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ABSTRACT

Tryptophan is the precursor for the neurotransmitter S-hydroxytryptamine (5-HT), which
is involved in fatigue and sleep. It is present in bound and free form in the blood, where
the concentration is controlled by albumin binding to tryptophan. An increase in plasma
free tryptophan leads to an increased rate of entry of tryptophan into the brain. This should
lead to a higher level of 5-HT which may cause central fatigue. Central fatigue is impli-
cated in clinical conditions such as chronic fatigue syndrome and post-operative fatigue.
Increased plasma free tryptophan leads to an increase in the plasma concentration ratio of
free tryptophan to the branched chain amino acids (BCAA) which compete with trypto-
phan for entry into the brain across the blood-brain barrier.

The plasma concentrations of these amino acids were measured in chronic fatigue
syndrome patients (CFS) before and after exercise (Castell ez al., 1998), and in patients
undergoing major surgery (Yamamoto et al., 1997). In the CFS patients, the pre-exercise
concentration of plasma free tryptophan was higher than in controls (p < 0.05) but did not
change during or after exercise. This might indicate an abnormally high level of brain 5-
HT in CFS patients leading to persistent fatigue. In the control group, plasma free trypto-
phan was increased after maximal exercise (p < 0.001), returning towards baseline levels 60
min later. The apparent failure of the CFS patients to change the plasma free tryptophan
concentration or the free tryptophan/BCAA ratio during exercise may indicate increased
sensitivity of brain 5-HT receptors, as has been demonstrated in other studies (Cleare
et al., 1995).
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In post-operative recovery after major surgery plasma free tryptophan concentra-
tions were markedly increased compared with baseline levels; the plasma free trypto-
phan/BCAA concentration ratio was also increased after surgery. Plasma albumin
concentrations were decreased after surgery: this may account for the increase in plasma
free tryptophan levels.

Provision of BCAA has improved mental performance in athletes after endurance
exercise (Blomstrand et al., 1995, 1997). It is suggested that BCAA supplementation may
help to counteract the effects of an increase in plasma free tryptophan, and may thus
improve the status of patients during or after some clinically stressful conditions.

1. THE ROLE OF TRYPTOPHAN IN CENTRAL FATIGUE

Tryptophan is predominantly taken up and metabolised by the liver. However, some
tryptophan is taken up by the brain where it is converted to the neurotransmitter 5-
hydroxytryptamine (5-HT) which can influence behaviour such as sleep, mood and fatigue
(Newsholme and Leech, 1983).

Tryptophan is unique among amino acids in that it is bound to albumin in the
blood. Plasma fatty acids also bind to albumin: this decreases the affinity for tryptophan.
Thus, an increase in plasma free fatty acids can lead to an increased plasma free trypto-
phan level. An increased level of brain tryptophan can increase the rate of formation,
and the level of 5-HT in some areas of the brain (Blomstrand ef al., 1989).

A high 5-HT level could result in an increased amount of this neurotransmitter
being released into the synaptic cleft during neuronal firing, leading to a greater
postsynaptic stimulation in some 5-HT neurones, some of which may be involved in
fatigue.

The branched chain amino acids (leucine, isoleucine and valine) compete with tryp-
tophan for entry into the brain across the blood-brain barrier (Oldendorf and Szabo,
1976; for review see Fernstrom, 1990). It is considered that the plasma concentration of
free tryptophan, in competition with branched chain amino acids (BCAA), governs the
rate of entry of tryptophan into the brain, the level of tryptophan in the brain and hence
that of 5-HT (Blomstrand et al., 1988; Fernstrom, 1990). An increase in the level of brain
5-HT would lead to fatigue.

2. CENTRAL FATIGUE AND EXHAUSTIVE EXERCISE

In middle distance exercise, depending upon the fitness of the individual and the
duration/distance of the event, fatigue may occur because of either the depletion of glyco-
gen or the accumulation of protons in the muscle (Newsholme et al., 1994). If glycogen
levels fall too early in an event, fatty acid mobilisation may cause fatigue before the finish.
Increased mobilisation of fatty acids from adipose tissue is probably the result of sym-
pathetic stimulation. In the early stages of prolonged exercise such as a marathon, the
plasma concentration of fatty acids may be only slightly increased, because the rates of
fatty acid uptake and oxidation by the active muscle are increased (Winder, 1996). Even-
tually, however, there is insufficient glycogen to provide the energy required for the whole
event and thus fatty acids must be mobilised.

It is also possible that, in unfit subjects, the plasma fatty acid concentration and,
therefore, the free tryptophan level increases markedly in exercise because fatty acid
mobilisation may not be precisely regulated in relation to demand and control of oxida-
tion within the muscle.
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Some of the experimental findings, which provide evidence to support the hypoth-
esis, are set out below.

(i) The plasma concentration ratio of free tryptophan to BCAA is increased in
humans after prolonged, exhaustive exercise; in the rat, the brain levels of tryp-
tophan and 5-HT are increased after exercise (Blomstrand et al., 1989, 1991;
Chaouloff et al., 1986).

(ii) Administration of a 5-HT agonist impaired running performance whereas a 5-
HT antagonist improved running performance in rats (Bailey et al., 1992).

(iii) In humans, the administration of a 5-HT re-uptake blocker (paroxetine)
decreased exercise time to exhaustion during standardised exercise (Wilson and
Maughan, 1992).

(iv) Prolactin secretion from the hypothalamus is controlled, in part, by 5-HT-neu-
rones, and 5-HT stimulates the rate of secretion. A correlation between plasma
prolactin and free tryptophan during exercise suggests that an increased plasma
concentration of free tryptophan can influence the 5-HT level in the hypo-
thalamus (Fischer et al., 1991).

(v) Anincrease in 5-HT levels in the hypothalamus due to, e.g fenfluramine, caused
a much smaller increase in plasma prolactin in well-trained endurance athletes,
compared with controls. This could be caused by down-regulation of 5-HT
receptors as a result of chronic elevation of the 5-HT level in the hypothala-
mus (Jakeman ef al., 1994).

(vi) In rats with genetically controlled lack of albumin, the intrasynaptosomal con-
centration of tryptophan, 5-hydroxytryptophan and 5-HT was markedly
increased in the striatum after running to fatigue (Yamamoto et al., 1997).

In the past few years, supplementary feeding with BCAA in athletes has produced
some results supporting the hypothesis and some which show no effect. Some of these
studies are included in a brief comparison in Table 1.

Mittleman et al. (1998) observed a positive effect of BCAA supplementation on
performance in moderate exercise during heat stress in men and women. Blomstrand
et al. (1997) monitored perceived effort and mental fatigue in seven endurance cyclists
with and without BCAA supplementation. When they received BCAA the subjects per-
ceived that less effort was required to sustain a specific level of exercise, compared to that
experienced when receiving a placebo.

The data on athletes in Table 1 indicate that, the higher the dose of BCAA, the
more likely it is that plasma ammonia levels will be elevated. This suggests that lower
doses are more likely to be beneficial. In several studies BCAA were administered before
exercise. It may be that administration during exercise was the reason that Blomstrand
et al. (1997) and that Mittleman et al. (1998) failed to observe a change in plasma
ammonia. Whether a bolus dose is given or whether separate doses are given during exer-
cise could be important for the release of ammonia from muscle.

In rats, Calders et al. (1997) observed an increase in the time to fatigue, as well as
an increase in plasma ammonia, in fasting rats injected with 30 mg of BCAA five minutes
before exercise, compared to those injected with placebo.

In genetically analbuminemic rats, sustained running to the point of fatigue caused
an increase in the concentration of tryptophan and in the turnover of 5-HT in the stri-
atal synaptosomes. The reason proposed for this is an increase in plasma free tryptophan
which may be due to the lack of albumin. The rate-limiting enzyme, tryptophan hydrox-
ylase, catalyzes the conversion of tryptophan to 5-hydroxytryptophan, the immediate pre-
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Table 1. A comparison of studies on branched chain amino acid supplementation in humans
during endurance exercise. Peak p[BCAA] denotes the highest plasma concentration of branched
chain amino acids observed in each study. N/M denotes not measured.

Amount of Effect
No. of BCAA Peak on Effect on Performance VO

subj. Exercise ingested p[BCAA]} NH, Mental Physical % Ref

13 Cycling 12.8¢g 1,250 uM None None Improved* 40 1

10 Cycling 234g 2,400 uM Rise N/M None" 70-75 2

Cycling 7.8¢ 950 uM Rise N/M None" 70-75 2

193" Marathon® l6g 1,250 uM N/M Improved Improved® N/M 3

5 Cycling 6.3g/L° 1,000 uM NM NM None 75 4

10 Cycling 16 g/day’ N/M N/M N/M Improved 727 5

7 Cycling 30g 3,000 M Rise N/M None 7

52 30km run® 53g° 650 uM N/M Improved N/M N/M 9

7 Cycling 6-9g 1,050 uM None  Improved Improved 70 10

9 Cycling* 18¢g* 1,026 uM Rise N/M None 63.1 11

10 Cycling 2lg ca.1,250uM  Rise Improved None N/M 12

Exceptional conditions:

*Heat stress; “Field study; °In subset of slower runners; "High day-to-day intra-individual variation in time to fatigue;
’14-day study; *100-km trials; "Not all subjects gave blood samples.

Additions to BCAA:

5% carbohydrate; ®6% carbohydrate; “7% carbohydrate.

References: 'Mittleman et al. (1998); 2van Hall et al. (1995); *Blomstrand et al. (1991); *Blomstrand et al. (1995); *Hefler

et al. (1995); "Wagenmakers (1992); *Hassmen et al. (1994); '*Blomstrand ef al. (1997); "Madsen et al. (1996); '*Struder et al.

(1998).

[ Modified and reproduced with permission from Castell & Newsholme, Nutrition in Sport, ed. Maughan, R. Oxford: Blackwells

Scientific Publications. ]

cursor of 5-HT. The marked increase in 5-hydroxytryptophan observed in the analbu-
minemic rats after exercise, might be explained by increased activity of tryptophan
hydroxylase due to increased level of the substrate tryptophan in the neurones. This
enzyme is not saturated in the mammalian brain (Pardridge, 1977), and thus 5-HT pro-
duction in the brain may be sensitive to dietary tryptophan (Fernstrom and Wurtman,
1974) via a change in the concentration of plasma tryptophan (Blomstrand et al., 1988).
This may result in an increase in the neuronal level of 5-HT, a subsequent increase in the
rate of 5-HT neuronal firing, and consequently to central fatigue.

Injection of BCAA has both increased the time to fatigue of exercising rats and
prevented the normal increase in brain tryptophan level caused by exhaustive exercise (T.
Yamamoto, personal communication).

3. CHRONIC FATIGUE SYNDROME

Central fatigue may be an important factor in chronic fatigue syndrome, since
muscle function in this condition is normal (Bigland-Ritchie et al., 1995).

Patients with chronic fatigue syndrome (CFS), compared with sedentary controls
were studied before and after exercise (for full details see Castell et al., 1998). Exercise
was undertaken on a bicycle ergometer, with 30 W increments every 3 min until the sub-
jects stopped of their own volition. Subjects were monitored during exercise with (1) a
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Figure 1. Plasma concentration ratio of free tryptophan/BCAA in chronic fatigue syndrome patients, com-
pared with age-matched controls, before and after exercise. Statistical significance is indicated by *p < 0.02,
between CFS and controls; **p < 0.05; ***p < 0.001, compared with baseline values.
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continuous heart rate monitor; (2) the Borg scale for perceived exertion. Blood samples
were taken at rest, and after sub-maximal and maximal exercise, and assayed for free and
total tryptophan and branched chain amino acids.

The total amount of work done at maximal exercise reflected the patients’ inabil-
ity to reach maximal exercise, despite their perception (according to the Borg scale) of a
significantly greater exertion than the controls.

In the CFS patients, the pre-exercise concentration of plasma free tryptophan was
higher than in controls (p < 0.05) but did not change during or after exercise. This might
indicate an abnormally high level of brain 5-HT in CFS patients leading to persistent
fatigue. In the control group, plasma free tryptophan increased at maximal exercise (p <
0.02), peaking at Smin post-ex (p < 0.001), returning to baseline levels at 60 min.

The resting plasma concentration ratio of free tryptophan/BCAA appeared 31%
higher (only close to significance, p < 0.1) in the CFS patients than the controls and
remained at similar levels during and after exercise (Fig. 1). The apparent failure of these
patients to change the free tryptophan/BCAA ratio during exercise may indicate an
increased sensitivity of brain 5-HT receptors, such as has been demonstrated in other
studies (Cleare et al., 1995).

4. POST-OPERATIVE FATIGUE

A study was undertaken to investigate whether or not the plasma concentration
ratio of free tryptophan/BCAA and the affinity of plasma tryptophan binding to albumin
were altered post-operatively in humans (for details see Yamamoto et al., 1997).

Samples were taken before and after major surgery from elderly patients under-
going restorative surgery and from coronary artery bypass graft (CABG) patients. In both
the elderly and the CABG patients plasma free tryptophan concentrations were increased
after surgery, compared with baseline levels; the plasma free tryptophan/BCAA con-
centration ratio was also increased significantly after surgery . Plasma albumin concen-
trations were decreased significantly after surgery in both the elderly and the CABG
patients.

Plasma free tryptophan concentrations were markedly increased after surgery in the
elderly patients, compared with baseline levels pre-surgery and two weeks after surgery.
The plasma concentration ratio of free tryptophan/BCAA after surgery was markedly
increased compared with those at two weeks after surgery. A decrease in plasma albumin
after surgery was maintained for two weeks.

In the elderly patients, there was a decrease in the affinity of albumin binding of
tryptophan after surgery, a decrease in plasma albumin concentrations , and an increase
in plasma free tryptophan concentrations. It should also be taken into consideration that
binding is relatively low in old age (Koch-Weser and Sellers, 1976).

In the CABG patients, plasma free tryptophan levels were markedly increased after
surgery, compared with baseline levels. The plasma concentration ratio of free trypto-
phan/BCAA was increased after surgery and, similar to the plasma free tryptophan con-
centration, returned nearly to baseline levels 5 days later. Plasma albumin concentrations
were decreased significantly after surgery, returning to baseline concentrations 5 days
later. A smaller increase in plasma free tryptophan concentration was observed in these
patients than in the elderly patients. One factor which may have affected the plasma con-
centrations of amino acids in the CABG study is the plasma dilution which occurs during
cardiopulmonary bypass.
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5. DISCUSSION

The post-operative fatigue study reported the first evidence that there is a signifi-
cant increase in the plasma concentration ratio of free tryptophan/BCAA after major
surgery. This might be an important factor in post-operative recovery in humans. Despite
the unique nature of the coronary artery bypass graft operation, the results from the
different groups of surgical patients were very similar. Thus, it seems likely that post-
operative fatigue occurs after major surgery which may be related to an increase in
plasma free tryptophan via an increase in 5-HT.

Beneficial effects of BCAA supplementation have been seen in aspects of both
mental and physical fatigue in exhaustive exercise. Most of these feeding studies in ath-
letes have not investigated effects on mental fatigue. However, the mental exertion nec-
essary to maintain a given power output is an integral feature of central fatigue.

It is suggested that dietary provision of BCAA might help to overcome some prob-
lems of post-operative recovery which may be due to 5-HT-induced fatigue at certain
times after surgery, and that this supplementation might also be useful in other clinical
situations which involve fatigue, such as chronic fatigue syndrome or overtraining.

REFERENCES

Bailey, S.P,, Davis, .M., and Ahlborn, E.N., 1992, Effect of increased brain serotonergic activity on endurance
performance in the rat. Acta Physiol. Scand. 145:75-76.

Bigland-Ritchie, B., Rice, G.L., Garland, S.J.,, and Walsh, M.L., 1995, Task-dependent factors in fatigue of
human voluntary contractions. Adv. Exper. Med. Biol. 384:361-380.

Blomstrand, E., Andersson, S., Hassmen, P., Ekblom, B., and Newsholme, E.A., 1995, Effect of branched-
chain amino acid and carbohydrate supplementation on the exercise-induced change in plasma and
muscle concentration of amino acids in human subjects. Acta Physiol. Scand. 153:87-96.

Blomstrand, E., Celsing, F., and Newsholme, E.A., 1988, Changes in plasma concentrations of aromatic and
branched chain amino acids during sustained exercise in man and their possible role in fatigue. Acta
Physiol. Scand. 133:115-121.

Blomstrand, E., Perrett, D., Parry-Billings, M., and Newsholme, E.A., 1989, Effect of sustained exercise on
plasma amino acid concentrations and on 5-hydroxytryptamine metabolism in six different brain regions
in the rat. Acta Physiol. Scand. 136:473-481.

Blomstrand, E, Hassmen, P., and Newsholme, E.A., 1991, Administration of branched-chain amino acids
during sustained exercise—effects on performance and on the plasma concentration of some amino
acids. Eur. J Appl. Physiol. 63:83-88.

Blomstrand, E, Hassmen, P, Ek, S., Ekblom, B, and Newsholme, E.A., 1997, Influence of ingesting a
solution of branched-chain amino acids on perceived exertion during exercise. Acta Physiol. Scand.
159:41-49.

Calders, P, Pannier, J.-L., Matthys, D.M., and Lacroix, E.M., 1997, Pre-exercise branched-chain amino acid
administration increases endurance performance in rats. Med. Sci. Sports Ex. 29:1182-1186.

Castell, L.M., Phoenix, J., Edwards, R.H.T., and Newsholme, E.A., 1998, Proc. Physiol. Soc. (in Press).

Chaouloff, F,, Kennett, G.A., Serrurier, B., Merino, D., and Curzon, G., 1986, Amino acid analysis demon-
strates that increased plasma free tryptophan causes the increase of brain tryptophan during exercise in
the rat, J Neurochem. 46:1647-1650.

Cleare, A.J, Bearne, J., Allain, T., McGregor, A., Wessely, S., Murray, K.M., and O’Keane, V., 1995, Con-
trasting neuroendocrine responses in depression and chronic fatigue syndrome. J Affect. Disord,
35:283--289.

Fernstrom, J.D. and Wurtman, R.J,, 1974, Control of the brain serotonin levels by diet. Adv. Biochem. Psy-
chopharm. 11:133-142.

Fernstrom, J.D., 1990, Aromatic amino acids and monamine synthesis in the CNS: influence of the diet. J.
Nutr. Biochem. 1:508-517.

Fischer, H.G., Hollman, W., and De Meirleir, K., 1991, Exercise changes in plasma tryptophan fractions and
relationship with prolactin. Int. J Sports Med. 12:487-489.



704 L. M. Castell et al.

Hassmen, P, Blomstrand, E., Ekblom, B., and Newsholme, E.A., 1994, Branched-chain amino acid supple-
mentation during 30-km competitive run: mood and cognitive performance. Nutrition 10:405-410.

Hefler, SK., Wideman, L., Gaesser, G.A., and Weltman, A., 1995, Branched-chain amino acid supplementa-
tion improves endurance performance in competitive cyclists. Med. Sci. Sports Exerc. 27:Suppl. S5.

Jakeman, PM., Hawthorne, J.E., Maxwell, S.R., Kendall, M.J, and Holder, G., 1994, Evidence for downreg-
ulation of hypothalamic S-hydroxytryptamine receptor function in endurance-trained athletes. Exp.
Physiol. 79:461-464.

Koch-Weser, J. and Sellers, E.M., 1976, Binding of drugs to serum albumin. New Engl. J Med. 294:311--316.
Madsen, K., MacLean, D.A., Kiens, B, and Christensen, D., 1996, Effects of glucose, glucose plus branched-
chain amino acids, or placebo on bike performance over 100km. J. Appl. Physiol. 81:2644-2650.
Mittleman, K.D,, Ricci, M.R., and Bailey, S.P,, 1998, Branched-chain amino acids prolong exercise during heat

stress in men and women. Med. Sci. Sports Ex. 30:83-91.

Newsholme, E.A. and Leech, A.R., 1983, Metabolism and acid-balance. In: Biochemistry for the Medical Sci-
ences, Chap. 13. Chichester, U.K.: John Wiley & Sons.

Newsholme, E.A., Leech, A.R., and Duester, G., 1994, Keep on Running. Chichester: Wiley & Sons.

Oldendorf, W.H. and Szabo, J., 1976, Amino acid assignment to one of three blood-brain barrier amino acid
carriers. Am. J. Physiol. 230:94.

Pardridge, WM., 1977, Kinetics of competitive inhibition of neural amino acid transport across the blood-
brain barrier. J Neurochem. 28:103-108.

Struder, H.K., Hollman, W.K., Platen, P, Donike, M., Gotzmann, A., and Weber, K., 1998, Influence of parox-
etine, branched-chain amino acids and tyrosine on neuroendocrine system responses and fatigue in
humans. Horm. Metab. Res. 30:188-194.

Van Hall, G., Raaymakers, J.S.H., Saris, W.H.M., and Wagenmakers, A.JM., 1995, Ingestion of branched-
chain amino acids and tryptophan during sustained exercise in man: failure to affect performance. J
Physiol. 486:789-794.

Wagenmakers, A.JM., 1992, Role of amino acids and ammonia in mechanisms of fatigue. In: Muscle Fatigue
Mechanisms in Exercise and Training, Vol. 34, pp. 69-75, ed. P. Marconnet, P.V. Komi, B. Saltin, and
O.M. Sejerstedt. Med. Sport Sci. Basel: Karger.

Wilson, WM. and Maughan, R.J., 1992, Evidence for a possible role of S-hydroxytryptamine in the genesis of
fatigue in man: administration of paroxetine, a 5-HT re-uptake inhibitor, reduces the capacity to perform
prolonged exercise. Exp. Physiol. 77:921-924.

Winder, W.W,, 1996, Malony! CoA as a metabolic regulator. In: Biochemistry of Exercise IX. Maughan, R.J.
and Sherriffs, S.M. (Eds). pp. 173-184. Human Kinetics: Champaign, Illinois.

Yamamoto, T., Castell, L.M., Botella, J., Powell, H., Hall, GM., Young, A., and Newsholme, E.A., 1997,
Changes in the albumin binding of tryptophan during post-operative recovery: a possible link with
central fatigue? Brain Res. Bull. 43:43-46.



