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Amino acid metabolism in tennis and its possible
influence on the neuroendocrine system
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To investigate amino acid metabolism during endurance
exercise as well as its influence on plasma prolactin (PRL)
we subjected eight nationally ranked tennis players
(mean(s.d.) age 25.6(2.8) years, mean(s.d.) weight
83.9(5.7) kg, mean(s.d.) height 184.4(4.6) cm) to 4 h of
continuous tournament tennis. Venous and capillary
blood samples were taken before and after the exercise.
Amino acids were measured by HPLC-fluorescence detec-
tion as o-phthalaldehyde derivatives; nonesterified fatty
acids (NEFA), ammonia, total protein, glucose insulin and
PRL by enzymatic methods. Exercise caused a decline of
branched-chain amino acids (BCAA) by 28(14)%. Eleva-
tion of NEFA resulted in a significant mean(s.d.) increase
of free tryptophan (TRP) (9.7(2.6) [pmolVtIJ vs 17.8(6.4)
[pmolI/pi. The mean(s.d.) ratio of free TRP:BCAA in-
creased by 165%(90) which favours entry of free TRP into
the brain. However, PRL did not change significantly. We
conclude that during long-lasting interval sports BCAA
contribute as energy substrates. Alterations in competition
of amino acids at the blood-brain barrier favour entry of
free TRP into the brain. PRL changes cannot be explained
by the increase in plasma level of free TRP or the ratio of
free TRP:BCAA.
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Some amino acids function as precursors of brain
neurotransmitters. Free tryptophan (TRP) is con-
verted in the brain to serotonin (5-HT); tyrosine (TYR)
to dopamine'. In animal studies, TRP administration
was shown to raise brain TRP levels and accelerate
brain 5-HT synthesis and release, because TRP
hydroxylase - the rate-limiting enzyme for 5-HT
synthesis - is not saturated2. Increased 5-HT syn-
thesis has been shown to be involved in neuroendoc-
rine system modulations3. In man, intravenous
administration of TRP at rest has been reported to
induce an increase of prolactin (PRL)4.
The factors that cause PRL release during exercise

are complex and depend on type, amount and length
of the exercise. It was shown that PRL increase
during intensive exercise is related to anaerobiosis5
and can be blunted by serotonergic antagonism6. The
causes of PRL changes during endurance exercise

remain controversial. Studies report increases7'8 and
decreases5. Fischer et al.7 hypothesized that PRL
increase during continuous endurance exercise may
be directly influenced by the increase in plasma free
TRP, mediated by the augmentation of nonesterified
fatty acids (NEFA), and the decrease of plasma
BCAA. This would favour the transport of free TRP
into the brain, as free TRP and BCAA share the
carrier for large neutral amino acids (LNAA) at the

9blood-brain barrier and competition for entry occurs .
In the present study we investigated effects of

amino acid metabolism and NEFA-induced increase
of free TRP on PRL during long-lasting interval
exercise.

Method
We subjected eight nationally ranked male players
(mean(s.d.) age 25.6(2.8) years, mean(s.d.) weight
83.9(5.7) kg, mean(s.d.) height 184.4(4.6) cm to 4h of
continuous single tournament tennis. The 4 h of
exercise started with a warm-up period of 5min at
10.00 a.m. and ended at 2.00 p.m. Water (ad libitum)
was the only supplement allowed during the
exercise. Venous blood samples were taken before
the warm-up and immediately after the exercise in
heparinized and EDTA-containing vacutainers. Glu-
cose was measured from capillary blood from the
hyperaemized earlobe. Plasma was prepared by
standard methods and frozen and stored at -20'C
until analysis. Separation of free TRP was carried out
immediately by centrifugation of the plasma through
a cellulose membrane (10000NMWL) in Ultrafree-CL
filtercones (PLGC, Millipore, USA). Temperature and
pH were not controlled during the procedure. Since
all samples were analysed using exactly the same
method, comparison of pre- and post-exercise values
within this study is possible and conclusions are
qualitatively validl'. Amino acids were measured by
HPLC-fluorescence detection as o-phthalaldehyde
derivatives (HPLC HP1090, Hewlett Packard)".
NEFA, glucose, ammonia, and total protein were
analysed by enzymatic methods using a Cobas-Bio
centrifugal analyser (Hoffmann La Roche, Switzer-
land) and commercial test kits. Ammonia values were
corrected according to Fischer et al.'2. PRL and
insulin were determined with the enzyme-immuno-
assay ES 300 (Boehringer, Germany). Changes in
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plasma volume were corrected by means of total
protein (Table 1). Heart-rate was recorded every 15s
using a Sports Tester PS3000 (Unilife, Germany).
Effective playing time (duration of rallies) was
calculated with stop-watches. Food intake the night
before the exercise as well as for breakfast (2h prior
exercise) was analysed with a commercial computed
program for amount of energy and percentage of
carbohydrates, fat and proteins. Data given are
mean(s.d.). The Student t test was used for statistical
analysis (* = P-0.05, ** = P-0.01).

Results
The mean(s.d.) effective playing time during the 4h
of exercise was 39.26(2.27) min; the average heart-rate
133/min. Table 1 shows the changes of the analysed
parameters. The mean(s.d.) ratio of free TRP to
BCAA increased significantly (P < 0.01) by 165(90)%.
The slight increase of plasma PRL was not significant.
In five subjects, PRL declined. No significant
correlation was found between food intake prior to
exercise (mean(s.d.) intake the night before:
1469 kcal(634), 48(13)% carbohydrates, 30(7)% fat,
19(9)% proteins; average intake for breakfast:
536(2.0) kcal, 59(17)% carbohydrates, 27(15)% fat,
13(6)% proteins) and change of any measured
variables during the match.

Discussion
From a metabolic aspect, tennis is characterized by a
dominantly anaerobic-alactacid transformation of
energy during the mainly short and high intensity
runs and stroke movements. After each rally, the
energy is provided over aerobic transformation, so

that the creatine/phosphate and adenosine-3-
phosphate, both of which had been reduced during
the rally, can almost be rebuilt totally through
oxidation. The process of glycolysis is seldomly
required during a rally'3. The typical tennis-specific
movement pattern with an interval workload struc-
ture, which usually takes about 1-2h but can also
extend in the case of best-of-five matches to 4 h
causes this steady fluctuation in the transformation of
energy.
The plasma levels of amino acids after extremely

long tennis matches are affected by compartmental
shifts as well as muscle and liver metabolism. BCAA
especially are oxidized during exercise in muscle
glycogen depletion, and may function as an amino
group donor for alanine synthesis from pyruvate and
for the aspartate supply during the adenosine-
monophosphate resynthesis14. The decline of BCAA
indicates their involvement in muscle metabolism
during interval exercises such as tennis, because liver
uptake of these amino acids is insignificant. Excessive
activation of the BC-complex during exercise leads to
a rapid irreversible removal of branched-chain-2-oxo-
acids and an increased flux through the coupled
reversible BCAA aminotransferase reaction'4. The
increase in leucine oxidation in the muscle is closely
related to the BC-complex activation observed during
exhausting exercise15. This greater BCAA metabolism
also increases the amount of amino groups which
have to be disposed of as alanine or glutamine.
During exercise there is an increase in alanine release
from skeletal muscle. However, in our study, the
plasma levels probably decline due to the high liver
uptake as well as decreased pyruvate production
caused by glycogen depletion. Alanine is used as an

Table 1. Measured parameters before and after 4 h of continuous tennis

Before After

mean(s.d.) mean(s.d.) Significance

Glutamate [pmol/[l 45.28(18.84) 46.63(8.91) n.s.
Serine [pmol/pi] 91.47(23.13) 61.64(12.39) **
Histidine [pmol/tl] 84.18(17.85) 69.32(9.99) **
Glycine [pmol/,l] 304.35(42.08) 210.28(31.23) **
Threonine [pmol/gil] 152.66(22.77) 98.07(22.47) **
Alanine [pmol/LI] 608.86(153.39) 348.38(96.13) *$
Arginine [pmol/[tlI 89.09(21.71) 73.18(22.31) n.s.
Tyrosine [pmoI/RlI 78.59(10.43) 68.43(8.97) n.s.
Valine [pmol/[tl] 261.21(24.53) 195.92(32.57) **
Methionine [pmol/pil 43.94(6.93) 33.97(7.44) *
Tryptophan [pmol/IL] 87.64(14.35) 65.07(13.35) **
Isoleucine [pmol/tl] 90.99(13.28) 59.65(9.84) **
Phenylalanine [pmol/RlI 78.95(8.09) 63.33(10.09) *
Leucine [pmol/Ril 162.08(24.04) 109.38(15.45) **
Free tryptophan [pmol/dl] 9.73(2.67) 17.76(6.35) **
BCAA [pmol/[l] 514.28(58.03) 364.96(56.52) **
Free TRP/BCAA [pmol/Ril 0.019(0.005) 0.051(0.021) **

Total protein [g/dl] 7.04(0.27) 7.26(0.27) *
Glucose [mg/dl] 84(15.11) 66(11.11) *
Ammonia [Rmo/I] 36.78(2.84) 46.21(12.21) n.s.
NEFA [mmol/l] 0.22(0.13) 1.86(0.61) **
Insulin [tLU/mlI 10.17(2.73) 3.37(0.96) **
Prolactin [ng/ml] 10.51(4.43) 11.63(8.15) n.s.

n.s., Not significant; *, P<0.05; ** P<0.01
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important gluconeogenic substrate to support max-
imal glucose release from the liver during exhaustive
exercise. The decline in plasma glucose during the
match may reflect progressive substrate depletion
and the need for resynthesis of glucose from
precursors like alanine, glycerol or lactate'5.

In an identical study design, Weber et al.16 have
shown that in tennis - similar to continuous
endurance sports - mean(s.d.) NEFA are significantly
increased after 90 min (0.78 mmol/l(0.23)) and 240 min
(1.97(0.81) mmol/l). Due to the fact that in our study a
similar elevation of NEFA was found after 4h of
exercise, we expect a significant NEFA augmentation
for about 150min in our experiment. As NEFA and
TRP compete for binding to albumin, elevation of
NEFA results in a significant increase in free TRP'7.
This increase in mean(s.d.) free TRP, in combination
with the decrease of BCAA by 28(14)%, favours the
entry of free TRP into the brain9. In addition, elevated
blood ammonia levels have been linked to changes in
transport activity across the blood-brain-barrier,
enhancing the uptake of LNAA into the brain in
exchange for the glutamine efflux18.

Earlier findings7 suggest that these peripheral
changes should increase 5-HT synthesis, and thus
PRL secretion. However, since PRL did not rise
significantly, our data do not provide support for the
hypothesis that PRL response to endurance exercise
may be related to factors increasing free TRP
transport across the blood-brain-barrier. Physiologic-
al increases in 5-HT synthesis do not affect PRL
secretion under our conditions. Although the free
TRP concentration is the rate limiting factor in the
synthesis of 5-HT, this metabolic pathway does not
occur uniformly in various regions of the brain. Bailey
et al.19 showed a wide difference of 5-HT concentra-
tions in the midbrain, hippocampus, hypothalamus
and striatum of exhausted rats. Moreover, the
concentration of 5-HIAA, a 5-HT metabolite, was not
always related to the 5-HT concentration.
The factors that trigger PRL release during endur-

ance exercises are complex and cannot be reduced to
a simple causal relationship with plasma free TRP
level. In our study, the plasma ratio of TYR: BCAA
increased, which affects TYR transport across the
blood-brain barrier. Hypothalamic dopamine is a
major prolactin-inhibiting factor2o, and its synthesis
is favoured by higher TYR availability in the brain.
Moreover, endogenous opioids, augmented beta-
endorphin secretion and catecholamines can have an
influence on PRL secretion during exercise21.
We conclude, that independent of extreme blood

glucose depletion, and without leading to significant
ammonia accumulations, most plasma amino acids
decrease during long-lasting interval exercise and
may, in the case of BCAA, contribute as energy
substrates. Alterations in competition of amino acids
at the blood-brain barrier favour the entry of free TRP
into the brain. PRL changes are not directly influ-
enced by NEFA-induced increases in plasma free TRP
or the ratio of free TRP/BCAA under conditions such
as ours. Further investigation is necessary to clarify
the mechanisms of individually different prolactin
response of the hypothalamic-pituitary axis during
endurance exercise.
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