as a result
of the maximal exercise test. However, the concentrations of most nonessential amino acids tended to be
significantly increased. Amino acid concentration was increased most in plasma. Concentrations of blood cell
alanine and proline were significantly increased by 26% and 15%, respectively, after the maximal exercise test.
No significant differences in blood cell concentrations of other amino acids induced by the exercise test were
found, although the amount of tryptophan in blood cells was increased after exhaustive exercise.(J. Nutr.
Biochem. 11:81–86, 2000)© Elsevier Science Inc. 2000. All rights reserved.
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Introduction

It has been suggested that changes in plasma amino acid
concentration could play a role in central fatigue by increas-
ing the rate of synthesis and hence the level of the
neurotransmitter 5-hydroxytryptamine in some parts of the
brain.1 The entry of tryptophan, the plasma precursor of
5-hydroxytryptamine, into the brain is influenced by the
plasma level of free tryptophan (that not bound to albumin)
and, due to competition for entry into brain, by the plasma
level of branched chain amino acids (BCCA).2 Experimen-
tal evidence exists that the supplementation of BCAA in the
drink of athletes during competition produces an improve-
ment in their performance3 and in the perception of mental
effort,4 although a balanced review of the literature does not

confirm any important ergogenic effect of BCAA intake.
However, a possible explanation for central fatigue in
prolonged exercise related to amino acid metabolism is that
the plasma level of BCAA falls and that of fatty acid
increases: The latter increases the free tryptophan level so
that the plasma concentration ratio (free tryptophan/BCAA)
increases, thus leading to higher levels of tryptophan and
therefore of 5-hydroxytryptamine in the brain.5

Blood amino acids are distributed between the plasma
and cellular compartments, and the importance of erythro-
cytes in amino acid transport has been noted in several
classical studies6–8 as well as in more recent studies.9–14

Amino acid distribution between plasma and blood cells is
subject to important changes induced by different nutri-
tional and physiologic conditions, such as starvation and
obesity, and is also determined by gender and genetic and
hormonal factors.10,13–16 Generally, blood amino acid
changes during exercise are described only in the plasma
fraction and after prolonged and intense exercise proto-
cols.1,3,17However, the participation of the erythrocytes and
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the changes during intense short exercise protocols are not
known.

The goal of this study was to determine the participation
of the cellular compartment in the changes of plasma amino
acid concentrations during intense maximal exercise of
well-trained athletes. The general trend is that plasma
presents the main changes of amino acid concentration
during maximal exercise, with few changes in the concen-
tration in cell amino acids, but in the case of tryptophan and
alanine the participation of blood cells in the total blood
amino acids transport is evidenced by the blood cells’
retention of tryptophan in the bloodstream during intense
maximal exercise.

Materials and methods

Subjects

Seven well-trained male athletes volunteered to participate in this
study. They all trained 146 1 h each week. Their mean (6SEM)
age was 29.66 2.4 yr, height 1816 5.2 cm, weight 76.76 4.4 kg,
body mass index 23.36 0.5 kg/cm2, and maximal oxygen uptake
(VO2 max) 65.16 2.2 mL/kg/min.

Subjects were informed as to the purpose of the study and the
possible risks involved before giving their oral consent to partic-
ipate. The study was approved by the Ethical Committee at the Son
Dureta University Hospital.

Experimental procedure

All exercise tests were performed on an electromagnetic cycle
ergometer (Ergometrics 900, MedGraphics™, St. Paul, MN USA)
equipped with a counter to measure the exact number of revolu-
tions. The subjects exercised at a pedaling rate of 60 rpm. The
exercise test was a maximal test, which ended when the subjects
manifested their subjective fatigue status and when increased work
did not increase or decrease oxygen consumption; this value was
the VO2 max. The duration of the test was 25.36 0.9 min and the
athletes explained their lack of leg muscular fatigue. Subjects
warmed up on the cycle ergometer for 3 minutes at 30 watts prior
to starting the test. The test started at 50 watts and the subjects’
work rate was increased by 30 watts every 3 minutes until fatigue.
Expired oxygen was continuously monitored with a Cardiopulmo-
nary Exercise System CPX (MedGraphics™, St. Paul, MN USA)
and VO2 was determined automatically. Subjects reported to the
laboratory in the morning after a 12-hour overnight fast during
which they were able to drink mineral water ad libitum but not in
the laboratory before the exercise test. During the exercise test they
did not drink anything.

Blood samples were collected from the arm vein 5 minutes
before exercise and 5 minutes after exercise in suitable vacutainers
for biochemical and hematologic clinical parameters. The blood
vacutainers, which were transported to other laboratories to ana-
lyze serum parameters and blood cell characters, were maintained
at 4°C. The clinical analysis of these blood vacutainers were
carried out the same morning. Sample preparations for amino acid
analysis was carried out immediately after sampling.

Sample preparation and blood analyses

The levels of amino acids were determined in hemolyzed total
blood and in plasma following the procedure described previous-
ly.13 Plasma was obtained by centrifuging the blood (1,0003 g for
30 min) at 4°C. The plasma was diluted with an equal volume of
working internal standard solution (L-methionine sulfone 0.4
mM). Hemolysis of blood was achieved by diluting the blood (1:1)

with a solution of internal standard as the case of plasma. The two
fractions of blood were deproteinized with cold acetone (1:1.5,
v/v)18 and the protein-free supernatant fraction was used for
individual amino acid measurements.

The amino acids were assessed by high performance liquid
chromatography (HPLC), using the PICO.TAG™ method19 devel-
oped by Waters Associates (Waters Chromatography Division,
Milford, MA USA) by derivatization of amino acids using phe-
nylisothiocyanate. L-methionine sulfone 0.4 mM was used as the
internal standard. Sample amino acid levels were calculated from
the peak area using the Maxima 820 program (Waters).

Hematologic parameters were assessed by Technicon H*2
(Bayer, Pittsburgh, PA USA) and serum parameters using a
computer-controlled random access clinical chemistry analyzer
such as Technicon (Bayer) DAX-78 (Toshiba, Tokyo, Japan). The
accuracy of the latter has recently been published.20

Calculations and statistics

The blood cell amino acid concentrations (C) were calculated by
subtracting the measured plasma concentration (P) from the
measured total blood concentration (B) with a correction for
hematocrit (H), taking into account that 10% of plasma was
retained in the blood cell precipitate,21 according to the following
formula:

C 5 (B 2 (1 2 H)P)/H

This formula was applied to each individual value of plasma,
whole blood, and hematocrit of the same individual, before or after
exercise, to obtain the individual values of amino acid concentra-
tions in blood cells. This modus operandi was followed in all
calculations made in this study.

Plasma volume (PV) loss (in percentage) during exercise was
calculated from the hematocrit values before (Hb) and after (Ha)
exercise, according to the following formula:

PV 5 1002 ((1002 Ha)/(1002 Hb) 3 )Hb/Ha))

This formula was developed from the presumption that cellular
volume was maintained during exercise.

Plasma amino acid loss (PAL) was calculated from the differ-
ence (D) between plasma amino acid concentration (expressed per
milliliter of blood) before (Pb) and after (Pa) exercise, but the
latter was calculated from the real plasma concentration (RPa)
after exercise, taking into account the loss of plasma volume (PV;
expressed per milliliter). This difference was expressed as a
percentage when divided by the blood concentration before exer-
cise (Bb). The formulas applied were:

PAL 5 1003 D/Bb

D 5 (Pb2 Pa)(12 Hb)

Pa5 RPa3 (1 2 PV)

The meaning of the term PAL is to specify the quantity of amino
acid loss from the plasma per each 100 units of amino acid present
in blood during exercise.

The statistical analyses were made using the program StatView
SE1Graphics™ (Abacus Concepts, Inc., Berkeley, CA USA).
After calculating each parameter for each subject and situation, we
compared the values after versus before exercise using the paired
Student’st-test. The statistical comparison of the ratios between
the values after and before exercise with respect to serum protein
concentration or hematocrit were also made using the paired
Student’st-test, taking into account the respective ratios for each
individual subject.
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Results

Changes in the concentration of blood metabolites and in
hematologic parameters were examined before and after
maximal exercise of seven well-trained male athletes. He-
matocrit and blood cell number, both leukocytes, platelets,
and erythrocytes, increased significantly (P , 0.05 by
paired Student’st-test) after intense acute exercise until
extenuation (Table 1). However, specific characteristics of
erythrocytes such as the mean corpuscular volume (MCV)
or the mean corpuscular hemoglobin concentration
(MCHC) were unchanged by this exercise protocol. The
loss in plasma volume calculated using hematocrit was
12.7 6 0.8% of plasma; the change in serum protein
concentration was similar to that of hematocrit, as indicated
by the lack of statistical differences between the serum
protein concentration after/before ratio and the respective
ratio for the hematocrit. The increases of leukocytes and
platelets were higher than those of erythrocytes and hemat-
ocrit, in accordance with the significantly higher ratio
presented by the former. A net increase of leukocytes and
platelets, which was not attributed to the hemoconcentration
observed with this exercise protocol, was produced.

Maximal exercise until fatigue induced significant alter-
ations in the concentration of blood glucose and serum
proteins, whereas the urea concentration remained un-
changed (Table 1). The increase observed in glucose was
higher than that of hematocrit; thus, a net appearance of
glucose was evident in the blood at the end of the exercise,
even after calculating these concentrations by taking into
account the plasma volume loss. Urea concentration was not
modified by exercise, but by taking into account the plasma
volume loss, there was actually a net disappearance of seric
urea during exercise.

Individual amino acid concentration changed in total
blood as a result of intense acute exercise (Table 2). In

general, the differences in blood amino acid concentration
were very low between before and after exercise, but the
statistical paired Student’st-test was able to detect the
changes because the individual response was very homoge-
neous. The concentrations of most essential amino acids
decreased significantly in total blood as a result of exercise.
However, the concentrations of most nonessential amino
acids tended to increase significantly. Thus, exercise pro-
duced a significant decrease in the total blood concentration
of Trp, Phe, Val, Ile, Thr, Lys, Ser, and Hyp. The concen-
trations in total blood of Glu, Ala, Gly, and Arg signifi-
cantly increased by exercise. The total blood concentrations
of Tyr, Leu, Gln, Asp, Asn, Hys, Met, and Pro remained
unchanged by exercise.

To differentiate the effects of plasma volume loss on
total blood amino acid concentration from other effects, we
statistically compared the ratio between amino acid concen-
tration after/before exercise versus the same ratio for the
hematocrit. Most amino acids presented an after/before ratio
that was lower than that of the hematocrit. Only for Ala,
Pro, and Arg was this ratio higher that of hematocrit. No
significant differences were found for the cases of Glu, Asp,
and Met.

On the whole, the changes described in blood amino
acids can be attributed to plasma amino acids. Intense acute

Table 1 Hematological and metabolic parameters before and after
acute intense exercise

Before After Ratio

Blood cell parameters
Hematocrit % 45.4 6 1.1 48.8 6 1.3* 1.07 6 0.004
Erythrocyte number

(31026)
5.03 6 0.10 5.37 6 0.12* 1.07 6 0.004

MCV (fL) 90.1 6 0.7 90.8 6 0.9 1.01 6 0.004
MCH (pg/cell) 29.4 6 0.2 29.5 6 0.2 1.00 6 0.005
Leukocyte number

(31023)
6.27 6 0.69 8.55 6 0.88* 1.37 6 0.05†

Platelet number
(31023)

218 6 18 263 6 17* 1.22 6 0.03†

Serum parameters
Glucose (mg/100 ml) 85.7 6 2.4 119 6 6* 1.39 6 0.05†

Urea (mg/100 ml) 29.9 6 1.8 30.0 6 1.7 1.01 6 0.01†

Protein (g/100 ml) 6.95 6 0.08 7.67 6 0.10* 1.10 6 0.01

The results are the mean 6 SEM of 7 male athletes.
*P , 0.05. Paired Student’s t-test, comparing before and after
situation.
†P , 0.05. Paired Student’s t-test comparing blood cell ratios vs
hematocrit or serum parameters ratio vs serum protein ratio.
MCH–mean corpuscular hemoglobin.
MCV–mean corpuscular volume.

Table 2 Changes in blood amino acid concentration before and after
intense acute exercise

Amino acid
Before exercise

(mM)
After exercise

(mM) Ratio A/B

Tryptophan 34.9 6 1.7 30.0 6 1.3* 0.863 6 0.021†

Phenylalanine 60.6 6 1.6 54.1 6 2.3* 0.893 6 0.031†

Tyrosine 61.4 6 3.7 57.6 6 4.6 0.933 6 0.028†

Valine 254 6 47 233 6 47* 0.906 6 0.015†

Leucine 89.3 6 12.9 86.5 6 13.4 0.964 6 0.019†

Isoleucine 72.7 6 10.3 66.3 6 11.3* 0.896 6 0.023†

Glutamic acid 122 6 10 135 6 10* 1.113 6 0.031
Glutamine 716 6 29 708 6 33 0.987 6 0.009†

Aspartic acid 62.7 6 15.4 56.9 6 11.6 0.990 6 0.083
Asparagine 92.0 6 5.6 90.8 6 5.6 0.987 6 0.009

†

Alanine 333 6 20 434 6 26* 1.274 6 0.038†

Serine 121 6 7 112 6 7* 0.926 6 0.021†

Threonine 125 6 15 106 6 15* 0.837 6 0.021†

Glycine 300 6 13 305 6 14 1.017 6 0.004†

Histidine 62.4 6 2.2 58.4 6 3.7 0.932 6 0.038†

Arginine 18.2 6 2.6 21.5 6 2.9* 1.209 6 0.073†

Lysine 139 6 17 129 6 18* 0.921 6 0.030†

Methionine 25.5 6 1.5 26.7 6 1.7 1.057 6 0.065
Proline 208 6 17 214 6 20 1.023 6 0.020†

Hydroxyproline 11.5 6 1.3 11.0 6 1.3* 0.956 6 0.014†

Total 2914 6 127 2930 6 154 1.00 6 0.01†

Essential 801 6 71 731 6 78* 0.91 6 0.02†

Nonessential 2113 6 84 2199 6 100* 1.07 6 0.004†

Trp/BCAA 0.094 6 0.011 0.088 6 0.010*

For definition of parameters see Materials and methods.
The results are the mean 6 SEM of 7 male athletes and are expressed
as mmoles/L.
*P , 0.05. Paired Student’s t-test, comparing before and after
situation.
#P , 0.05. Paired Student’s t-test comparing all ratios with respect to
the hematocrit ratio (1.074 6 0.004).
BCAA—branched chain amino acids.
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exercise produced a loss of most amino acids from plasma
(Table 3). We defined the plasma amino acid loss as the
percentage of loss or gain (negative values) of plasma
amino acids during the exercise with respect to the amino
acid concentration present in total blood before exercise.
The difference between the plasma amino acid concentra-
tion after and before exercise was achieved by correcting
the plasma amino acid concentration after exercise by
taking into account the plasma volume loss. During intense
exercise to extenuation only Glu, Asp, and Arg maintained
an unalterated plasma content. Only Ala was incorporated to
plasma during exercise. The other amino acids were lost
from plasma during exercise in a greater proportion in the
case of essential amino acids compared with that of nones-
sential amino acids Trp being the amino acid that had the
greatest loss from plasma.

Most amino acids did not change their blood cell
concentrations after acute intense exercise. Only Ala and
Pro increased their concentration significantly in blood cells
by exercise. It is interesting to note that Trp was incorpo-
rated into blood cells during exercise. Before exercise, the
Trp concentration was undetected in blood cells, but after
exercise Trp was present in blood cells. This mechanism
allowed approximately 22% of plasma Trp loss into blood-
stream to be retained in the cellular compartment. On the
other hand, Arg was undetected both before and after
exercise in the blood cell compartment.

Discussion

Maximal exercise until fatigue on a cycle ergometer has
been shown to be an appropriate protocol to study blood
amino acid metabolism. Large changes in human skeletal
muscle amino acid concentrations and NH3 production have
been described after similar, or even shorter, maximal
exercise until fatigue protocols.22

Maximal exercise on the cycle ergometer employed in
this study produced an increase of hematocrit and number of
erythrocytes mostly as a result of loss of plasma volume,
because the erythrocyte parameters MCV and MCH were
maintained after exercise. The decrease in plasma volume
during exercise is higher than values previously de-
scribed23,24 during similar types of exercise, probably at-
tributable to the lack of drinking water in our experimental
design. The loss of plasma volume would produce an
increase in serum levels of metabolites and plasma amino
acids; however, we found a slight decrease or no increase in
the concentration of most amino acids, indicating an impor-
tant amino acid output from blood to tissues during exercise.
Plasma amino acid uptake is mediated by cellular carriers.
Their function during short-term exhaustive exercise could
adjust the concentration of most amino acids to a slightly
decreased value after exercise; however, we can expect the
anionic amino acid transport systems to decrease because
Glu and Asp plasma concentration increase after exercise in
the same order as the hemoconcentration.

Table 3 Amino acid concentration in plasma and blood cells before and after intense acute exercise

Plasma Blood cells

Amino acid Before After % Loss Before After

Tryptophan 62.2 6 4.1 49.3 6 2.8* 32.7 6 5.9† UD 5.42 6 1.74
Phenylalanine 72.6 6 6.3 56.5 6 3.0* 22.6 6 5.3† 43.7 6 7.9 51.3 6 3.3
Tyrosine 61.4 6 3.9 57.1 6 34.7 11.7 6 2.9† 61.1 6 5.2 58.1 6 4.6
Valine 308 6 62 270 6 58* 18.0 6 3.5† 178 6 32 185 6 35
Leucine 102 6 15 95.1 6 16* 13.9 6 2.5† 70.7 6 12 75.7 6 11
Isoleucine 86.9 6 13.0 76.7 6 13.2* 17.8 6 3.1† 52.0 6 9.4 52.8 6 9.7
Glutamic acid 41.0 6 3.9 53.1 6 4.0* 23.23 6 2.86 238 6 16 239 6 18
Glutamine 838 6 40 797 6 43 11.9 6 2.6† 536 6 38 595 6 38
Aspartic acid 5.85 6 0.44 6.15 6 1.00 1.07 6 0.70 147 6 39 123 6 26
Asparagine 67.8 6 5.4 58.7 6 4.2* 10.4 6 1.5† 127 6 6 132 6 8
Alanine 349 6 24 492 6 34* 214.1 6 2.3† 294 6 19 372 6 23*
Serine 113 6 5 98.4 6 6.4* 13.9 6 3.2† 132 6 14 129 6 8
Threonine 145 6 19 119 6 19* 20.7 6 3.6† 94.9 6 13 89.3 6 14
Glycine 242 6 16 227 6 18 8.87 6 1.89 383 6 16 405 6 12
Histidine 68.3 6 3.6 63.3 6 3.8 12.5 6 3.7† 53.5 6 3.5 51.7 6 4.2
Arginine 52.3 6 5.3 59.1 6 7.1* 1.79 6 10.3 UD UD
Lysine 148 6 21 126 6 25* 17.5 6 1.8† 128 6 21 136 6 20
Methionine 28.0 6 1.6 25.9 6 1.8 12.5 6 2.9† 22.1 6 2.3 27.7 6 3.0
Proline 235 6 18 229 6 24 11.0 6 3.1† 169 6 19 194 6 15*
Hydroxyproline 12.8 6 1.4 11.8 6 1.3 13.3 6 4.8† 9.39 6 2.0 9.81 6 1.8

Total 3054 6 149 2952 6 202 10.1 6 2.8† 2704 6 162 2908 6 156
Essential 952 6 98 818 6 101* 18.5 6 3.0† 584 6 59 624 6 62
Nonessential 2102 6 93 2133 6 131 6.93 6 2.68† 2120 6 113 2283 6 114
Trp/BCAA 0.139 6 0.016 0.126 6 0.01* UD 0.019 6 0.008

Results are the mean 6 SEM of 7 male athletes and are expressed as mmoles/L.
*P , 0.05, before versus after by paired Student’s t-test.
†P , 0.05, % loss significantly different to 0.
UD–undetected. BCCA–branched chain amino acids.
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Measures of nitrogen balance indicate that the current
protein recommended daily allowance is inadequate for the
protein demands of athletes in training,25 although protein
requirements of athletes may be easily attained by a normal
increase in food intake. The components of protein metab-
olism that are altered by intense physical activity and
training are not well understood. This study shows that the
total blood concentration of some essential amino acids are
higher in athletes than in a healthy human population13 and
are used during intense exercise.

Amino acid tissue utilization in most cases is regulated
by tissue uptake.26 Thus, the plasma amino acid output
observed during maximal exercise can be related to a
possible amino acid utilization for energy purposes during
exercise, mainly by the muscle. In fact, during maximal
exercise, muscle alanine increases,22 probably as a result of
utilization of amino acids and glucose or glycogen, and the
rate of alanine release from muscle also increases.8,27 The
muscle alanine produced is driven to liver for glucose
synthesis de novo. During maximal exercise until fatigue,
both alanine and glucose present high levels in blood,
probably indicating an important operation of glucose-
alanine cycle. The elevated concentration of glucose in
blood could facilitate its uptake by muscle, which in turn
could use it to obtain energy to maintain the intense work.
This availability of glucose at the end of testing could
indicate a more general fatigue than a local muscle fatigue,
as indicated by the participants in the test. It is noticeable
that alanine is transported both in plasma and in blood cells
(Table 3). In fact, after exercise only 69% of blood alanine
surplus is transported in plasma whereas the rest is in the
blood cell compartment. The alanine transport in blood cells
allows a decrease in the plasma alanine concentration and
would then facilitate the alanine output from muscle. We
have obtained in vivo evidence for the role of erythrocytes
in the interorgan transport of proline from muscle in fed and
starved rats.28 Starvation increases the participation of
blood cells in the proline transport from muscle to splachnic
bed of rats.28 The existence of an intercellular proline cycle
between erythrocytes and hepatocytes that brings oxidizing
equivalents to the red blood cells has been proposed.29 The
increase of approximately 15% in blood cell proline con-
centration after exercise is in accordance with the operation
of a muscle-hepatocyte proline cycle during exercise.

The greatest amount of amino acid extraction during
exercise occurs in plasma, whereas blood cells maintain
practically the same amino acid concentration, participating
to a minor extent in buffering blood amino acid changes
during exercise. Blood cell amino acid concentrations are
maintained practically unaltered by exercise, but in the same
period the number of leukocytes and platelets is increased,
indicating that their contribution to blood cell amino acid
concentration is practically negligible; thus, this blood cell
amino acid pool could be mainly attributed to the erythro-
cyte fraction. Although the participation of erythrocytes in
buffering amino acid output from the bloodstream during
exercise is in general limited, blood cells buffer the output
from the bloodstream of tryptophan, an amino acid that
participates in the mechanism of central fatigue.15 Trp
uptake by tissues such as the brain competes with other
large neutral chain amino acids such as BCAA; however,

the increased concentration of Trp in blood cells is not
accompanied by a comparable increase in BCAA, indicat-
ing a specific uptake of Trp by erythrocytes. The tryptophan
uptake by blood cells could delay the appearance of central
fatigue. Several factors are known to alter the amino acid
distribution between plasma and blood cells.10,12–15,30We
have pointed out the existence of an amino acid pool that is
transported in the bloodstream adsorbed onto the erythro-
cyte membranes in addition to those that are dissolved in the
plasma and the intracellular compartment.9,11 This amino
acid pool, as part of the cellular compartment, also under-
goes deep changes in differing physiologic and nutritional
conditions.11–13The human erythrocyte membrane capabil-
ities of absorbing Trp are not known and would need further
investigation because this could be a system to modify the
availability of blood Trp to peripheral tissues such as the
brain.
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10 Picó, C., Pons, A., and Palou, A. (1992). Effect of diet-induced
obesity on kinetic parameters of amino acid uptake by rat erythro-
cytes.Biochem. Int.28, 509–517
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