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Summary. Tryptophan is important both for protein synthesis and as a pre-
cursor of niacin, serotonin and other metabolites. Tryptophan is an unusual
amino acid because of the complexity of its metabolism, the variety and
importance of its metabolites, the number and diversity of the diseases it is
involved in, and because of its use in purified form as a pharmacological agent.
This review covers the metabolism of tryptophan, its presence in the diet, the
disorders associated with low tryptophan levels due to low dietary intake,
malabsorption, or high rates of metabolism, the therapeutic effects of
tryptophan and the side effects of tryptophan when it is used as a drug
including eosinophilia myalgia syndrome.
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Introduction

Tryptophan is an essential constituent of the diet. It plays an important role
in protein synthesis, and is also the precursor of a variety of biologically
active compounds including serotonin, melatonin, tryptamine, quinolinic
acid and kynurenic acid. In addition, tryptophan is a precursor to the
coenzymes NAD and NADP, and can replace niacin as an essential nutrient.
Both excessive intake and deficiency of tryptophan are detrimental to health.
In the past, tryptophan has been used to treat several conditions, but it has
now been withdrawn from the market in most countries, as some tryptophan
preparations have been shown to cause the eosinophilia myalgia syndrome, a
discase associated with muscle pain, eosinophilia and a variety of cutaneous,
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neurologic and pulmonary symptoms. This survey covers the biochemistry of
tryptophan, dietary tryptophan intake, the adverse effects of low tryptophan
resulting from decreased intake or absorption, or increased metabolism of
tryptophan, and the therapeutic effects of, and the adverse reactions to,
tryptophan given as a drug.

Biochemistry and metabolism of tryptophan

L-tryptophan (tryptophan), an aromatic indolylpropionic acid (Fig. 1), was
identified in 1901 by Hopkins and Cole. While other amino acids were
isolated from acid digests of proteins, tryptophan is destroyed by heating
in acid and was isolated from a tryptic digest, hence its name (Hopkins
and Cole, 1901). It is one of the eight essential amino acids. Possibly because
its concentration in the body is the lowest of all the amino acids, it can play a
rate-limiting role in protein synthesis. Administration of tryptophan to mice
increases aggregation of ribosomes in the liver and enhances protein synthesis
(Sidransky et al., 1968), an effect that seems to be mediated by tryptophan
binding sites on cell nuclei (Cosgrove et al., 1992). This enhancement of
protein synthesis may have beneficial effects in some circumstances, as
tryptophan reverses the ethanol-induced depression of albumin synthesis
in rabbits (Rothschild et al., 1971), and also reverses some of the cirrhotic
changes in the livers of rats treated intermittently with carbon tetrachloride
(Sidransky et al., 1988).

In the mammalian brain, tryptophan is the precursor of serotonin (5-
hydroxytryptamine). Serotonin seems to act as a trophic factor in the
developing brain (Emerit et al., 1992), and is also a neurotransmitter.
Serotonin has a modulatory role in neural information processing (Soubrié,
1986; Spoont, 1992). It is thought to inhibit a variety of behaviors including
aggression, impulsivity, selection of food and alcohol, arousal, sexual behavior
and reaction to pain. In addition, serotonin is involved in the control of mood.
While serotonin is formed by hydroxylation and decarboxylation of
tryptophan, direct decarboxylation of tryptophan leads to the trace amine
tryptamine. Tryptamine is present in the brain at very much lower levels, but
can modulate the action of serotonin on neurons (Boulton, 1979).

In the pineal, there is active synthesis of serotonin which is metabolized
further to melatonin. Melatonin is secreted from the pineal gland actively
during the night, and its synthesis is inhibited by light. It is involved in the
regulation of diurnal rhythms, but can also influence reproductive and im-
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Fig. 1. The structural formula of tryptophan
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Fig. 2. Major pathways of tryptophan degradation in mammalians

mune functions (Reiter, 1991; Maestroni, 1993). A recent study suggests that
administration of tryptophan to humans will increase blood melatonin levels
(Huether et al., 1992a), an effect that may be mediated by melatonin synthesis
in the intestine (Huether et al., 1992b).

Quantitatively the most important pathway for tryptophan metabolism,
after protein synthesis, is the kynurenine pathway which is responsible for
over 90% of tryptophan catabolism (Fig. 2). Two enzymes initiate this
pathway, tryptophan-2,3-dioxygenase in the liver, and indoleamine-2,3-
dioxygenase which is present in a variety of tissues. The former is induced by
glucocorticoids and tryptophan (Knox, 1966; Sainio and Sainio, 1990). A
variety of compounds that cause release of glucocorticoids, including
nicotinamide, can induce this enzyme (Sainio and Sainio, 1990), but there
is also some evidence, obtained in vitro, for feedback inhibition by niacin
derivatives (Cho-Chung and Pitot, 1967). In the neonatal rat the activity
of tryptophan-2,3-dioxygenase is not detectable, but its appearance can be
induced prematurely with glucocorticoids (Yuwiler and Geller, 1973). Its
activity varies with age, increasing in the postnatal period and decreasing
again in old age (Segall and Timiras, 1983). Indoleamine-2,3-dioxygenase is
present in a variety of tissues including the intestine, stomach, lungs and brain,
and also macrophages and monocytes. It is induced by interferon gamma
(Taylor and Feng, 1991).

The extent to which tryptophan is catabolized by tryptophan and
indoleamine-2,3-dioxygenases varies in different species. Thus, in the rat,
which has high levels of tryptophan-2,3-dioxygenase, administration of a
glucocorticoid results in an increase in tryptophan catabolism. However, in
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the gerbil, which has mainly indoleamine-2,3-dioxygenase, glucorticoids
do not increase tryptophan catabolism (Green et al., 1975). In humans,
glucocorticoids can increase the rate of tryptophan catabolism (Leklem,
1971) suggesting that tryptophan-2,3-dioxygenase is normally the main
enzyme catabolizing tryptophan. However, when the immune system is
stimulated there can be induction of indoleamine-2,3-dioxygenase by inter-
feron gamma. In this situation degradation of tryptophan by indoleamine-
2,3-dioxygenase may become important in humans (Fuchs et al., 1991;
Pfefferkorn et al., 1986).

There are several important metabolites along the kynurenine path-
way including kynurenic acid, which is an antagonist at glutamate receptors,
and quinolinic acid which is a glutamate agonist (Moroni et al., 1990). The
majority of tryptophan is eventually converted to carbon dioxide, but a small
amount can act as a precursor of the coenzymes NAD and NADP (Krebs,
1971). In humans about 1mg of nicotinic derivatives is formed for each
60mg of tryptophan ingested (Horwitt et al., 1956; Horwitt et al., 1981). In
developed countries the intake of tryptophan is probably usually high enough
that little or no intake of niacin is required (see below). Thus, an intake of
900mg of tryptophan should result in the synthesis of about 15mg niacin,
while a daily intake of 11 to 13mg niacin is adequate to prevent depletion of
body stores of niacin (National Research Council, 1989).

Dietary tryptophan, plasma tryptophan and the brain

Tryptophan is the only amino acid bound to plasma albumin (McMenamy
and Oncley, 1958). Part of the tryptophan bound to albumin is available
for uptake into the brain (Yuwiler et al., 1977; Etienne et al., 1976). Various
drugs including antirheumatic drugs such as salicylates and indomethacin,
probenecid, chlorpromazine, diphenylhydantoin, tolbutamide, benzodiaze-
pines, clofibrate (Lewander and Sjostrom, 1973; Spano et al., 1974; Iwata et
al., 1975; Miiller and Wollert, 1975; McArthur et al., 1971b) and also free fatty
acids (McMenamy, 1964) and bilirubin (McArthur et al., 1971a) can bind to
the same binding site and affect the free (non-albumin bound) plasma
tryptophan level. In some circumstances these compounds can cause small
increases in brain tryptophan and serotonin as a result of the increase in the
free plasma tryptophan (Curzon and Knott, 1974; Gessa and Tagliamonte,
1974). Another factor that has a greater effect on tryptophan uptake into
brain is the plasma levels of the other large neutral amino acids (LNAA)
(phenylalanine, tyrosine, leucine, isoleucine, valine, histidine, methionine and
threonine) (Wurtman et al., 1981b). All these LNAA, including tryptophan,
share a common transport system that moves them from blood to brain
(Oldendorf and Szabo, 1976). All the LNAA compete for the carrier. The
brain level of each of the individual amino acids will depend not just on the
level of that amino acid in plasma, but also on the plasma levels of the other
amino acids competing for the transport system.

When an animal ingests a protein meal plasma tryptophan will rise.
However, because tryptophan is the least abundant amino acid in proteins the
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plasma levels of the other LNAA will rise even more. As a result, the ratio of
the level of tryptophan to the sum of the levels of the other LNAA in plasma
(the plasma tryptophan ratio), as well as brain tryptophan and serotonin, will
decline. After a carbohydrate meal, the plasma tryptophan level does not
change. However, carbohydrate causes release of insulin which results in the
net uptake of the branched chain amino acids, leucine, isoleucine and
valine, into muscle. As a result, the plasma levels of the branched chain
amino acids decline, the plasma tryptophan ratio increases, and the brain
levels of tryptophan and serotonin rise (Sainio et al.,, 1991). Thus, meals
containing tryptophan will tend to decrease brain tryptophan while meals
containing no tryptophan will tend to raise brain tryptophan (Wurtman et al.,
1981b), the opposite of what might intuitively be expected.

While protein and carbohydrate meals definitely alter brain serotonin in
rats, the extent to which this occurs in humans is uncertain. After a lunch of
starch or sugar the plasma tryptophan ratio is significantly higher than after a
lunch of protein (Lieberman et al., 1986). However, in humans the changes
that occur in the plasma tryptophan ratio are smaller than those which occur
in the rat (Ashley et al., 1985; Teff et al., 1989a), and they are not necessarily
seen at all times of day (Ashley et al., 1982). Therefore, the influence of these
changes on human brain serotonin levels has been questioned (Teff et al.,
1989b; Ashley et al., 1982). Furthermore, amounts of protein as small as 4%
in a carbohydrate meal can block the rise in the plasma tryptophan ratio (Teff
etal., 1989a). As few meals eaten by humans will contain less than 4% protein,
serotonin mediated changes in behavior after carbohydrate meals are unlikely
to be a normal physiological phenomenon.

The effects of carbohydrate and protein meals on levels of the serotonin
metabolite 5-hydroxyindoleacetic acid (SHIAA) in cerebrospinal fluid (CSF)
have been studied in patients who had CSF taken for diagnostic purposes.
Relative to a control water meal, a meal containing 100g of carbohydrate
failed to have a significant effect on CSF tryptophan or SHIAA. A meal
containing 45 ¢ protein also did not affect CSF levels of tryptophan or SHIAA,
although it did cause a significant rise in CSF tyrosine (but not in CSF levels
of the catecholamine metabolites homovanillic acid or 3-methoxy-4-
hydroxyphenylethylene glycol). The increase in CSF tyrosine after a protein
meal is consistent with animal data, as the increase in brain tyrosine when a rat
ingests a protein meal is greater than any change in brain tryptophan after
meals (Glaeser et al., 1983).

Overall the data suggest that protein and carbohydrate meals can affect
brain serotonin in the rat. However, rats ingest a higher percentage of their
body weight in food every day than do humans. As a result, changes in the
plasma tryptophan ratio are smaller in humans than in rats, and meals
probably do not affect human brain serotonin appreciably under most
circumstances.

In the diet, foods which contain large amounts of protein such as cheese,
fish, meat and eggs (Table 1) also contain abundant tryptophan (Souci et al.,
1986). In common foods, the ratio of tryptophan to the sum of the LNAA is
between 0.027 and 0.062. About 25% of the body’s amino acid reserves consist
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of these neutral amino acids while tryptophan accounts for 1-6%. Plasma
levels of amino acids often change much less than dictary intakes of amino
acids (Johnson and Anderson, 1982). Thus, differences in the intake of
tryptophan and LNAA are unlikely to result in important variations in brain
tryptophan and serotonin under normal circumstances.

Table 1. Consumption* of certain foods in Finland and the daily dietary intake**

Food Consumption Tryptophan content Daily tryptophan
kg/year mg/100g intake mg
Milk 173.3 42 199
Eggs 9.5 165 43
Wheat flour 155 110 47
Sausage 11.6 93 30
Potato 492 28 38
Cheese (Edam) 4.3 325 38
Beef 3.5 230 22

*The consumption figures are based on mean consumption figures issued by the Finnish
Central Statistical Office (Central Statistical Office: Questionnare Study for Households
in 1985, Helsinki 1988, 160 pages).

**The calculations of daily tryptophan intake are based on food consumption figures and
the tryptophan contents of the foods concerned (Nutrion Tables, The Swedish National
Food Administration, 1986, Liber Tryck Ltd., Stockholm).

Dietary intake of tryptophan in Finland

An adult requires 3.5mg tryptophan per kg body weight per day, or about
250mg per day, to maintain nitrogen balance (Harper and Yoshimura, 1993).

Table 2. The ratio of tryptophan content (TRP) to neutral

amino acids (isoleucine, leucine, phenylalanine, tyrosine,

valine) (SNA). Source: Souci, Fachmann, Kraut: Food
Composition and Nutrition Tables, 1986/1987

FOOD TRP SNA SNA/TRP
Eggs 230 4700 0.049
Milk 46 1130 0.041
Breast milk 22 400 0.055
Cheese 400 8780 0.046
Beans 27 503 0.054
Walnuts 170 3880 0.044
Tuna fish 300 6820 0.044
Pike 160 5770 0.027
Lobster 120 4480 0.027
Veal 310 6120 0.051
Champignon 24 460 0.052
Potato 30 480 0.062
Butter 9 242 0.037
Banana 16

Pineapple does not contain amino acids
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On the basis of food consumption figures (Table 2), the average dietary intake
of tryptophan in Finland is about 900mg/day, well above the amount required.
The main sources of dietary tryptophan are milk and other dairy products
(309mg, which includes 74mg from cheese), meat and sausage (151mg), fish
(57mg), white bread (47mg), eggs (43mg) and potatoes (38mg). The remain-
ing 200 mg comes from other types of food. The average intake in Finland is
75% of the estimated intake from a hospital diet in the U.S.A. (Murphy et al.,
1974).

Tryptophan deficiency and disease

Tryptophan and its metabolites are involved in many different types of
pathology. However, in this review we cover only those conditions in which
decreased availability of tryptophan may play some role in the sym-
ptomatology of the disorder. While the normal acute variations in dietary
intake are unlikely to influence physiological functions via alterations in
tryptophan availability, chronic dietary insufficiency can have important
effects on health. One of the first biological treatments for a major psychiatric
disorder was the dietary treatment of pellagra (Sebrell, 1981). Pellagra is
caused by a deficiency of niacin. The symptoms of pellagra are usually
described as consisting of diarrhoea, dermatitis and dementia, but the
mental symptoms are much more varied than implied by the term dementia
alone. Mild cases can be associated with headache, sleep disturbances and
depression, while in more severe cases hallucinations, catatonia, dementia and
seizures are all seen (Lehmann, 1972). Pellagra is associated with poverty
and diets which rely heavily on corn, which is low in both niacin and its
precursor tryptophan (Sebrell, 1981; Golberger and Wheeler, 1915). Pellagra
resulting from diets high in corn can be avoided by treating the corn with
alkali before cooking (e.g. as in boiling corn in lime water in the preparation
of tortillas). The alkali increases the bioavailability of both tryptophan and
niacin in the corn (Carpenter, 1981). Before the invasion of the American
continent by Europeans all the different cultures of America that relied
heavily on corn used alkali processing in its preparation (Katz et al., 1974).
Newer varieties of corn have higher tryptophan and niacin contents and do
not results in pellagra even in the absence of alkali processing (Xue-Cun et al.,
1983).

Information on the effects of a specific tryptophan deficiency during hu-
man development come from a tragic incident in which tryptophan was left
out of a commercially available dietetic formula being fed to children with
phenylketonuria (Jaeger et al., 1979). Of the eighteen children who could be
followed up the majority suffered from lethargy, loss of hair and skin lesions
within six to eight weeks of starting on the defective diet. Other symptoms
included loss of appetite, neurological disturbances and diarrhoea. While
most of the symptoms resolved after the patients returned to an adequate
diet, some of the neurological symptoms including visual impairment, optic
atrophy, ataxia and spastic paresis of the legs persisted.
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Defects in the absorption of tryptophan can influence health. Hartnup
disease is an inherited autosomal recessive disease which results in deficient
reabsorption of the neutral amino acids, including tryptophan, in the renal
tubuli and also malabsorption of these amino acids in the gastrointestinal
tract. The clinical manifestations of Hartnup disease are intermittent and
variable. The deficient uptake of tryptophan can result in a pellagra-like
condition, which may include mental manifestations such as nystagmus,
ataxia, emotional lability, hallucinations and depression (Lehmann, 1972;
Rosenberg and Scriver, 1974).

Another disorder in which absorption of nutrients from the gastroin-
testinal tract can be impaired is coeliac disease. Depression is one of the main
causes of disability in undiagnosed coeliac disease (Hallert and Anstrom,
1982). In adults and children with coeliac disease the availability of
tryptophan to the brain, as indicated by the plasma ratio of tryptophan to the
sum of the other LNAA, is low especially in those with depression (Hernanz
and Polanco, 1991; Hallert et al., 1982b). Low levels of the serotonin
metabolite SHIAA are found in the CSF of coeliac patients, but the levels of
the dopamine metabolite homovanillic acid and of the noradrenaline
metabolite 3-methoxy-4-hydroxyphenylethylene glycol are also low (Hallert
et al., 1982a) suggesting that low tryptophan availability may not be the
only cause of the low CSF SHIAA. When a group of coeliac patients were
treated with a gluten-free diet for a year their CSF SHIAA and tryptophan
both increased, but the rise of SHIAA (33%) was greater than that of
tryptophan (10%) (Hallert and Sedvall, 1983). In another disorder associated
with malabsorption, Crohn’s disease, serum tryptophan was found to be low
in some patients, but no attempt was made to relate this to any symptom
except for weight loss (Beeken, 1976).

In a group of 24 patients with senile dementia tryptophan malabsorption
was found in four patients using a tryptophan loading test (Lehmann, 1981).
These patients were treated with tryptophan and 5-hydroxytryptophan for
two to three weeks. Two patients showed improvement in their absorption
of tryptophan and in their mental condition. The idea that malabsorption of
tryptophan may play a role in the etiology of a small proportion of cases
of dementia is intriguing and needs further research.

L-Dopa, like L-tryptophan, is a large neutral amino acid and may compete
with tryptophan for transport systems. Parkinsonian patients who had
been on dopa and who had shown psychotic symptoms had lower levels of
tryptophan in all brain areas compared with those patients who did not
develop psychoses (Birkmayer et al., 1974). In rats treated with dopa, admin-
istration of tryptophan normalizes the low levels of SHT that are found (Fahn
et al., 1975), and in patients tryptophan has been used successfully to alleviate
the mental side effects that develop during dopa therapy (Birkmayer et al.,
1972; Lehmann, 1973; Miller and Nieburg, 1974; Gehlen and Miiller, 1974;
Rabey et al., 1977). The side effect seen most often is psychosis, sometimes
with hallucinations, but depression is also seen. In one study tryptophan failed
to alleviate the dementia seen in Parkinsonian patients treated with dopa
(Sweet et al., 1976). However, the dementia was probably a symptom of the
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disorder rather than a side effect of the treatment. The mental symptoms
associated with dopa therapy might be caused by inhibition of tryptophan
uptake from the gastrointestinal system, as plasma tryptophan levels are
lowered in dopa treated patients and are lowest in those with psychosis
(Lehmann, 1973). Dopa inhibition of tryptophan uptake into the brain may
also play some role (Young and Sourkes, 1977). However, it is not clear that
the therapeutic effect of tryptophan in dopa-induced side effects is in fact due
to restoration of tryptophan and SHT levels. Tryptophan will inhibit dopa
uptake and thus the effect of giving tryptophan may be similar to reducing the
dose of dopa, a strategy likely to reduce side effects. Although tryptophan has
no action by itself in Parkinson’s disease, adding tryptophan to dopa therapy
may have significant advantages over dopa alone even in patients who have no
psychosis. When patients were treated with dopa and placebo or dopa and
tryptophan, patients given the tryptophan showed a significant improvement
in mood and drive, and possibly because of this their ability to do certain tasks
showed significant improvement compared to those treated only with dopa
(Coppen et al., 1972).

Overall the studies on patients with inadequate intake of tryptophan, due
either to low levels in the diet or malabsorption, indicate that tryptophan
deficiency causes a number of symptoms. These symptoms could be due to
several factors, but decreased protein synthesis and low levels of niacin and
SHT are probably important in some of them. For example, low levels of SHT
may be involved in the etiology of depression (Meltzer and Lowy, 1987), and
depression is associated with many of these conditions.

Low levels of tryptophan could be caused either by low levels of
tryptophan in the diet, tryptophan malabsorption, or by excessive metabolism
of tryptophan. Normally only about 1% of ingested tryptophan is excreted in
the urine as SHIAA. However, in patients with the carcinoid syndrome this
can increase to as much as 60% (Sjoerdsma et al., 1956). Although mental
symptoms have only rarely been reported in the carcinoid syndrome, there is
a series of case reports with symptoms that include emotional lability, depres-
sion, confusion, hallucinations, and stupor. In five patients with these symp-
toms plasma tryptophan was measured and found to be very low. Three of
these patients were treated with tryptophan and all showed an improvement
in their mental state (Lehmann, 1972).

The main catabolic enzyme for tryptophan is tryptophan-2,3-dioxygenase,
an enzyme that is induced by cortisol in humans (Altman and Greengard,
1966). In Cushing’s syndrome there is excessive excretion of cortisol and
depression is often seen. However, in patients with active Cushing’s syndrome
plasma tryptophan was reduced by only 10% compared with plasma
tryptophan in patients with Cushing’s syndrome who had been treated (Kelly
et al., 1980). This suggests that induction of tryptophan-2,3-dioxygenase by
cortisol is not of sufficient magnitude to cause a marked reduction in plasma
tryptophan. Thus, symptoms of depression in Cushing’s syndrome are not due
to decreased tryptophan availability.

While induction of tryptophan-2,3-dioxygenase by cortisol may not play
a role in psychopathology, induction of indoleamine-2,3-dioxygenase by
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interferon gamma may have pathophysiological significance. In patients
with HIV infection the immune activation is associated with elevated
interferon gamma. In such patients tryptophan levels are low in plasma and
CSF and are correlated with neopterin levels. Neopterin levels are an
indicator of immune activation and are correlated positively with interferon
gamma levels (Fuchs et al., 1990a). The low tryptophan levels are accom-
panied by high kynurenine levels (Fuchs et al., 1991), and show a significant
association with neurological and psychiatric symptoms, mainly dementia and
polyneuropathy (Fuchs et al., 1990b). The decline in tryptophan availability
seems to be accompanied by a decline in CNS serotonin synthesis. Thus, while
patients with HIV infection and symptoms at Center for Disease Control
(CDC) stage III had normal CSF SHIAA levels, patients at the more
advanced CDC stage IV had low CSF SHIAA even though their CSF
homovanillic acid, dopamine and noradrenaline levels were normal (Sofic et
al., 1992). Whether low tryptophan levels contribute to the symptomatology
of HIV patients is unclear. Low serotonin might contribute to depression,
particulary in susceptible subjects. Low protein synthesis is another possible
mediating mechanism, but low niacin levels will not occur because induction
of indoleamine-2,3-dioxygenase will increase flux along the pathway to niacin.
One metabolite of interest along this pathway is quinolinic acid, which is an
agonist at glutamate receptors and can cause neuron death at high concen-
trations. In patients with HIV infection both CSF and brain quinolinic acid
levels are elevated (Achim et al., 1993). In the early stages of the disease CSF
quinolinic acid levels were elevated two fold, but in patients with overt AIDS
dementia complex it was elevated over 20 fold (Heyes et al., 1991). How-
ever, it not clear to what extent any of the changes in tryptophan metabolism
are responsible for the symptomatology or are merely reflecting immune
activation.

Because of the interest in low serotonin levels in the etiology of depression
several groups have looked at plasma tryptophan levels or the plasma ratio of
tryptophan to the other LNAA in depressed patients. Values are often found
to be low in depression, e.g. (Maes et al., 1990; DeMeyer et al., 1981; Dunlop
et al., 1983; Lucca et al., 1992; Joseph et al., 1984). However, the magnitude of
the decline is too small to cause an appreciable decline in brain serotonin, and
it is unlikely that reduced tryptophan availability is involved in the etiology of
most cases of depression. Nonetheless, a low plasma tryptophan ratio is
capable of predicting the response to a variety of different antidepressant
drugs (Moller, 1990).

Medical uses of tryptophan

The rationale for the therapeutic use of tryptophan depends on the fact that
alterations in brain tryptophan levels can influence serotonin synthesis. This is
because in humans (Young and Gauthier, 1981) as in rats (Fernstrom and
Wurtman, 1971) brain tryptophan hydroxylase is only about half saturated
with its substrate. Increases in tryptophan availability can double the rate of
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serotonin synthesis but will not increase it any more than that (Young and
Gauthier, 1981). The first study using tryptophan to influence mood was
published in 1958 by Lauer et al. (1958) who gave L-tryptophan (20mg/kg/day
for 6 weeks) to seven schizophrenic patients who were receiving
a monamine oxidase inhibitor. They noted that “the patients exhibited an
increase in energy level and motor activity and improvement in the ability to
accept interpersonal relationships, and displayed more affect”. Numerous
other studies have tested the therapeutic effect of tryptophan in a variety of
disorders over the past 35 years. One of the attractions of this approach is that
it has both theoretical significance, because tryptophan is relatively specific
for its effects on serotonin, and practical significance because tryptophan,
being a dietary component, is, with certain notable exceptions, a safe drug
even at doses up to 12g per day. The efficacy of tryptophan in depression and
other psychiatric disorders has been reviewed (Young, 1986; Cole et al., 1980;
Baldessarini, 1984; Young, 1990; Boman, 1988).

The consensus about the antidepressant effect of tryptophan is that it is
not as effective as a standard antidepressant in severely depressed inpatients
(Young, 1986; Cole et al., 1980; Baldessarini, 1984). However, one of the
better clinical trials of tryptophan in depression was conducted on mild to
moderately depressed outpatients, and concluded that tryptophan (3g/day)
was more effective than placebo, and as effective as amitriptyline (Thomson
et al., 1982). Tryptophan produced no more side effects than placebo,
and significantly fewer side effects than amitriptyline. One small study
indicates that tryptophan is significantly better than placebo in the treatment
of Seasonal Affective Disorder (McGrath et al., 1990). This interesting
observation needs confirmation.

Several early studies suggest that tryptophan can potentiate the antide-
pressant effect of monoamine oxidase inhibitors. However, it also tends to
potentiate the side effects of these drugs and the combination is usually used
only in treatment-resistant patients. While tryptophan potentiates the action
of monoamine oxidase inhibitors, it does not seem to potentiate the action of
other antidepressant treatments such as tricyclic antidepressant and electro-
convulsive therapy (Young, 1991).

Because of clinical studies suggesting that aggressive patients have low
levels of the serotonin metabolite 5-hydroxyindoleacetic acid (SHIAA) in
their cerebrospinal fluid (CSF) (Virkkunen et al., 1989; Coccaro, 1992), two
studies have investigated the possible effect of tryptophan in pathologically
aggressive patients. In the first, which was performed on aggressive schizo-
phrenics, tryptophan caused a significant reduction in uncontrolled behavior
relative to placebo (Morand et al., 1983). In the second study, on aggressive
psychiatric inpatients, tryptophan did not decrease aggressive acts, relative to
placebo. However, the patients required significantly less neuroleptic medica-
tion to control their aggression when they were on tryptophan (Volavka et al.,
1990).

Several studies have investigated the efficacy of tryptophan in clinical
pain. King (1980) reported that tryptophan relieved the pain of patients in
whom chronic pain had recurred after successful treatment by rhizotomy or
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cordotomy. While this study was uncontrolled, patients continued the
treatment for periods up to 13 months, and patients with longstanding pain
tend to withdraw from treatment if it is ineffective. In a controlled trial,
Seltzer et al. (1983) found tryptophan to decrease clinical pain in patients with
chronic maxillofacial pain. Tryptophan has also been reported to reduce pain
24 hours after endodontic surgery (Shpeen et al., 1984). While some of
the clinical studies with tryptophan have revealed therapeutic effects, others
have not. In patients with spinal disk disease, no effect of tryptophan was
found (Sternbach et al., 1976). Tryptophan was also ineffective when given
at bedtime in patients with the fibrositis syndrome (Moldofsky and Lue,
1980). In a recent study, tryptophan given pre- and postoperatively did
not effect pain development or analgesic consumption after third molar
surgery (Ekblom et al., 1991). Finally, in two studies on pain after abdominal
surgery, intravenous tryptophan infusions failed to decrease pain or morphine
requirements (Franklin et al., 1990; Ceccherelli et al., 1991). In the first of
these studies (Franklin et al., 1990) patients with lower levels of tryptophan
tended to require less morphine, in contrast to an experimental study using
the cold pressor test which showed that lowered tryptophan levels abolished
morphine analgesia (Abbott et al., 1992). The varying results obtained
with tryptophan in different types of clinical pain probably reflect the fact
that the word pain includes physiological phenomena acting through a
variety of different mechanisms. Ths situation in which tryptophan has
shown a therapeutic effect most frequently is chronic pain associated with
deafferentation or neural damage.

Tryptophan, given for several weeks, has been tested against placebo in
two clinical studies to see if it would decrease total calorie or carbohydrate
intake of obese and/or carbohydrate craving subjects (Wurtman et al., 1981a;
Strain et al., 1985). In neither of these studies was there any effect on weight
or food selection of the patients. In a single study, a mixture of L-tryptophan,
DL-phenylalanine, L-glutamine and pyridoxal phosphate helped weight loss
in carbohydrate carving subjects (Blum et al., 1990). However, the open
design and the mixture of compounds given make the results of this study
difficult to interpret.

Tryptophan has been tested as a hypnotic in nearly 50 studies. Although
results are rather variable, the consensus of reviews of this area is that
tryptophan can be an effective hypnotic under some circumstances (Young,
1986; Hartmann and Greenwald, 1984; Cooper, 1979; Boman, 1988). While
tryptophan is not as effective as standard hypnotics in severe insomnia, it can
decrease sleep latency by about half in mild insomnia. At lower doses (<4g)
it does this without altering sleep architecture.

Tryptophan increased exercise performance relative to placebo, an effect
that the authors suggested might be due to an analgesic effect (Segura and
Ventura, 1988). However, in a second study tryptophan did not improve
running performance (Stensrud et al., 1992).

A single case report suggests a therapeutic effect of tryptophan in
nonketotic hyperglycinemia (Matsuo et al., 1995), a rare genetic disorder.
Tryptophan increased the levels of the tryptophan metabolite kynurenic acid
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in the CSF. The interesting aspect of this case report is that the therapeutic
effect of tryptophan was attributed to the inhibitory effect of kynurenic acid
on excitatory amino acid receptors, rather than to an increase in serotonin
levels.

The clinical studies on tryptophan have established a therapeutic effect in
mild to moderate depression and insomnia and have pointed to a number of
promising areas (particularly pain and aggression) where more studies are
needed.

Toxicology of tryptophan

The daily dietary intake of tryptophan can be up to 1g and doses of less than
1g taken in addition to the normal dietary intake are unlikely to cause any
adverse effects. Small doses are often used in the treatment of mild insomnia,
as tryptophan is no more effective at higher doses than at 1¢g (Hartmann et al.,
1974). However, as an antidepressant tryptophan has been used at a daily
dose of from 3 to 12g, which obviously raises greater concern. In the rat
tryptophan has the lowest LDy, of any amino acid, 1.6g/kg (Gullino et al.,
1956). At this dose symptoms of toxicity appeared between 10 minutes and 2
hours after ingestion. Death, which was probably due to the accumulation of
metabolites such as urea and ammonia, occurred between five hours and three
days. Autopsies performed on animals that survived an LD, dose showed no
evidence of pathology, either gross or microscopic (Gullino et al., 1956). A
dose of 1.6g/kg is equivalent to an intake of over 100g for a 70kg human. As
much smaller doses taken orally would induce vomiting it is unlikely that a
human could commit suicide with tryptophan.

Doses below the LDy, reduce food intake and growth of rats when
given chronically. This is not specific to tryptophan, but occurs with any diet
in which there is an imbalance of any amino acid. The adverse effects of
amino acid imbalance are exacerbated by diets low in protein and diminished
by diets high in protein (Harper et al., 1970). Thus, patients taking any
amino acid supplement should always be sure to ingest adequate amounts of
protein.

The literature contains a variety of reports of adverse effects of tryptophan
in experimental animals. These include fatty liver and ultrastructural changes
in the liver of rats (Hirata et al., 1967, Trulson and Sampson, 1986),
cytoskeletal and macromolecular permeability alterations in hamster small
intestinal epithelium (Madara and Carlson, 1991), acute hemolytic anemia in
ponies (Paradis et al., 1991), enhancement of plasma lipid peroxidation in rats
(Aviram et al., 1991), and fibrosis and acinar changes in the pancreas (Love et
al., 1993). The last of these is of interest because tryptophan levels in the
pancreas are five times higher than in the liver (Sainio et al., 1991). However,
the literature on the adverse effects of tryptophan is not always consistent. For
example, while tryptophan many enhance lipid peroxidation in rats (Aviram
et al., 1991), both tryptophan and some of its oxidative metabolites are effi-
cient scavengers of peroxyl radicals and inhibit peroxyl radical mediated
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oxidation of lipid (Christen et al., 1990). Also, tryptophan was not found
to cause fatty liver or ultrastructural changes in rats in a recent study
(Matthies and Jacobs, 1993), and it alleviates fatty liver in laying hens (Akiba
et al, 1992). While the studies mentioned above usually involved short
term administration of tryptophan, a large and long term study was carried
out under the aegis the National Cancer Institute in the U.S.A. (National
Cancer Institute, 1978). Large groups of rats and mice were given greatly
elevated amounts of tryptophan in their diets for most of their lives. Not only
was there no increased incidence of cancer, but inspection of the tissues at
autopsy revealed no gross or microscopic changes. Obviously considerable
weight should be given to the findings from this study because of its size and
length.

When tryptophan was freely available as a dietary supplement it was
often viewed as a “natural” treatment of disorders such as insomnia, and
therefore might have been used by pregnant women. Thus, work on the
possible adverse effects of tryptophan on pregnancy is of great interest.
Tryptophan, given as 1.8% of the diet of pregnant hamsters, caused a signifi-
cant reduction in embryo and neonate survival and in neonatal weight of the
pups (Meier and Wilson, 1983), an effect possibly mediated by the peripheral
vasoconstrictive effect of SHT. However, a ten-fold increase of tryptophan in
the diet of pregnant rats had no adverse effect (Funk et al., 1991). Increasing
tryptophan in the diet 25-fold resulted in decreased maternal weight gain, but
this might be expected with any severe amino acid imbalance. Adverse effects
of tryptophan in pregnancy may not be limited to effects on fetal weight.
Administration of tryptophan-enriched diets to pregnant rats retards the
development of the SHT system in their offspring (Huether et al., 1992c).
Although it is not known whether moderate supplementation with tryptophan
has any effect on the human fetus, tryptophan should not be given to pregnant
women unless the therapeutic gains outweigh the risk of adverse effects to the
fetus.

The literature has very few reports of adverse effects when pure
tryptophan supplements are given to humans (Young, 1986; Sourkes, 1983)
even though tryptophan has been used experimentally for over 30 years
and clinically for over 20 years. However, animal studies suggests several
situations in wich tryptophan should be used with caution. The first is
pregnancy. The second is related to the possible carcinogenicity of tryptophan
metabolites. Thus, 3-hydroxyanthranilic acid, and some other metabolites
along the kynurenine pathway, cause bladder cancer when they are implanted
in pellet form in the bladder of rats (Bryan, 1971). Given that tryptophan
supplementation does not seem to cause cancer in the rat (National Cancer
Institute, 1978), a possible carcinogenic effect of tryptophan should only be of
concern to those patients with a source of physical irritation in the bladder
similar to that caused by the pellets of 3-hydroxyanthranilic acid. A third area
of concern is the diabetogenic effect of the tryptophan metabolite xanthurenic
acid, which is increased on tryptophan loading (Wolf, 1974). This effect is
possibly due to the ability of xanthurenic acid to bind insulin (Ikeda and
Kotake, 1984; Hattori et al., 1984). Caution should be used when giving
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tryptophan to patients with a family history of diabetes. Fourth, in ruminants
oral tryptophan causes marked pulmonary edema and emphysema. This
seems to be due to bacterial conversion of tryptophan to skatole (3-
methylindole), which causes the same type of lung lesions (Carlson et al.,
1972). Fifth and last, animal data suggest that photooxidation of tryptophan
and some of its metabolites, such a kynurenine, are involved in cataract
~ formation (Zigman, 1984). Although no such evidence exists for humans,
tryptophan administration is likely to raise lenticular tryptophan and
kynurenine concentrations, and this might make subjects more susceptible to
cataract formation, particularly if exposed to ultraviolet light.

The most common adverse effect reported when tryptophan is given
to humans is the serotonin syndrome. The serotonin syndrome was first
described in rats. When these animals are given tryptophan plus a
monoamine oxidase inhibitor (MAOI), or various other drugs including
high doses of 5-hydroxytryptophan with a peripheral decarboxylase inhibitor,
or serotonin receptor agonists, the animals exhibit tremor, rigidity,
hypertonicity, hind-limb abduction, rigidly arched tail, lateral head shaking,
treading movements of the forelimbs, hyperreactivity, myoclonus and even
generalized seizures (Gerson and Baldessarini, 1980). The appearance of
the serotonin syndrome in 38 patients in 12 reports has been reviewed
recently in two reviews (Sternbach, 1991; Lejoyeux et al., 1994). The majority
of these cases were associated with a combination of tryptophan and an
MAOI, but the combination of a serotonin uptake inhibitor and MAOI can
also cause the serotonin syndrome. The main symptoms seen were changes in
mental status including confusion and hypomania, restlessness, myoclonus,
hyperreflexia, diaphoresis, shivering and tremor. The incidence of the
serotonin syndrome in patients is unknown, but Sternbach (1991) argues that
it is underreported, because it is not recognized, or because it is confused with
the neuroleptic malignant syndrome, which has some similarities in terms of
symptoms.

The serotonin syndrome usually resolves within 24 hours of cessation of
tryptophan treatment, with no residual symptoms. The animal model
suggests that serotonin antagonists should be a useful treatment, and a
single case report suggests the efficacy of cyproheptadine (Lappin and
Auchinloss, 1994). Supportive measures have been used including cooling
for hypothermia, intramuscular chlorpromazine as an antipyretic and
sedative, artificial ventilation for respiratory insufficiency, anticonvulsants for
seizures, clonazepam for myoclonus and nifedipine for hypertension
(Sternbach, 1991).

Although the combination of tryptophan and fluoxetine, a specific
serotonin reuptake inhibitor, has been reported to produce the serotonin
syndrome in some patients (Steiner and Fontaine, 1986), the combination of
tryptophan and tricyclic antidepressants usually does not lead to any more
side effects than the tricyclic antidepressant alone (Young, 1986). Indeed,
in the largest study of the combination of tryptophan and a tricyclic
antidepressant, the increase in heart rate seen with amitriptyline was less
marked in the combined treatment group (Thomson et al., 1982). However,
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the production of the serotonin syndrome with fluoxetine suggests that all
specific serotonin uptake inhibitors should be used with caution in conjunc-
tion with tryptophan.

Tryptophan alone seems to produce no more side effects than placebo
when given at a moderate dose (3g per day) (Thomson et al., 1982). In studies
using higher doses of tryptophan, 9.6g per day in affective disorder patients
(Murphy et al., 1974), and 20g per day in schizophrenic patients (Gillin et al.,
1976), no side effects were noted. In studies in which side effects are noted
they are generally mild, the most common being nausea and lightheadedness
(Young, 1986).

While tryptophan itself seems to be relatively safe, during cooking of
protein containing foods tryptophan forms various pyrolysis products
which are mutagens, carcinogens and comutagens. The structure of some of
these compounds have been isolated after pyrolysis of pure tryptophan
and they are all indole containing compounds (Friedman and Cuq, 1988;
Fujiki et al., 1984). Similar carcinogenic pyrolysis products of tryptophan have
been detected in human bile (Manabe and Wada, 1990) suggesting that the
normal daily diet contains carcinogenic tryptophan pyrolysis products. Their
toxicological significance have not yet been established in humans. However
in hamsters some of these compounds have an LD, as low as 50mg/kg
(Friedman and Cug, 1988).

Eosinophilia myalgia syndrome

In late 1989 an epidemic of a new disorder appeared in the U.S.A. It came to
be called the eosinophilia, myalgia syndrome (EMS). EMS is an inflammatory
syndrome characterized by eosinophilia, myalgia, periomyositis, fascitis and
neuropathies. [t was apparently caused by several lots of L-tryptophan manu-
factured by a single company, Showa Denko K.K. In the U.S.A. there were
over 1500 cases and 38 deaths. EMS occurred in various European countries
and Japan also, but there were not as many cases as in the U.S.A. (Swygert et
al., 1990; Belongia et al., 1990; Silver et al., 1990; Mizutani et al., 1991;
Belongia et al., 1992; Hertzman et al., 1990; Kilbourne et al., 1990; Castot et
al., 1991; Carr et al., 1994). In Canada, where tryptophan is on the market as
a prescription drug and the original source of the tryptophan was not Showa
Denko K.K., there were no cases of EMS associated with the use of
tryptophan as a prescription drug. However, as many as ten cases of EMS
were reported in Canada due to individuals buying tryptophan over the
counter in the U.S.A. (Wilkins, 1990). Canada is one of the few countries
where tryptophan is still available for human use. Another is Finland, where
no cases of EMS have been reported. In Finland, as in Canada, tryptophan has
been banned only as a food additive (Finnish National Board of Health
circular of 21.12.1989). It can still be prescribed as a drug. Recently
tryptophan has been reintroduced into Britain as a prescription drug (Lader,
1994).

T)he exact cause of EMS is still unclear. Chemical analysis of lots of
tryptophan associated with EMS revealed numerous minor contaminants.
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The early focus was on 1,1'-ethylidenebis(L-tryptophan), also know as
EBT, “peak 97” and “peak E” (from peaks obtained on high performance
liquid chromatography) (Belongia et al., 1990; Crofford et al., 1990; Mayeno
et al., 1990; Smith et al., 1991). However, recent epidemiological data suggest
that some lots of tryptophan not associated with EMS have levels higher
than some lots associated with EMS. While lots associated with EMS
had higher EBT levels overall, the difference between the level of EBT in
Jots associated and not associated with EMS did not reach the 0.05 level of
significance (p = 0.12) (Philen et al., 1993). Other chemical contaminants
could be responsible for EMS, or could modify the effects of EBT. Another
recent study found more than 60 minor contaminants in tryptophan from
Showa Denko K.K. Six of the contaminants showed a significant association
with lots found to cause EMS. The six compounds were EBT, 2(3-
indolymethyl)-L-tryptophan, 3-anilino-alanine and three other compounds of
unknown structure (Hill et al., 1993). The discovery of 3-anilino-alanine as a
case-associated contaminant is of interest because of the similarities of EMS
to the toxic oil syndrome (TOS). TOS occurred in 1981 in Spain and affected
10,000 people, 800 of whom died. It was probably due to the addition of
aniline to cooking oil (World Health Organization, 1992). However, while the
discovery of an aniline-derivative in case-associated lots of tryptophan
strengthens the idea of an association between EMS and TOS, the
compound(s) responsible for TOS has never been discovered.

Not all subjects who ingested tryptophan manufactured by Showa
Denko developed EMS, with different studies finding rates that vary widely
(Belongia et al., 1990; Kamb et al., 1992). Dose of tryptophan is probably an
important factor, with one study finding rates of EMS above 50% when
the dose was 4g per day or higher (Kamb et al., 1992). Patients on tryptophan
often received antidepressant drugs that inhibit drug metabolism via
cytochrome P450. This fact led to a study of the pharmacogenetic character-
istics of EMS (Flockhart et al., 1994). Patients with EMS were found to have
a significantly elevated incidence of a P450 genotype associated with low rates
of metabolism. This raises the possibility that exposed individuals who were
protected from EMS were able to metabolize the contaminant(s) associated
with EMS better than those who developed the disorder.

The epidemic of EMS starting in 1989 focussed attention on ingestion of
tryptophan, and led to suggestions that isolated cases of eosinophilic fascitis
may have occurred in people ingesting tryptophan before the epidemic and
before the contaminated lots of tryptophan were manufactured (Hibbs et al.,
1992; Blauvelt and Falanga, 1991). Isolated cases resembling EMS have also
been reported without ingestion of tryptophan (Bochner et al., 1991; Clauw et
al., 1994), or after ingestion of 5-hydroxytryptophan (5-HTP) (Hornstein et
al., 1989; Auffranc et al., 1985; Sternberg et al., 1980; Michelson et al., 1994).
Although there is no data available yet on possible contaminants in 5-HTP,
condensation between 5-HTP and acetaldehyde can form a tetrahydro-g-
carboline, while exposure of EBT to acidic conditions similar to those found

in the stomach results in several products including a tetrahydro-g-carboline
(Ito et al., 1992).
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The confusion concerning the possible etiology of EMS resulting from
the clinical data has not been dispelled by animal work. When Lewis rats were
fed tryptophan from lots that were definitely associated with EMS they
showed periomyositis and fascitis (Crofford et al., 1990). EBT alone caused
significant myofascial thickening, but only at doses well above those likely to
be ingested by subjects taking tryptophan. However, in the same study, lots of
tryptophan not associated with EMS were found to cause mild but significant
myofascial thickening (Love et al., 1993). Tryptophan has also been reported
to cause cosinophilia to animals with adrenal dysfunction (Shishikura et al.,
1991; Sato et al., 1992).

It remains unclear what compound or compounds are responsible for
EMS, whether they act alone or in conjunction with tryptophan, and whether
metabolic factors predisposed some individuals to EMS. Treatment of EMS is
completely symptomatic and often includes a glucocorticoid (prednisolone).
However, many patients do not respond adequately to treatment (Kaufman et
al., 1991).

Conclusion

Tryptophan is unique as a component of the diet as it plays an important
role in protein synthesis and is also the precursor of a variety of important
metabolites including niacin and serotonin. As a drug it is not widely used,
but may be therapeutic in some circumstances. The important distinction
between tryptophan in the diet and as a drug is not always made clearly in the
literature. Articles refer to the “dietary” use of tryptophan when it is being
used as a supplement in purified form. There are a number of reasons why
the word “dietary” is not appropriate in this context. First, as tragically
illustrated by the EMS epidemic, when supplemental tryptophan is given
it is a manufactured product, not a component of the diet. Second, when
supplemental tryptophan is given it causes an amino acid imbalance, and in
the absence of other amino acids will not be a substrate for protein synthesis.
Third, some of the metabolic effects of tryptophan are different when it
is given as part of the diet and as a drug. Thus, tryptophan as a component
of the diet will not raise brain tryptophan and serotonin levels because of
competition between tryptophan and the other large neutral amino acids
for entry into the brain. This does not occur when tryptophan is ingested
by itself and supplemental tryptophan will raise brain serotonin. Thus, there
is a clear distinction between ingestion of tryptophan in the diet and as a drug.

One of the major conclusions of this review is that in spite of many decades
of work on tryptophan there still remain many research opportunities. This is
especially true concerning the therapeutic effect of tryptophan, but also as far
as dietary and metabolic effects are concerned.

Acknowledgements

Work in the authors’ laboratories is supported by the Juho Vainio and Signe and Arne
Gyllenberg Foundations in Finland (Eeva-Liisa Sainio) and by the Medical Research
Council of Canada (Simon N. Young).



L-tryptophan: A review 39

References

Abbott FV, Etienne P, Franklin KBJ, Morgan MJ, Sewitch MJ, Young SN (1992} Acute
tryptophan depletion blocks morphine analgesia in the cold-pressor test in humans.
Psychopharmacology 108: 60-66

Achim CL, Heyes MP, Wiley CA (1993) Quantitation of human immunodeficiency
virus, immune activation factors, and quinolinic acid in AIDS brains. J Clin Invest 91:
27692775

Akiba Y, Takahashi K, Horiguchi M, Ohtani H, Saitoh S, Ohkawara H (1992) L-
Tryptophan alleviates fatty liver and modifies hepatic microsomal mixed function
oxidase in laying hens. Comp Biochem Physiol 102: 769-774

Altman K, Greengard O (1966) Tryptophan pyrrolase induced in human liver by
hydrocortisone: effect on excretion of kynurenine. Science 151: 332-333

Ashley DVM, Barclay DV, Chauffard F, Moennoz D, Leathwood PD (1982) Plasma
amino acid responses in humans to evening meals of differing nutritional composition.
Am J Clin Nutr 36: 143-153

Ashley DVM, Liardon R, Leathwood PD (1985) Breakfast meal composition influences
plasma tryptophan to large neutral amino acid ratios of healthy lean young men.
J Neural Transm 63: 271-283

Auffranc JC, Berbis PH, Fabre JF, Garnier JP, Privat Y (1985) Syndrome
sclerodermiforme et poikilodermique observe au cours d’un traitment par carbidopa
et 5-hydroxy-tryptophan. Ann Dermatol Venereol 112: 691692

Aviram M, Cogan U, Mokady S (1991) Excessive dietary tryptophan enhances plasma
lipid peroxidation in rats. Atherosclerosis 88: 29-34

Baldessarini RJ (1984) Treatment of depression by altering monoamine metabolism:
precursors and metabolic inhibitors. Psychopharmacol Bull 20: 224-239

Beeken WL (1976) Serum tryptophan in Crohn’s disease. Scand J Gastroenterol 11: 735~
740

Belongia EA, Hedberg CW, Gleich GJ, White KE, Mayeno AN, Loegering DA,
Dunnette SL, Pirie PL, MacDonald KL, Osterholm MT (1990) An investigation of the
cause of the eosinophilia-myalgia syndrome associated with tryptophan use. N Engl J
Med 323: 357-365

Belongia EA, Mayeno AN, Osterholm MT (1992) The eosinophilia-myalgia syndrome
and tryptophan. Ann Rev Nutr 12: 235-256

Birkmayer W, Danielczyk W, Neumayer E, Riederer P (1972) The balance of biogenic
amines as condition for normal behavior. J Neural Transm 33: 163-178

Birkmayer W, Danielczyk W, Neumayer E, Riederer P (1974) Nucleus rubre and L-dopa
psychosis: biochemical post-morten findings. J Neural Transm 35: 93-116

Blauvelt A, Falanga V (1991) Idiopathic and L-tryptophan-associated eosinophilic
fascitis before and after L-tryptophan contamination. Arch Dermatol 127: 1159—
1166

Blum K, Trachtenberg MC, Cook DW (1990) Neuronutrient effects on weight loss in
carbohydrate bingers: an open clinical trial. Curr Ther Res 48: 217-233

Bochner BS, Friedman B, Krishnaswami G, Schleimer RP, Lichtenstein LM, Kroegel C
(1991) Episodic Eosinophilia-Myalgia like syndrome in a patient without L-
tryptophan use: association with cosinophil activation and increased serum levels
of granulocyte-macrophage colony stimulating factor. J Allerg Clin Immunol 88:
629-636

Boman B (1988) L-Tryptophan: a rational anti-depressant and a natural hypnotic. Aust N
Z J Psychiatry 22: 83-97

Boulton AA (1979) Trace amines in the central nervous system. In: Tipton KF (ed)
International review of biochemistry: physiological and pharmacological biochemis-
try. University Park Press, Baltimore, pp 179-206

Bryan GT (1971) The role of urinary tryptophan metabolites in the etiology of bladder
cancer. Am J Clin Nutr 24: 841-847

Carlson JR, Yokoyama MT, Dickinson EO (1972) Induction of pulmonary edema and
emphysema in cattle and goats with 3-methylindole. Science 176: 298-299



40 E.-L. Sainio et al.

Carpenter KJ (1981) Effects of different methods of processing maize on its pellagragenic
activity. Federation Proc 40: 1531-1535

Carr L, Ruther E, Berg PA, Lehnert H (1994) Eosinophilia-myalgia syndrome in Ger-
many: an epidemiologic review. Mayo Clin Proc 69: 620625

Castot A, Bidault I, Bournerias I, Carlier P, Efthymiou ML (1991) Eosinophilia-myalgia
syndrome in France: 24 cases. Therapie 46: 355-365

Ceccherelli F, Diani MM, Altafini L, Varotto E, Stefecius A, Casale R, Costola A, Giron
GP (1991) Postoperative pain treated by intravenous L-tryptophan: a double-blind
study versus placebo in cholecystectomized patients. Pain 47: 163-172

Cho-Chung YS, Pitot HC (1967) Feedback control of rat liver tryptophan pyrrolase: 1.
End product inhibition of tryptophan pyrrolase activity. J Biol Chem 242: 1192-1198

Christen S, Peterhans E, Stocker R (1990) Antioxidant activities of some tryptophan
metabolites: possible implication for inflammatory diseases. Proc Natl Acad Sci USA
87: 25062510

Clauw DI, Flockhart DA, Mullins W, Katz P, Medsger TA (1994) Eosinophilia-myaligia
syndrome not associated with the ingestion of nutritional supplements. J] Rheumatol
21: 2385-2387

Coccaro EF (1992) Impulsive aggression and central serotonergic system function in
humans: an example of a dimensional brain-behavior relationship. Int Clin Psy-
chopharmacol 7: 3-12

Cole JO, Hartmann E, Brigham P (1980) L-Tryptophan: clinical studies. In: Cole JO (ed)
Psychopharmacology update. Collamore Press, Lexington, MA, pp 119-148

Cooper AJ (1979) Tryptophan antidepressant “physiological sedative™: fact or fancy?
Psychopharmacology 61: 97-102

Coppen A, Megcalfe M, Carroll JD, Morris JGL (1972) Levodopa and L-tryptophan
therapy in parkinsonism. Lancet i: 654—658

Cosgrove JW, Verney E, Schwartz AM, Sidransky H (1992) Tryptophan binding to nuclei
of rat brain. Exp Mol Pathol 57: 180-192

Crofford LJ, Rader JI, Dalakas MC, Hill RH, Page SW, Needham LL, Brady LS, Heyes
MP, Wilder RL, Gold PW, Smith C, Sternberg EM (1990) L-Tryptophan implicated in
human eosinophilia-myalgia syndrome causes fasciitis and perimyositis in the Lewis
rat. J Clin Invest 86: 1757-1763

Curzon G, Knott PJ (1974) Effects on plasma and brain tryptophan in the rat of drugs and
hormones that influence the concentration of unesterified fatty acid in the plasma. Br
J Pharmacol 50: 197-204

DeMeyer MK, Shea PA, Hendrie HC, Yoshimura NN (1981) Plasma tryptophan and
five other amino acids in depressed and normal subjects. Arch Gen Psychiatry 38: 642~
646

Dunlop SR, Hendrie HC, Shea PA, Brittain HM (1983) Ratio of plasma tryptophan to
five other amino acids in depressed subjects: a follow-up. Arch Gen Psychiatry 40:
1033-1034

FEkblom A, Hansson P, Thomsson M (1991) L-Tryptophan supplementation does
not affect postoperative pain intensity or consumption of analgesics. Pain 44: 249-
254

Emerit MB, Riad M, Hamon M (1992) Trophic effects of neurotransmitters during brain
maturation. Biol Neonate 62: 193-201

Etienne P, Young SN, Sourkes TL (1976) Inhibition by albumin of tryptophan uptake by
rat brain. Nature 262: 144-145

Fahn S, Snider S, Prasad ALN, Lane E, Makadon H (1975) Normalization of brain
serotonin by L-tryptophan in levodopa-treated rats. Neurology 25: 861865

Fernstrom JD, Wurtman RJ (1971) Brain serotonin content: physiological dependence on
plasma tryptophan levels. Science 173: 149152

Flockhart DA, Clauw DJ, Sale EB, Hewett J, Woosley RL (1994) Pharmacogenetic
characteristics of the eosinophilia-myalgia syndrome. Clin Pharmacol Ther 56: 398 —
405



L-tryptophan: A review 41

Franklin KBJ, Abbott FV, English MJM, Jeans ME, Tasker RAR, Young SN (1990)
Tryptophan-morphine interactions and postoperative pain. Pharmacol Biochem
Behav 35: 157-163

Friedman M, Cuq JL (1988) Chemistry, analysis, nutritional value and toxicology of
tryptophan in food: a review. J Agric Food Chem 36: 10791093

Fuchs D, Forsman A, Hagberg L, Larsson M, Norkrans G, Reibnegger G, Werner ER,
Wachter H (1990a) Immune activation and decreased tryptophan in patients with
HIV-1 infection. J Interferon Res 10: 599-603

Fuchs D, Moller AA, Reibnegger G, Stockle E, Werner ER, Wachter H (1990b) De-
creased serum tryptophan in patients with HIV-1 infection correlates with increased
serum neopterin and with neurologic/psychiatric symptoms. J Acq Immune Def Synd
3: 873-876

Fuchs D, Moller AA, Reibnegger G, Werner ER, Werner-Felmayer G, Dierich MP,
Wachter H (1991) Increased endogenous interferon-gamma and neopterin correlate
with increased degradation of tryptophan in human immunodeficiency virus type 1
infection. Immunol Lett 28: 207-212

Fujiki H, Suganuma M, Tahira T, Esumi M, Nagao N, Wakabayashi K, Sugimura T (1984)
New biological significance of indole-containing compounds as initiators or tumor
promoters in chemical carcinogenesis. In: Schlossberger HG, Kochen W, Linzen B,
Steinhart H (eds) Progress in tryptophan and serotonin research. Walter de Gruyter,
Berlin, pp 793-802

Funk DN, Worthington-Roberts B, Fantel A (1991) Impact of supplemental lysine or
tryptophan on pregnancy course and outcome in rats. Nutr Res 11: 501-512

Gehlen W, Miiller J (1974) Zur Therapie der Dopa-Psychosen mit L-Tryptophan. Dtsch
Med Wochenschr 99: 457-463

Gerson SC, Baldessarini RJ (1980) Motor effects of serotonin in the central nervous
system. Life Sci 27: 1435-1451

Gessa GL, Tagliamonte A (1974) Possible role of free serum tryptophan in the control of
brain tryptophan level and serotonin synthesis. In: Costa E, Gessa GL, Sandler M
(eds) Serotonin — new vistas: biochemistry and behavioral and clinical studies:
advances in biochemical psychopharmacology, vol 11. Raven Press, New York, pp
119-131

Gillin JC, Kaplan JA, Wyatt RJ (1976) Clinical effects of tryptophan in chronic schizo-
phrenic patients. Biol Psychiatry 11: 635-639

Glaeser BS, Maher TJ, Wurtman RJ (1983) Changes in brain levels of acidic, basic, and
neutral amino acids after consumption of single meals containing various proportions
of proteins. J Neurochem 41: 1016-1021

Golberger J, Wheeler GA (1915) Experimental pellagra in the human subject brought
about by a restricted diet. Public Health Rep 30: 3336-3339

Green AR, Sourkes TL, Young SN (1975) Liver and brain tryptophan metabolism
following hydrocortisone administration to rats and gerbils. Br J Pharmacol 53: 287—
292

Gullino P, Winitz M, Birnbaum M, Cornfield J, Otey MC, Greenstein JP (1956) Studies
on the metabolism of amino acids and related compounds in vivo. 1. Toxicity of
essential amino acids, individually and in mixtures and the protective effect of L-
arginine. Arch Biochem Biophys 64: 319-332

Hallert C, Anstrom J (1982) Psychic disturbances in adult coeliac disease. II. Psychologi-
cal findings. Scand J Gastroenterol 17: 21-24

Hallert C, Sedvall G (1983) Improvement in central monoamine metabolism in adult
coeliac patients starting a gluten-free diet. Psychol Med 13: 267-271

Hallert C, Anstrom J, Sedvall G (1982a) Psychic disturbances in adult coeliac disease.
HI. Reduced central monoamine metabolism and signs of depression. Scand T
Gastroenterol 17: 25-28

Hallert C, Martensson J, Allgen LG (1982b) Brain availability of monoamine precursors
in adult coeliac disease. Scand J Gastroenterol 17: 87—89



42 E.-L. Sainio et al.

Harper AE, Benevenga NJ, Wohlhueter RM (1970) Effects of ingestion of disproportion-
ate amounts of amino acids. Physiol Rev 50: 428-558

Harper AE, Yoshimura NN (1993) Protein quality, amino acid balance, utilization, and
evaluation of diets containing amino acids as therapeutic agents. Nutrition 9: 460—469

Hartmann E, Cravens J, List S (1974) Hypnotic effects of L-tryptophan. Arch Gen
Psychiatry 31: 394-397

Hartmann E, Greenwald D (1984) Tryptophan and human sleep: an analysis of 43 studies.
In: Schlossberger HG, Kochen W, Linzen B, Steinhart H (eds) Progress in tryptophan
and serotonin research. Walter de Gruyter, Berlin, pp 297-304

Hattori M, Kotake Y, Otsuka H, Shibata Y (1984) Studies on the urinary excretion of
xanthurenic acid in diabetics. In: Schlossberger HG, Kochen W, Linzen B, Steinhart H
(eds) Progress in tryptophan and serotonin research. Walter de Gruyter, Berlin, pp
347-354

Hernanz A, Polanco I (1991) Plasma precursor amino acids of central nervous system
monoamines in children with coeliac disease. Gut 32: 1478-1481

Hertzman PA, Blevins WL, Mayer J, Greenfield B, Ting M, Gleich GT (1990) Association
of the eosinophilia syndrome with ingestion of tryptophan. N Engl J Med 322: 869-
873

Heyes MP, Brew BJ, Martin A, Price RW, Salazar AM, Sidtis JJ, Yergey JA, Mouradian
MM, Sadler AE, Keilp J, Rubinow D, Markey SP (1991) Quinolinic acid in
cerebrospinal fluid and serum in HIV-1 infection: relationship to clinical and neuro-
logical status. Ann Neurol 29: 202-209

Hibbs JR, Mittleman B, Hill P, Medsger TA (1992) L-Tryptophan associated eosinophilic
fasciitis prior to the 1989 eosinophilia myalgia syndrome outbreak. Arthritis Rheum
35:299-303

Hill RH, Caudill SP, Philen RM, Bailey SL, Flanders WD, Driskell WJ, Kamb ML,
Needham LL, Sampson EJ (1993) Contaminants in L-tryptophan associated with
eosinophilia myalgia syndrome. Arch Environ Contam Toxicol 25: 134-142

Hirata Y, Kawachi T, Sugimura T (1967) Fatty liver induced by injection of L-tryptophan.
Biochim Biophys Acta 144: 233-241

Hopkins FG, Cole SW (1901) A contribution to the chemistry of proteins. Part 1. A
preliminary study of a hitherto undescribed product of tryptic digestion. J Physiol 27:
418-428

Hornstein OP, Olszewsky ME, Flugel D, Kaschka WP (1989) Kann Lithium-Therapie
eine progressive systemische Sklerodermie oder cosinophile Fascitis auslosen?
Nervenheilkunde 8: 239-242

Horwitt MK, Harvey CC, Rothwell WS, Cutler JL, Haffron D (1956) Tryptophan-niacin
relationships in men: studies with diets deficient in riboflavin and niacin together with
observations on the excretion of nitrogen and niacin metabolites. J Nutr 60 [Suppl] 1:
1-43

Horwitt MK, Harper AE, Henderson LM (1981) Niacin-tryptophan relationships for
evaluating niacin equivalents. Am J Clin Nutr 34: 423-427

Huether G, Hajak G, Reimer A, Poeggeler B, Blomer M, Rodenbeck A, Ruther E
(1992a) The metabolic fate of infused L-tryptophan in men: possible clinical implica-
tions of the accumulation of circulating tryptophan and tryptophan metabolites.
Psychopharmacology 109: 422-432

Huether G, Poeggeler B, Reimer A, George A (1992b) Effect of tryptophan administra-
tion on circulating melatonin levels in chicks and rats: evidence for stimulation of
melatonin synthesis and release in the gastrointestinal tract. Life Sci 51: 945-953

Huether G, Thomke F, Adler L. (1992¢) Administration of tryptophan-enriched diets to
pregnant rats retards the development of the serotonergic system in their offspring.
Dev Brain Res 68: 175-181

Ikeda S, Kotake Y (1984) Urinary excretion of xanthurenic acid and zinc in diabetes. In:
Schlossberger HG, Kochen W, Linzen B, Steinhart H (eds) Progress in tryptophan
and serotonin research. Walter de Gruyter, Berlin, pp 355-358



L-tryptophan: A review 43

Ito J, Hosaki Y, Torigoe Y, Sakimoto K (1992) Identification of substances formed by
decomposition of Peak E-substance in tryptophan. Food Chem Toxicol 30: 71-81
Iwata H, Okamoto H, Koh S (1975) Effects of various drugs on serum free and total
tryptophan levels and brain tryptophan metabolism in rats. Jpn J Pharmacol 25: 303-
310

Jaeger W, Kifer O, Schmidt H, Lutz P (1979) Bilateral optic atrophy in childhood caused
by tryptophan deficiency. Metab Pediatr Ophthalmol 3: 167-169

Johnson DJ, Anderson GH (1982) Prediction of plasma amino acid concentration from
diet amino acid content. Am J Physiol 243: R99-R103

Joseph MS, Brewerton TD, Reus VI, Stebbins GT (1984) Plasma L-tryptophan/neutral
amino acid ratio and dexamethasone suppression in depression. Psychiatry Res 11:
185-192

Kamb ML, Murphy JJ, Jones JL, Caston JC, Nederlof K, Horney LF, Swygert LA, Falk
H, Kilbourne EM (1992) Eosinophilia-myalgia syndrome in L-tryptophan-exposed
patients. J Am Med Assoc 267: 77-82

Katz SH, Hediger ML, Valleroy LA (1974) Traditional maize processing techniques in
the new world: traditional alkali processing enhances the nutritional quality of the
maize. Science 184: 765-773

Kaufman LD, Gruber BL, Gregersen PK (1991) Clinical follow-up and immunogenetic
studies of 32 patients with cosinophilia-myalgia syndrome. Lancet 337: 1071-1074

Kelly WF, Checkley SA, Bender DA (1980) Cushing’s syndrome, tryptophan and depres-
sion. Br J Psychiatry 136: 125-132

Kilbourne EM, Swygert LA, Philen RM, Sun RK, Aurbach SB, Miller L, Nelson DE, Falk
H (1990) Interim guidance on the eosinophilia-myalgia syndrome. Ann Intern Med
112: 85-86

King RB (1980) Pain and tryptophan. J Neurosurg 53: 44-52

Knox WE (1966) The regulation of tryptophan pyrrolase activity by tryptophan. Adv
Enzyme Regul 4: 287-297

Krebs HA (1971) Reflections on the role of tryptophan derivatives on metabolic regula-
tions. In: Guy KE, Carlson LA (eds) Metabolic effects of nicotinic acid and its
derivatives: proceedings of a workshop at flims. Huber, Bern, pp 1115-1118

Lader M (1994) The return of L-tryptophan. Hum Psychopharmacology 9: 365-366

Lappin RI, Auchinloss EL (1994) Treatment of the serotonin syndrome with
cyproheptadine. N Engl J Med 331: 1021-1022

Lauer JW, Inskip WM, Bernsohn J, Zeller EA (1958) Observations on schizophrenic
patients after iproniazid and tryptophan. A M A Arch Neurol Psychiatr 80: 122-130

Lehmann J (1972) Mental and neuromuscular symptoms in tryptophan deficiency. Acta
Psychiatr Scand [Suppl] 237: 1-28

Lehmann J (1973) Tryptophan malabsorption in levodopa-treated parkinsonian patients:
effect of tryptophan on mental disturbances. Acta Med Scand 194: 181-189

Lehmann J (1981) Tryptophan malabsorption in dementia: improvement in certain cases
after tryptophan therapy as indicated by mental behaviour and blood analysis. Acta
Psychiatr Scand 64: 123-131

Lejoyeux M, Ades J, Rouillon F (1994) Serotonin syndrome: incidence, symptoms and
treatment. CNS Drugs 2: 132-143

Leklem JE (1971) Quantitative aspects of tryptophan metabolism in humans and other
species: a review. Am J Clin Nutr 24: 659672

Lewander T, Sjostrom R (1973) Increase in plasma concentration of free tryptophan
caused by probenecid in humans. Psychopharmacology 33: 81-86

Lieberman HR, Caballero B, Finer N (1986) The composition of lunch determines
afternoon plasma tryptophan ratios in humans. J Neural Transm 65: 211-217

Love LA, Rader JI, Crofford LJ, Raybourne RB, Principato MA, Page SW, Trucksess
MW, Smith MJ, Dugan EM, Turner ML, Zelazowski E, Zelazowski P, Sternberg EM
(1993) Pathological and immunological effects of ingesting L-tryptophan and 1,1'-
ethylidenebis(L-tryptophan) in Lewis rats. J Clin Invest 91: 804-811



44 E.-L. Sainio et al.

Lucca A, Lucini V, Piatti E, Ronchi P, Smeraldi E (1992) Plasma tryptophan levels
and plasma tryptophan/neutral amino acids ratio in patients with mood disorder,
patients with obsessive-compulsive disorder, and normal subjects. Psychiatry Res 44:
85-91

Madara JL, Carlson S (1991) Supraphysiologic L-tryptophan elicits cytoskeletal and
macromolecular permeability alterations in hamster small intestinal epithelium in
vitro. J Clin Invest 87: 454-462

Maes M, Vandewoude M, Schotte C, Martin M, D’Hondt P, Scharpe S, Blockx P (1990)
The decreased availability of L-tryptophan in depressed females: clinical and biologi-
cal correlates. Prog Neuropsychopharmacol Biol Psychiatry 14: 903-919

Maestroni GIM (1993) Mini-review: the immunoneuroendocrine role of melatonin.
J Pineal Res 14: 1-10

Manabe S, Wada O (1990) Identification of carcinogenic tryptophan pyrolysis products in
human bile by high-performance liquid chromatography. Environ Mol Mutagen 15:
229-235

Matsuo S, Inoue F, Takeuchi Y, Yoshioka H, Kinugasa A, Sawada T (1995) Efficacy
of tryptophan for the treatment of nonketotic hyperglycinemia: a new therapeutic
approach for modulating the N-methyl-D-aspartate receptor. Pediatrics 95: 142-146

Matthies DL, Jacobs FA (1993) Rat liver is not damaged by high dose tryptophan
treatment. J Nutr 123: 852-859

Mayeno AN, Lin F, Foote CS, Loegering DA, Ames MM, Hedberg CW, Gleich GJ
(1990) Characterization of “Peak E,” a ovel amino acid associated with eosinophilia-
myalgia syndrome. Science 250: 1707-1708

McArthur JN, Dawkins PD, Smith MJH (1971a) The displacement of L-tryptophan and
dipeptides from bovine serum albumin in vitro and from human plasma in vivo by
antirheumatic drugs. J Pharm Pharmacol 23: 393-398

McArthur JN, Dawkins PD, Smith MJH, Hamilton EBD (1971b)} Mode of action of
antirheumatic drugs. Br Med J 2: 677-679

McGrath RE, Buckwald B, Resnick EV (1990) The effect of L-tryptophan on seasonal
affective disorder. J Clin Psychiatry 51: 162-163

McMenamy RH, Oncley JL (1958) The specific binding of L-tryptophan to serum albu-
min. J Biol Chem 233: 1436-1447

McMenamy RH (1964) The binding of indole analogues to defatted human serum albu-
min at different chloride concentrations. J Biol Chem 239: 2835-2841

Meier AH, Wilson JH (1983) Tryptophan feeding adversely influences pregnancy. Life
Sci 32: 1193-1196

Meltzer HY, Lowy MT (1987) The serotonin hyptothesis of depression. In: Meltzer HY
(ed) Psychopharmacology: the third generation of progress. Raven Press, New York,
pp 513-526

Michelson D, Page SW, Casey R, Trucksess MW, Love LA, Milstien S, Wilson C,
Massaquoi SG, Crofford LJ, Hallett M, Gold PW, Sternberg EM (1994) An
eosinophilia-myalgia syndrome related disorder associated with exposure to L-5-
hydroxytryptophan. J Rheumatol 21:2261-2265

Miller EM, Nieburg HA (1974) L-Tryptophan in the treatment of levodopa induced
psychiatric disorders. Dis Nerv Syst 35: 20-23

Mizutani T, Mizutani H, Hashimoto K, Nakamura Y, Kishida M, Taniguchi H, Murata M,
Kuzuhara S, Shimizu M (1991) Simultaneous development of two cases of
eosinophilia-myalgia syndrome with the same lot of L-tryptophan in Japan. I Am
Acad Dermatol 25: 512-517

Moldofsky H, Lue FA (1980) The relationship of alpha and delta EEG frequencies to
pain and mood in “fibrositis” patients treated with chlorpromazine and L-tryptophan.
EEG Clin Neurophysiol 50: 71-80

Moller SE (1990) Plasma neutral amino acids associated with the efficacy of antidepres-
sant treatment: a summary. In: Richardson MA (ed) Amino acids in psychiatric
disease. American Psychiatric Press, Inc., Bethesda, pp 99-129



L-tryptophan: A review 45

Morand C, Young SN, Ervin FR (1983) Clinical response of aggressive schizophrenics to
oral tryptophan. Biol Psychiatry 18; 575-578

Moroni F, Russi P, Lombardi G, Carld V, Alesiani M, Cherici G, Moneti G (1990)
Tryptophan metabolites and excitatory amino acid receptors: studies in physiology
and pathology. In: Guidotti A (ed) Neurotoxicity of excitatory amino acids. Raven
Press, New York, pp 203-216

Murphy DL, Baker M, Goodwin FK, Miller H, Kotin J, Bunney WE (1974) L-
Tryptophan in affective disorders: indoleamine changes and differential clinical ef-
fects. Psychopharmacologia 34: 11-20

Miiller WE, Wollert U (1975) Benzodiazepines: specific competitors for the binding of L-
tryptophan to human serum albumin. Naunyn Schmiedebergs Arch Pharmacol 288:
17-27

National Cancer Institute (1978) Bioassay of L-tryptophan for possible carcinogenicity.
National Cancer Institute Carcinogenesis Technical Report Series No. 71 (DHEW
Publication No. (NIH) 78-1321). US Government Printing Office, Washington, DC

National Reserarch Council (1989) Recommended daily allowances. National Academy
Press, Washington, DC, pp 1-285

Oldendorf WH, Szabo J (1976) Amino acid assignment to one of three blood-brain
barrier amino acid carriers. Am J Physiol 230: 94-98

Paradis MR, Breeze RG, Bayly WM, Counts DF, Laegreid WW (1991) Acute hemolytic
anemia after oral administration of L-tryptophan to ponies. Am J Vet Res 52: 742-747

Pfefferkorn ER, Rebhun S, Eckel M (1986) Characterization of an indoleamine 2,3-
dioxygenase induced by gamma-interferon in cultured human fibroblasts. J Interferon
Res 6: 267-279

Philen RM, Hill RH, Flanders WD, Caudill SP, Needham L, Sewell L, Sampson EJ, Falk
H, Kilbourne EM (1993) Tryptophan contaminants associated with eosinophilia-
myalgia syndrome. Am J Epidemiol 138: 154-159

Rabey JM, Vardi J, Askenazi JJ, Streifler M (1977) L-Tryptophan administration in
L-dopa-induced hallucinations in elderly parkinsonian patients. Gerontology 23:
438-444

Reiter RJ (1991) Pineal melatonin: cell biology of its synthesis and of its physiological
interactions. Endocr Rev 12: 151-180

Rosenberg LE, Scriver CR (1974) Disorders of amino acid metabolism. In: Bondy PK,
Rosenberg LE (eds) Duncan’s diseases of metabolism: genetics and metabolism. W.B.
Saunders Company, Philadelphia, pp 465-633

Rothschild MA, Oratz M, Mongelli J, Schreiber SS (1971) Alcohol-induced depression of
albumin synthesis: reversal by tryptophan. J Clin Invest 50: 1812-1818

Sainio EL, Sainio P (1990) Comparison of the effects of nicotinic acid and tryptophan on
tryptophan 2,3-dioxygenase in acute and chronic studies. Toxicol Appl Pharmacol
102: 251-258

Sainio EL, Nérvinen S, Sainio P, Tuohimaa P (1991) Distribution of tryptophan in
normal and glucose loaded mice. Amino Acids 1: 160

Sato F, Shimooka H, Sakakibara M, Kawase Y (1992) Effects of metyrapone and L-
tryptophan administration on eosinophils in peripheral blood of mouse. Toxicol Lett
62: 323-324

Sebrell WH (1981) History of pellagra. Federation Proc 40: 1520-1522

Segall PE, Timiras PS (1983) Low tryptophan diets delay reproductive aging. Mech
Ageing Dev 23: 245-252

Segura R, Ventura JL (1988) Effect of L-tryptophan supplementation on exercise per-
formance. Int J Sports Med 9: 301-305

Seltzer S, Dewart D, Pollack RL, Jackson EJ (1983) The effects of dietary tryptophan on
chronic maxillofacial pain and experimental pain tolerance. J Psychiat Res 17: 181-185

Shishikura T, Tsuchiya T, Sato F, Oguro K, Ebisawa H (1991) Eosinophilia caused by

administration of L-tryptophan to animals with adrenal dysfunction. Toxicol Lett 58:
315-321



46 E.-L. Sainio et al.

Shpeen SE, Morse DR, Furst ML (1984) The effect of tryptophan on postoperative
endodontic pain. Oral Surg 58: 446449

Sidransky H, Sarma DSR, Bongiorno M, Verney E (1968) Effect of dietary tryptophan on
hepatic polyribosomes and protein synthesis in fasted mice. J Biol Chem 243: 1123-
1132

Sidransky H, Verney E, Kurl RN, Razavi T (1988) Effect of tryptophan on toxic cirrhosis
induced by intermittent carbon tetrachloride intoxication in the rat. Exp Mol Pathol
49:102-110

Silver RM, Heyes MP, Maize JC, Quearry B, Vionnetfuasset M, Sternberg EM (1990)
Scleroderma, fascitis, and eosinophilia associated with the ingestion of tryptophan.
N Engl J Med 322: 874-881

Sjoerdsma A, Weissbach H, Udenfriend S (1956) A clinical, physiologic and biochemi-
cal study of patients with malignant carcinoid (argentaffinoma). Am J Med 20:
520-532

Smith MJ, Mazzola EP, Farrell TJ, Sphon JA, Page SW, Asley D, Sirimanne SR, Hill RH,
Needham LL (1991) 1,1'-Ethylidenebis (L-tryptophan), structure determination of
contaminant “97” — implicated in the eosinophilia-myalgia syndrome (EMS). Tet
Letters 32: 991-994

Sofic E, Riederer P, Schmidt B, Fritze J, Kollegger H, Dierks T, Beckmann H (1992)
Biogenic amines and metabolites in CSF from patients with HIV infection. Biogen
Amines 8: 293-298

Soubrié P (1986) Reconciling the role of central serotonin neurons in human and animal
behavior. Behav Brain Sci 9: 319-364

Souci SW, Fachmann W, Kraut H (1986) Food composition and nutrition tables 1986/
1987. Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Sourkes TL (1983) Toxicology of monoamine precursors. In: van Praag HM, Mendlewicz
J (eds) Management of depressions with monoamine precursors: Advances in bio-
logical psychiatry, Vol 10. S. Karger, Basel, pp 160-175

Spano PF, Szyszka K, Pozza G, Sirtori CR (1974) Influence of clofibrate on serum
tryptophan in man. Res Exp Med 163: 265-269

Spoont MR (1992) Modulatory role of serotonin in neural information processing: impli-
cations for human psychopathology. Psychol Bull 112: 330-350

Steiner W, Fontaine R (1986) Toxic reaction following the combined administration of
fluoxetine and L-tryptophan: five case reports. Biol Psychiatry 21: 1067-1071

Stensrud T, Ingjer F, Holm H, Stromme SB (1992) L-Tryptophan supplementation does
not improve running performance. Int J Sports Med 13: 481-485

Sternbach H (1991) The serotonin syndrome. Am J Psychiatry 148: 705-713

Sternbach RA, Janowsky DS, Huey LY, Segal DS (1976) Effects of altering
brain serotonin activity on human chronic pain. In: Bonica JJ, Albe-Fessard D (eds)
Advances in pain research and therapy. Raven Press, New York, pp 601-606

Sternberg EM, Van Woert HM, Young SN, Magnussen L, Baker H, Gauthier S,
Osterland CK (1980) Development of a scleroderma-like illness during L-SHTP-
carbidopa therapy. N Engl J Med 303: 782-787

Strain GW, Strain JJ, Zumoff B (1985) L-Tryptophan does not increase weight loss in
carbohydrate-craving obese subjects. Int J Obes 9: 375-380

Sweet RD, McDowell FH, Feigenson JS, Loranger AW, Goodell H (1976) Mental symp-
toms in Parkinson’s disease during chronic treatment with levodopa. Neurology 26:
305-310

Swygert LA, Maes EF, Sewell LE, Miller L, Falk H, Kilbourne EM (1990) Eosinophilia-
myalgia syndrome: results of a national survey. J Am Med Assoc 264: 1698-1703

Taylor MW, Feng G (1991) Relationship between interferon-y, indoleamine 2,3-
dioxygenase, and tryptophan catabolism. FASEB I 5: 2516-2522

Teff KL, Young SN, Blundell JE (1989a) The effect of protein or carbohydrate breakfasts
on subsequent plasma amino acid levels, satiety and nutrient selection in normal
males. Pharmacol Biochem Behav 34: 829-837



L-tryptophan: A review 47

Teff KL, Young SN, Marchand L, Botez MI (1989b) Acute effect of protein and carbohy-
drate breakfasts on human cerebrospinal fluid monoamine precursor and metabolite
levels. J Neurochem 52: 235-241

Thomson J, Rankin H, Ashcroft GW, Yates CM, McQueen JK, Cummings SW (1982)
The treatment of depression in general practice: a comparison of L-tryptophan,
amitriptyline, and a combination of L-tryptophan and amifriptyline with placebo.
Psychol Med 12: 741-751

Trulson ME, Sampson HW (1986) Ultrastructural changes of the liver following L-
tryptophan ingestion in rats. J Nutr 116: 1109-1115

Virkkunen M, DeJong J, Bartko J, Goodwin FK, Linnoila M (1989) Relationships of
psychobiological variables to recidivism in violent offenders and impulsive fire setters:
a followup study. Arch Gen Psychiatry 46: 601-603

Volavka I, Crowner M, Brizer D, Convit A, van Praag HM, Suckow RF (1990)
Tryptophan treatment of aggressive psychiatric inpatients. Biol Psychiatry 28: 728
732

Wilkins K (1990) Eosinophilia-myalgia syndrome. Can Med Assoc J 142: 1265-1266

Wolf H (1974) Studies on tryptophan metabolism in man. Scand J Clin Lab Invest [Suppl]
136: 1-186

World Health Organization (1992) Toxic oil syndrome: current knowledge and future
perspectives. WHO Regional Publications, European Series, No. 42. World Health
Organization, Copenhagen

Wurtman JJ, Wurtman RJ, Growdon JH, Henry P, Lipscomb A, Zeisel SH (1981a)
Carbohydrate craving in obese people: suppression by treatments affecting
serotoninergic transmission. Int J Eating Dis 1: 2-15

Wurtman RJ, Hefti F, Melamed E (1981b) Precursor control of neurotransmitter synthe-
sis. Pharmacol Rev 32: 315-335

Xue-Cun C, Tai-An Y, Xiu-Zhen T, Yu-Fang H, Xiao-Yue Y, Shu-Rong L, Huai-Cheng
Y (1983) Opaque-2 maize in the prevention and treatment of pellagra. Nutr Res 3:
171-180

Young SN, Sourkes TL (1977) Tryptophan in the central nervous system: regulation and
significance. In: Agranoff BW, Aprison MH (eds) Advances in neurochemistry, vol 2.
Plenum Press, New York, pp 133-191

Young SN, Gauthier S (1981) Effect of tryptophan administration on tryptophan, 5-
hydroxyindoleacetic acid, and indoleacetic acid in human lumbar and cisternal
cerebrospinal fluid. J Neurol Neurosurg Psychiatry 44: 323-327

Young SN (1986) The clinical psychopharmacology of tryptophan. In: Wurtman RJ,
Waurtman JJ (eds) Nutrition and the brain, vol 7. Food constituents affecting normal
and abnormal behaviors. Raven Press, New York, pp 49-88

Young SN (1990) Factors influencing the therapeutic effect of tryptophan in affective
disorders, sleep, aggression, and pain. In: Richardson MA (ed) Amino acids in psychi-
atric disease. American Psychiatric Press, Inc., Washington, DC, pp 51-75

Young SN (1991) Use of amine precursors in combination with other antidepressant
treatments: a review. J Psychiatr Neurosci 16: 241-246

Yuwiler A, Geller E (1973) Rat liver tryptophan oxygenase induced by neonatal corticoid
administration and its effect on brain serotonin. Enzyme 15: 161-168

Yuwiler A, Oldendorf WH, Geller E, Braun L (1977) Effect of albumin binding and
amino acid competition on tryptophan uptake into brain. J Neurochem 28: 1015-1023

Zigman S (1984) The role of tryptophan oxidation in ocular tissue damage. In:
Schlossberger HG, Kochen W, Linzen B, Steinhart H (eds) Progress in tryptophan
and serotonin research. Walter de Gruyter, Berlin, pp 449-467

Authors’ address: Dr. E.-L. Sainio, National Consumer Administration, Box 5, Fin-00531
Helsinki, Finland.

Received April 14, 1995



