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Series Preface

The CRC Series in Modern Nutrition is dedicated to providing the widest
possible coverage of topics in nutrition. Nutrition is an interdisciplinary,
interprofessional field par excellence. It is noted by its broad range and
diversity. We trust the titles and authorship in this series will reflect that
range and diversity.

Published for a scholarly audience, the volumes in the CRC Series in
Modern Nutrition are designed to explain, review, and explore present
knowledge and recent trends, developments, and advances in nutrition. As
such, they will also appeal to the educated general reader. The format for
the series will vary with the needs of the author and the topic, including,
but not limited to, edited volumes, monographs, handbooks, and texts.

Contributors from any bona fide area of nutrition, including the contro-
versial, are welcome.

We welcome the contribution Tryptophan: Biochemical and Health Implications
written authoritatively by Dr. Herschel Sidransky. He is a well-known expert
who has spent a large portion of his research career on the varied, and often
controversial, aspects of the metabolism of the amino acid tryptophan.

Ira Wolinsky, Ph.D.

University of Houston
Series Editor
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Preface

The author has been interested in selected aspects of L-tryptophan for many
years, including the effects of tryptophan deficiency and of the regulatory
effects of tryptophan upon protein synthesis. These interests stimulated the
author to attempt to obtain a comprehensive view of the role of L-tryptophan
in nutrition, biology, biochemistry, physiology, pharmacology, and toxicol-
ogy. The subject proved to be a major undertaking, and this book is the
culmination of this project. The chapters have been selected to present major
areas of the current knowledge of L-tryptophan’s role in biology and med-
icine. Each chapter presents an important aspect of how L-tryptophan, an
important indispensable amino acid, may act. Overall, it becomes apparent
that L-tryptophan and its metabolites are active and important compounds
that make major contributions to the vital functions and actions of cells of
a variety of tissues and organs. The role of L-tryptophan in health and disease
has become apparent from numerous investigative studies. Much is known,
yet there is much to discover. This book is designed to offer a comprehensive
overview of the subject and to stimulate others to contribute further
advances in this exciting area of biology and medicine.
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1.1 Historical Perspectives

Our knowledge of tryptophan began some 100 years ago. In 1901 Hopkins
and Cole!isolated tryptophan from a pancreatic digest of casein. Its structure
was established in 1907 by Ellinger and Flamand,?> who synthesized a sub-
stance that was identical to the tryptophan isolated by Hopkins and Cole.
It is noteworthy that about 50 years prior to the discovery of tryptophan
by Hopkins and Cole,! aspects of tryptophan metabolism began to appear
in the research literature, when in 1853 Liebig discovered kynurenic acid
in dog urine.? Subsequently, kynurenine, a tryptophan metabolite, was iden-
tified,*> and the relationship of kynurenic acid to tryptophan was under-
stood. A brief review on the discovery of tryptophan has been described by
Curzon.®

Although several other amino acids had been described before tryptophan,
it was the first demonstrated to be indispensable. Because tryptophan is
destroyed by acid hydrolysis of protein, tryptophan-deficient diets were
readily formulated, and this led to the demonstration that it was required
for growth of animals. In related nutritional studies, Willcock and Hopkins”
in 1906 observed that mice failed to grow and even died if their sole source
of dietary protein was zein. When tryptophan was added to the ration, the
lives of the animals were prolonged. A few years later, Osborne and Mendel®
demonstrated that zein plus tryptophan and lysine promoted normal
growth in rats, and they thus established that these two amino acids were
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2 Tryptophan: Biochemistry and Health Implications

essential nutrients. Subsequently, in the 1950s, Rose et al.” demonstrated
that L-tryptophan was an essential dietary component for humans. Further
interest in tryptophan expanded when it was reported that tryptophan
could serve as a precursor of the vitamin niacin and NAD'%!! and of the
neurotransmitter serotonin.

Early experimentation with tryptophan dealt with animals exposed to
tryptophan-deficient diets. These nutritional studies served to stress the
importance of tryptophan in the diet in relation to disturbances in growth
and to observed pathologic changes. A few examples are presented below.
They reveal that tryptophan caught the interest of nutritionists, pathologists,
and clinicians, and they stress its nutritional role in medicine.

Early experiments with mice” and with rats® showed that tryptophan defi-
ciency leads to a disturbance in growth. This amino acid is also necessary for
the maintenance of nitrogen equilibrium in mature rats,'? mice,'® pigs,* and
dogs.’® A variety of pathological changes in experimental animals have been
ascribed to tryptophan deficiency. Cataracts'®!” and corneal vascularization!®
have been reported in animals subjected to tryptophan deficiency. Indeed,
the only authenticated and reproducible example of experimental cataracts
caused by dietary deficiencies was that produced in guinea pigs and rats by
feeding a diet deficient in or devoid of tryptophan.’®? Hematological man-
ifestations of anemia,®! reduction in plasma proteins,? fatty liver,>* and
pancreatic atrophy? have been reported in tryptophan-deficient rats. Scoli-
osis has been reported after feeding fish a tryptophan-deficient diet.?#?

As a result of discussions during a tryptophan conference in 1971, an
international organization was formed with the purpose of furthering tryp-
tophan research by improving communication and collaboration among
workers through regular international meetings. The history of this organi-
zation, the International Study Group for Tryptophan Research (ISTRY), has
been compiled.® Its most recent meeting, the ninth international meeting,
was held in Hamburg, Germany, in 1998; subsequent meetings are held every
three years. Many of these meetings have led to publications, which have
served as valuable reviews of the current status of research in tryptophan.?-%
These publications deal with historical events relating to tryptophan during
the past 30 years. They merit review for past and recent accomplishments
in tryptophan research involving metabolism, neurochemistry, nutrition, tox-
icology, and pathology.

1.2 Occurrence in Nature

1.2.1 Occurrence and Requirements

Tryptophan is probably the indole derivative most widely distributed in
nature. It is converted into many compounds of important biological
significance. Compounds biogenetically related to tryptophan include
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Tryptophan: A Unique Entity 3

nicotinic acid (a vitamin), serotonin (a neurohormone), indoleacetic acid
(a phytohormone), some pigments formed in the eyes of insects, and a
number of alkaloids.

Tryptophan is the least abundant amino acid in most proteins,* account-
ing, on the average, for 1 to 1.5% of the total amino acids in typical plant
(1%) and animal (1.5%) proteins. A number of foodstuffs, such as corn, are
deficient or limited in tryptophan. Because it is present in low concentrations
in most tissue proteins, the requirement of tryptophan in the diet is low
compared to that of the other amino acids, particularly the other indispens-
able (essential) amino acids. In human infants, the requirement for growth
is roughly 12 to 40 mg/kg. In adult humans, the minimum daily requirement
has been estimated to be 250 mg/d in males and 160 mg/d in females.*!
Considering the recommended daily allowance for protein is 56 g/d for an
adult man and 44 g/d for an adult woman, then this amount would supply
between 500 and 700 mg/d of tryptophan, assuming that the protein was of
high quality. A typical western diet may supply approximately 600 to 1200
mg L-tryptophan from protein intake.*

Despite the scarcity of tryptophan in dietary proteins, it rarely appears to
be the limiting amino acid for maintenance or growth when the dietary
amino acid source is from naturally occurring proteins. An example is the
corn protein zein, which is nearly devoid of tryptophan, yet lysine is limiting
for growth in this protein since the lysine content in zein in relation to its
requirement is the lowest of the indispensable (essential) amino acids. How-
ever, since tryptophan may not be limiting for growth in some poor quality
proteins, its supply may be insufficient for the normal functioning of the
many pathways that depend on an adequate supply or level of tryptophan.
One prominent view or belief has been that tryptophan, being present in
low levels in proteins, is an important rate-limiting amino acid for many
metabolic functions.

Schurr et al.®} reported the amino acid concentrations in various tissues of
the rat. Using these data to calculate tissue-to-plasma ratios, it becomes
apparent that the relative availability of plasma tryptophan to tissues is much
less than that of other amino acids. The finding, described elsewhere, that
tryptophan in serum or plasma can be present as free and bound (to plasma
albumin) is unique among amino acids,* and this further limits or controls
the availability of tryptophan from the blood to organs or tissues, especially
the brain. Tryptophan differs from other amino acids in that its concentration
in plasma of rats increases (30 to 40%) after fasting, after insulin adminis-
tration, or after consuming a carbohydrate meal.®

1.2.2  Synthesis

Originally, L-tryptophan was first isolated from solutions of tryptic casein
hydrolysate by Hopkins and Cole in 1901.! Early studies utilized
L-tryptophan derived from natural sources. About 48 years later, in 1949,
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4 Tryptophan: Biochemistry and Health Implications

the first successful chemical synthesis of L-tryptophan was achieved.* In the
early 1980s, chemical synthesis was fully replaced by fermentation meth-
ods.#” With fermentation methods, one differentiates between enzymatic
processes and de novo synthesis utilizing normal or modified metabolism of
microorganisms.*® Microbiological biosynthesis gained industrial impor-
tance following the development of efficient new strains through recombi-
nant DNA technology. In these processes, glucose, ethanol, or anthranilic
acid were used as the principle substrates, and L-tryptophan could be
obtained in yields of 10 g /1 fermentation broth.*® Thus, L-tryptophan derived
in this manner has become available on the world market and is used for
foodstuff additives and for pharmacological uses. The significance of this
shift from obtaining L-tryptophan from natural sources to commercially
derived sources has had important consequences. One has been the reduc-
tion in world market price, allowing the increased use of tryptophan in
foodstuffs and for pharmaceutical uses. Another has been the undesirable
complication or side effect of the development of a significant human dis-
ease, eosinophilia myalgia syndrome, due to ingestion of L-tryptophan com-
mercially manufactured by a Japanese company, Showa Denko. This effect
is covered in Chapter 11.

1.2.3 Chemistry

Tryptophan is exceptional in the diversity of its biological functions, which
are covered throughout this book. It is appropriate to give limited attention
to the chemistry of tryptophan. Many complex transformations of tryp-
tophan in foods can occur. Also, a great diversity of derivatives can be
formed, some of which conceivably have antinutritional and toxic manifes-
tations. For details concerning such aspects of tryptophan, the reader is
referred to sources that cover these aspects in detail.**° The following
selected aspects are cited to emphasize some important chemical reactions
that may affect humans.

Many studies have been conducted on the stability of free or protein-bound
tryptophan during processing and storage. In general, chemical transforma-
tions of tryptophan are essentially a function of the temperature and the
duration of treatments. Specific modifications can be induced by the presence
of oxygen, water,” food oxidizing lipids,>* vitamins,®® reducing sugars,*
carbonyl compounds,® nitrites,* sulfites,”” halogens,”® and radiation.”

The reactivity of the indole ring of tryptophan® has attracted much interest
and attention. This aromatic, electron-rich nucleus is susceptible to oxidative
cleavage and to substitutions by a number of reagents. It can react as an
electron donor with aldehydes or carbocations.

Hydrophobic tryptophan residues present in the interior of food protein
molecules contribute to the optical and fluorescent properties of proteins.
Their spectral characteristics are considered to be important contributors in
the study of protein conformation.¢!
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Severe treatments of tryptophan are required to cause a significant degra-
dation of tryptophan. In the absence of oxidizing agents, tryptophan is a
stable amino acid, even in strongly basic or acid conditions. During heat
treatment, such as industrial or home cooking in the presence of air or steam
sterilization, both free and bound tryptophan are relatively stable. However,
carboline formation occurs in the presence of carbonyl compounds or/and
at high temperatures (above 200°C, as in grill-cooking of meat or fish).
Carbolines (o, B- and y-) have been identified from the basic fraction of the
pyrolysates.®? Aspects of tryptophan reactions relating to Trp-P-1 (3-amino-
1,4-dimethyl-5H-pyrido-(4,3-b)indole) and Trp-P-2 (3-amino-1-methyl-5H-
pyrido-(4,3-b)indole) in relation to carcinogenesis are considered in
Chapter 6. Also, tryptophan-derived nitroso compounds, considered as
potential carcinogens, are attributed to the reaction of tryptophan with
nitrite, a meat-curing compound.>

For a concise review of the chemistry, see References 49, 50, and 63.
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I

2.1 Introduction

This chapter is concerned with the biochemical and pathological (morpho-
logic) alterations that occur in cells, tissues, and organs of animals fed a diet
deficient in L-tryptophan. Such deficiency disease may be induced in exper-
imental animals by causing a single nutrient to be lacking in the diet. Such
conditions are infrequently encountered in naturally occurring nutritional
disease of animals and humans. Under most circumstances multiple defi-
ciencies exist, which makes the interpretation complex. Also, the induction

9
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10 Tryptophan: Biochemistry and Health Implications

of a nutritional deficiency by omission of a single dietary component of an
otherwise nutritionally adequate diet in ad libitum feeding experiments must
be subject to close scrutiny, as will be discussed subsequently. However, this
chapter attempts to present experimental results from many studies that
were designed and controlled in a variety of ways. It is necessary to keep
this in mind as one reviews the findings.

2.2 Pathological Findings
2.2.1 Morphologic Studies

2.2.1.1 Eyes

One of the first pathological changes attributed to tryptophan deficiency was
observed in the eyes of experimental animals. Cataracts’? and corneal
vascularization® were reported in animals subjected to tryptophan deficiency.
Ohrloff et al.*found that a tryptophan-free diet induced both posterior sub-
capsular cataracts and reversible corneal opacities in young rats. Indeed, the
only authenticated and reproducible example of experimental cataract
caused by dietary deficiencies was that produced in guinea pigs and rats by
feeding a diet deficient in or devoid of tryptophan.>® McAvoy et al.” con-
ducted a light-microscopic study of the lens of rats fed a tryptophan-deficient
diet and reported that the lens was small, and many of the cortical fiber cells
had abnormal morphologies (thicker fiber cells and various shapes) as well
as changes in number, distribution, and morphology of nuclei in the lens.

2.2.1.2 Blood

Hematological manifestations of anemia® and reduction in plasma proteins’
have been reported with tryptophan deficiency.

2.2.1.3 Liver

Fatty liver has been reported in rats fed tryptophan-deficient diets.”-* Adam-
stone and Specter!! and Samuels et al.'* observed a rapid development of
fatty liver with a periportal distribution of the lipid in rats after the animals
were force-fed a tryptophan-devoid diet.

Bailey et al.!® reported that omission of tryptophan, as well as of methion-
ine or of threonine, but not of other amino acids, from an otherwise complete
diet elevated hepatic nuclear size and the activity of RNA polymerase I.

2.2.1.4 Pancreas

Pancreatic atrophy has been reported in rats force-fed a tryptophan-
devoid diet.!
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2.2.1.5 Spine

Scoliosis has been reported after feeding fish a tryptophan-deficient diet.!*”
Using tryptophan-deficient and nondeficient synthetic amino acid test diets,
Kloppel and Post!¢ reported that scoliosis was observed in the tryptophan-
deficient rainbow fish after 1 week of feeding. Histological studies of scoli-
otic fish revealed hyperemia, disorganization of myomere septa and pro-
trusions of the fibrous matrix sheath, which invests the notochord.
Conditions returned to normal within 1 week upon replacement of tryp-
tophan in the diet.

2.2.2 Biochemical Studies
2.2.2.1 Liver

Investigations into the biochemical changes in tissues and organs of exper-
imental animals fed tryptophan-deficient diets have been limited. Most of
these studies were concerned with changes in the liver. When tryptophan-
deficient diets were fed by ad libitum or by force-feeding, differences in
hepatic metabolism were observed.!? Also, when animals were fed other
single essential amino acid deficient diets, differences in the pathological
and biochemical changes in the livers that were dependent upon the route
of feeding (ad libitum or force-feeding) have been reported.!® In general, more
marked changes were observed after force-feeding than after ad libitum feed-
ing of deficient diets.

2.2.2.1.1 Weight or Mass

Increases in liver weight have been reported in rats force-fed a diet devoid of
tryptophan.'2131920 In the livers of such experimental subjects, there was an
increase in protein? and particularly in lipid'13 in comparison with controls.

2.2.2.1.2 Protein

Some insight into the acute effects of L-tryptophan deficiency on hepatic
protein synthesis was obtained by early experimental studies by Munro and
co-workers?"?? and Sidransky and co-workers.? A number of studies?!?224+-27
investigated the response of the livers of fasted animals (rats or mice) to one
feeding of protein or of a complete amino acid mixture. The livers revealed
enhanced protein synthesis with a shift of polyribosomes from lighter to
heavier aggregates. Of interest was that a similar response was observed
within 1 to 2 h when fasted animals were fed an amino acid mixture devoid
of single amino acids: arginine, histidine, isoleucine, leucine, lysine, phen-
yalanine, threonine, tyrosine, or valine.??* However, this effect was not
observed when animals were fed an amino acid mixture devoid only of
tryptophan.?!-2 Tryptophan administration alone to fasted animals resulted
in enhanced protein synthesis and a shift of hepatic polyribosomes to heavier
aggregates.?>?%% This important finding suggested that L-tryptophan had a
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12 Tryptophan: Biochemistry and Health Implications

special role in influencing hepatic protein synthesis. Subsequent studies are
reviewed in detail in Chapter 4.

In mice fed a tryptophan-deficient diet ad libitum for 1 week, Jones et al.3!
reported on tissue serotonin synthesis rates, systemic tryptophan metabo-
lism, and its response to steroid or cycloheximide treatment. In the exper-
imental mice, brain serotonin synthesis was decreased while duodenal
serotonin synthesis was increased following a tryptophan load. Liver total
protein was depressed in experimental mice but increased following a
tryptophan load. Blood tryptophan (total and free) and albumin were
decreased in experimental mice, but ratios of albumin-bound tryptophan
were increased. Enzyme kinetic studies indicated that, in experimental
mice, brain tryptophan-5-hydroxylase had a reduced Vmax but the enzyme
response to tryptophan or hydrocortisone injection was increased. How-
ever, hepatic tryptophan-2,3-dioxygenase response to tryptophan or hydro-
cortisone injection was blunted in experimental mice.

22213 Lipid

Samuels et al.¥ suggested that the fatty livers of rats force-fed a tryptophan-
devoid diet were due to increased synthesis of hepatic lipid from carbon
chains of amino acids that were not being used normally for protein synthesis.
However, other experimental studies did not support this suggestion.®
Patrich and Bennington3 reported that the incorporation of labeled amino
acids into liver lipids was greater in rats force-fed a tryptophan-devoid diet
for 5 days compared with those force-fed a complete diet. Since fatty livers
develop after force-feeding other single essential amino acid-devoid diets
(other than a tryptophan-devoid diet),’8 the mechanism responsible may be
similar regardless of the type of single deficiency. Several studies have sug-
gested that stimulation of hepatic lipid synthesis may be responsible for the
genesis of the fatty liver with a single essential amino acid deficiency.®3
However, because impairment of lipoprotein release®* was considered to
be involved in most cases of experimental fatty liver, further experimentation
seems to be necessary to clarify the mechanism with respect to amino acid
deficiency. Consequently, impairment of the synthesis of apolipoprotein
resulting from a single amino acid deficiency could cause accumulation of
triglycerides because of inadequate conversion of triglycerides to lipoprotein.

2.2.2.2 Pancreas

Consistent with the pancreatic atrophy described in rats force-fed a tryp-
tophan-devoid diet,'* decreases in the activities of pancreatic amylase, lipase,
and protease® have been reported. Singh® fed rats a niacin- and tryptophan-
deficient diet and reported decreased pancreatic weight and content of DNA,
protein, amylase, lipase, chymotrypsinogen, and trypsinogen but increased
secretion of amylase and trypsinogen. These changes differed from those
due to feeding a niacin-deficient diet.
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2.2.2.3 Spleen

A decrease in splenic weight and in protein content has been reported in
rats force-fed a tryptophan-devoid diet.?

2.2.2.4 Thyroid

Using broiler chicks fed a control or tryptophan-deficient diet for 2 to
4 weeks, Carew et al.¥ reported signs of relative hyperthyroidism in chicks
fed the tryptophan-deficient diet compared to pair-fed controls (chicks fed
the same quantity of diet as consumed by experimental group). Plasma
trilodothyronine (T3) was elevated in the experimental group.

2.2.2.5 Lens of Eye

In animals with experimental cataracts due to being fed a diet deficient in
tryptophan, the soluble lens proteins were proportionally reduced.*¢ Rats fed
a tryptophan-deficient diet had lower lens dry weight and lens water was
increased and B-crystallin was decreased compared to that in normal lenses.*

2.2.3 Neuropsychiatric Studies

It has been known for many years that diets deficient in tryptophan lead to
depletion of brain serotonin and hence to disturbances in serotonin-mediated
brain function.*! Subsequently, in the early 1970s, Fernstrom and
Wurtman??4 began a systematic investigation of the relationship between
tryptophan supply and serotonin synthesis under a variety of circumstances.
The role of tryptophan deficiency on neuropsychiatric conditions is reviewed
in Chapter 7. In addition, studies of rapid tryptophan depletion have been
conducted on a wide variety of neuropsychiatric conditions in humans and
in experimental conditions in animals. This approach and the findings are
also reviewed in detail in Chapter 7.

2.3 Differences in Methods of Induction
of Tryptophan Deficiency

In the older literature, studies dealing with nutritional deficiencies, including
tryptophan deficiency, utilized foodstuffs that were fed ad libitum to animals.
It readily became apparent from such experiments that animals offered diets
deficient in one of many essential food constituents consumed progressively
less food and, thereby, showed increasing evidence of undernutrition. This
was in contrast to the control animals, which consumed much food and
gained weight. After weeks or months, the experimental and control animals
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differed markedly in body weight. Comparisons made under such condi-
tions were difficult to evaluate, since the experimental animals were under-
nourished owing to inadequate food intake as well as to the effects of the
specific dietary deficiency.

In an attempt to overcome the marked variations between the control and
experimental groups in ad libitum feeding experiments, the technique of pair-
feeding was introduced. By pair-feeding, animals on the adequate control
diet could be restricted daily to the same total food intake as that of the
deficient animals, but such restricted controls tended to consume the limited
amount of food quickly and thus starved for the most of the day. Also, the
pair-fed controls became undernourished and gained less weight than unre-
stricted controls. One could compare control undernourished animals fed a
controlled limited intake of a good diet with experimental undernourished
animals fed a voluntarily restricted intake of a deficient diet. Such studies,
of necessity, introduced the undesired variable of undernutrition in both the
control and experimental animals.

In an attempt to overcome the problems described above, some investiga-
tors resorted to using a force-feeding or tube-feeding technique.* Purified
and synthetic diets could be suspended or dissolved in water, and controlled
volumes of complete and deficient diets could be administered via stomach
tubes. Animals could be tube-fed several times. A number of control studies
with adequate diets** revealed that the force-fed animals gained weight
and manifested no pathological alterations that could be attributed to the
force-feeding.

On the basis of studies with amino acid deficiencies, including tryptophan
deficiency, it became apparent that the drastic reduction in food intake under
ad libitum conditions radically altered the morphologic reaction patterns of
the tissues to the deficient diets. However, this factor was not usually empha-
sized in investigations on amino acid deficiencies. In early studies, Spector
and Adamstone’® and Van Pilsum et al.'? described many pathological tissue
changes, including periportal fatty liver, within a short time after the onset
of force-feeding diets devoid of tryptophan, phenyalanine, or isoleucine. In
contrast, many other investigators1,>1%°5 found far fewer specific tissue
changes with diets deficient in single essential amino acids when these were
fed ad libitum for similar or much longer periods of time. Studies by Sidran-
sky and Farber>**and Sidransky and Baba> have likewise reported marked
differences in the pathological responses in experimental animals if the same
amino acid-deficient diets were fed ad libitum or force-fed.

2.4 Concluding Comments

This chapter has reviewed experimental studies designed to determine the
effects of feeding animals diets deficient in L-tryptophan. The findings based
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upon short- and long-term feeding experiments using a variety of deficient
diets fed under ad libitum, pair-feeding, and force-feeding conditions reveal
anumber of interesting pathological findings in a number of different organs.
The variability in the experimental conditions must be kept in mind when
interpreting the significance of the findings. Yet, the results clearly indicate
that L-tryptophan is essential for growth and nitrogen balance, and in its
absence or in cases of inadequate intake, a number of pathological conse-
quences (morphological, biochemical, and neuropsychiatric) occur. How-
ever, since deficiencies of other indispensable amino acids likewise induce
a similar variety of pathological changes, it is difficult to attach specific
significance to the findings with tryptophan deficiency. Possibly, the finding
of cataract formation is special for tryptophan deficiency. Thus, the numer-
ous experimental studies with tryptophan-deficient diets serve to emphasize
that specific amino acid deficiencies induce pathological changes that are
generally similar to those induced by protein (poor quantity or quality)
deficiency. Conceivably, ingestion of a diet deficient or devoid of a single
amino acid induces an imbalanced state of amino acids, which leads to
pathological changes as occurs with dietary protein deficiency.
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3.1 Biochemical Genetics of Tryptophan Synthesis

Genetic and biochemical techniques have been utilized in studying the reg-
ulation of tryptophan biosynthesis in prokaryotes, specifically in Escherichia
coli. The emerging picture is that the trp aporepressor is the product of the
trpR gene located at 0 min on the E. coli genetic map.! On binding with
L-tryptophan, the trp aporepressor forms the active complex or trp repressor,
which in turn is able to bind with high affinity at the DNA operator sites of
the three operons it regulates. Besides the two operons, trp EDCBA and aro H,
which encode six enzymes essential for the biosynthesis of L-tryptophan
itself, the third operon, namely, trpR, encodes the trp aporepressor protein.>*
The trp aporepressor is composed of a single polypeptide of 108 residues
with a molecular weight of about 12,356, as is apparent from the DNA
sequence of the gene.’

In studying the biochemical genetics of tryptophan synthesis in Pseudo-
monas acidovorans, Buvinger et al.® isolated 60 independent tryptophan
auxotrophs of Pseudomonas acidovorans and characterized them for nutri-
tional response to intermediates of the pathway, accumulation of interme-
diates, and levels of tryptophan-synthetic enzymes. Mutants for each of
the seven proteins catalyzing the five steps of tryptophan synthesis were

19
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obtained. Transductional analysis established three unlinked chromosomal
regions: trpE, trpGDC, and trpFBA. The levels and enzymatic activities of
wild-type and mutant strains indicated that trpE and trpGDC were
repressed by tryptophan. In contrast, trpFBA was not derepressed signifi-
cantly by starvation for tryptophan. The trpG mutants had an additional
requirement for p-aminobenzoate, which suggested that anthranilate syn-
thase subunit II also served as glutamine-binding protein in the analogous
reaction catalyzed by p-aminobenzoate synthase. In addition, trpD mutants
revealed the ability of P. acidovorans to degrade anthranilate via the beta-
ketoadipate pathway.

Two DNA fragments (3941 and 7152 base pairs) from the prokaryotic
endosymbiont (Buchnera) of the aphid Schlechtendalia chinensis were cloned
and sequenced.” The smaller fragment contained trpEG, and the larger frag-
ment contained trpDC(F)BA, genes coding for enzymes of the tryptophan
biosynthetic pathway which convert chorismate to tryptophan. Both of these
gene clusters were present as one copy of the endosymbiont chromosome
and probably constitute two transcription units. The deduced amino acid
sequences of the proteins was 51 to 61%, identical to the corresponding
proteins previously studied in Buchnera of the aphid Schizaphis graminum. In
this endosymbiont, trpEG is amplified and located on a plasmid, whereas,
in the endosymbiont of S. chinensis, as in other eubacteria, trpEG occurs as
a single copy on the bacterial chromosome.

In contrast to prokaryotes, in mammals, tryptophan is not synthesized in
the body and, therefore, must be provided through a dietary source. The
essential amino acid is not only a building block of proteins but also a
precursor of serotonin and of the nicotinamide ring of NAD*.

3.2 Biochemical Genetics of Tryptophan 2,3-Dioxygenase

In considering genetic aspects of L-tryptophan, it probably is best to
consider the molecular genetics of L-tryptophan 2,3-dioxygenase (EC
1.13.1.12), the enzyme which catalyzes the first reaction in the major cata-
bolic route of L-tryptophan. In another section the action and control of
this enzyme are discussed.

Schmid et al.® isolated the tryptophan oxygenase gene from rats. Identifi-
cation of a DNA clone from a rat liver cDNA library was achieved by
hybridizing rat liver mRNA to pools of clones, and subsequently identifying
specifically bound tryptophan oxygenase mRNA by precipitation of in vitro
translated tryptophan oxygenase enzyme with a specific antibody against
the enzyme. With such a cDNA, genomic DNA clones could be identified
and isolated. Progress in the molecular genetics of tryptophan oxygenase in
rat liver up to 1986 was reviewed by Renkawitz.’
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Subsequently, reports have characterized the tryptophan oxygenase gene
of Anopheles gambige.®'! In the rat, nucleotide sequence (3.2 kb) of a DNA
region located approximately between introns 4 and 7 of the rat tryptophan
oxygenase gene was determined.'? Using filter binding studies and mono-
clonal antibodies against the glucocorticoid receptor, a high affinity binding
of this region to the glucocorticoid receptor was demonstrated. Also, in rat
liver, expression of the gene coding for tryptophan oxygenase (TO) is
switched on at about 2 weeks after birth.!* Two clusters of DNAse I hyper-
sensitive (HS) sites in the TO gene upstream region, one near the promoter
and the other at a distant upstream location (-8.5 kb), were described. Hyper-
sensitivity of upstream sites was present in adult and in 7-day-old rat liver
but absent in kidney. To investigate the role of these sites in transcriptional
regulation, a reporter gene controlled by both HS site regions was used to
generate transgenic mice. In these animals the transgene followed the cell-
specific and developmental regulation of the endogenous gene, inactive after
birth and active in adult liver. Transgenes containing only the promoter
proximal HS site were nonfunctional.

Nuclear proteins that specifically bind to the regulatory region of rat liver
tryptophan oxygenase have been reported.!* Using electrophoretic mobility
shift assay, the binding of rat liver nuclear proteins to the fragments from
—466 to —292 and from -292 to 178 relative to the transcriptional start site
of the rat tryptophan oxygenase gene were observed. Studies of the compe-
tition with a synthetic consensus sequence for the NF 1 recognition site have
shown that the liver nuclear proteins responsible for the formation of specific
complexes with these fragments belong to the family of the nuclear factor 1
(NF 1). The trans-acting factors of the NF 1 family form several complexes
with each of the two tested fragments of the tryptophan oxygenase gene.
Investigation of transcription factors that bind to DNA from the -292nd to
the —178th nucleotide of gene in vitro indicate that this DNA region contains
a site corresponding to the constitutive DNAse I hypersensitive site in vivo.!®
Using electrophoretic mobility shift assay, binding of rat liver proteins to
this DNA region was analyzed. NF 1-rich nuclear protein fraction was puri-
fied from the rat liver nuclear extract by DEAE-cellulose and heparin-
sepharose chromatography. Studies of the competition with a consensus
sequence site for NF 1 recognition sites have shown that it is the NF 1 family
transcription factors that are responsible for the formation of these specific
complexes.

A human tryptophan oxygenase clone was isolated by screening a liver
cDNA library with a rat tryptophan oxygenase cDNA clone.!® Analysis
showed extensive homology between the rat and the human DNA and
protein sequences. The combined use of cell hybrids and in situ hybridization
indicated that human tryptophan oxygenase was localized to chromosome
band 4q31. The tryptophan oxygenase gene has been considered to be impor-
tant in some human behavior disorders, especially those associated with
abnormalities of serotonin metabolism.

© 2002 by CRC Press LLC



22 Tryptophan: Biochemistry and Health Implications

3.3 Species and Strain Differences in Tryptophan Metabolism
and in Responses to Tryptophan Administration

3.3.1 Species Differences

Fujigaki et al.l” reported on species differences in tryptophan-kynurenine
pathway metabolism by quantitation studies of anthranilic acid (AA) and
its related enzymes. Serum and cerebrospinal fluid (CSF) AA concentrations
in different animal species were measured using reversed-phase high-per-
formance liquid chromatography with electrochemical detection. CF AA
concentrations in rabbits were 5.7 to 33.0 times lower than those in other
species studied, including rat, mice, and gerbils. However, serum AA con-
centrations were slightly higher in rabbits than in the other species. In con-
trast, the concentrations of L-kynurenine in both serum and CSF were
substantially higher in rabbits than in the other species. Tissue kynurenine
pathway enzymes, indolamine 2,3-dioxygenase (IDO), tryptophan 2,3-
dioxygenase, kynurenine 3-hydroxylase, and kynureninase were determined
in rabbits, rats, gerbils, and mice, and these enzymes varied among species.
Lung IDO activities in rabbits were 146 to 516 times higher than those found
in the other species, but rabbit liver kynurenine 3-hydroxylase activities were
lower by one order of magnitude than those of the other species tested.
Furthermore, brain kynurenine 3-hydroxylasae activities were 12.3 to 23.2
times higher in gerbils than in the other species tested.

Pranzatelli et al.!® measured seven serotonin (5-HT) receptor binding sites
and the 5-HT uptake site in guinea pig brainstem and compared them to the
rat. In guinea pig brainstem, the rank order of binding site density was 5-HT
transporter site > 5-HT1D > antogonist-labeled 5-HT2 > 5-HT1A, 5-HT1C >
5-HT1E > agonist-labeled 5-HT2 binding site. There were fewer 5-HT1A and
5-HT1C binding sites and 5-HT uptake sites in guinea pig than rat brainstem,
and there were more 5-HT1D and antogonist-labeled 5-HT?2 sites, but the
differences were two-fold or less. The major species difference was that 5-
HTI1B sites were virtually undetectable in guinea pig brainstem. Limited
competition experiments with related 5-HT receptor subtype-selective ago-
nists and antagonists suggested that the sites in guinea pig brainstem con-
formed to those described in the rat.

Sidransky and Verney'? reported that the in vitro nuclear binding affinity
for L-tryptophan of livers of hamsters was significantly less than that of
livers of guinea pigs or mice (Swiss). In general, the basal nuclear-specific
binding affinity to L-tryptophan of the species of animals used correlated
with the degree of stimulatory effect on hepatic protein synthesis (high in
mice and low in hamsters) by tube-feeding L-tryptophan 1 h before killing
compared to that of animals tube-fed water.
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3.3.2 Strain Differences

Costa et al.?’ reported on strain differences of rats in the urinary excretion of
the tryptophan metabolites along the kynurenine pathway and the variations
of enzyme activities metabolizing the tryptophan in different strains of rats.
While there was a good correlation between urinary excretory values of the
metabolites and enzyme activities in the same strain of rats, some differences
appeared when the data were compared among different strains. Wistar,
heterozygous Gunn, and Sprague-Dawley rats showed similar total urinary
excretion of tryptophan metabolites, while the Long Evans rats had signifi-
cantly lower values, in accordance with the lower activity of tryptophan
oxygenase. Kynureninase activity was slightly but not significantly higher in
Sprague-Dawley rats, in agreement with the high levels of anthranilic acid
excreted. Regarding kynurenine aminotransferase, Sprague-Dawley rats
showed lower activity in the liver, but higher activity in the kidneys in com-
parison to other strains of Wistar, Long Evans, and heterozygous Gunn rats.

Knapp et al.?! reported that the levels of forebrain tryptophan, serotonin
(5-HT), 5-hydroxyindoleacetic acid (5-HIAA), and hydroxylase cofactor
(BH4) were comparable in two experimental mouse strains (A/] and
C57B1/6]), despite two- to three-fold differences in vitro in the relative activ-
ities of forebrain and midbrain tryptophan-5-monoxygenase. The enzyme
activities did not differ with respect to Km for cofactor at saturating levels,
but manifested different degrees of cooperativity with respect to cofactor
when examined with BH4 concentrations within a physiological range.

Strain differences in the activity of tryptophan hydroxylase, the rate-lim-
iting enzyme in serotonin biosynthesis, have been reported in rats*?»? and
in mice.?* Chaouloff et al.? reported that the activity of tryptophan hydroxy-
lase was decreased in Lewis rats compared with Fisher 344 rats. Kulikov et
al.Z reported that in vitro central tryptophan hydroxylase activity was higher
in the Lewis strain of rats than in spontaneously hypertensive rats. In mice,
Knapp and Mandell** reported that midbrain tryptophan hydroxylase from
two behaviorally different mouse strains, C57B1/6] and A/], had different
stabilities and regulatory properties.

It has been reported that NZBWF, mice, routinely used as a model of
systemic lupus erythematous,®?¢ have less affinity for L-tryptophan binding
to hepatic nuclei than do other mice strains (Swiss, DBA, SJL, and BALB/c).
This decreased binding affinity of NZBWF, mice appears to correlate with
the decreased effect of L-tryptophan administration on hepatic protein syn-
thesis as compared to Swiss mice.?” Also, hepatic nuclei of NZBWF; mice
revealed a significantly decreased binding response of *H-tryptophan in
comparison to those of Swiss mice when nuclei of both groups were affected
by Showa Denko L-tryptophan (implicated in eosinophilia-myalgia syn-
drome) or to its contaminants, 1,1’-ethylidenebis-(tryptophan) and
3-phenylamino-L-alanine, in contrast to that of control nonimplicated L-tryp-
tophan.?
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In rats, a decrease in the affinity of in vitro L-tryptophan binding to hepatic
nuclei and nuclear envelopes has been reported in Lewis rats compared with
Sprague-Dawley rats.? While the K, values were similar in both rat strains,
the B,,,, values were significantly less in Lewis rats compared with Sprague-
Dawley rats. Lewis rats are known to be quite susceptible to many inflam-
matory diseases in response to a wide range of stimuli.3

3.3.3 Concluding Remarks

It is apparent from the above reports that differences in tryptophan metab-
olism and in biological responses to tryptophan exist in certain species and
strains of animals. These findings suggest the importance of considering
species and strains when evaluating experimental results dealing with tryp-
tophan. These variations need to be considered in various alterations that
may occur in humans under normal and pathological conditions. Also, these
variations in experimental animals may serve as models offering valuable
clues to the pathogenesis of disease states relating to or involving L-tryp-
tophan.

3.4 General Comments

In considering nutrients and gene expression, many investigators have used
a molecular approach to establish that certain micro- and macronutrients
affect cell function through changes in gene expression. Such effects can alter
cell metabolism, growth, or differentiation. Among the micronutrients, vita-
mins A and D have been reported to have important effects on metabo-
lism/growth and whole body calcium homeostasis, respectively. Derivatives
of these micronutrients alter cell function by binding to intracellular recep-
tors that interact with promoters of specific genes. Such interaction leads to
changes in gene expression and subsequent changes in cell function. Among
the macronutrients, cholesterol can best be cited as an example of macronu-
trient control of gene expression (dietary cholesterol and fat regulation of
cholesterol and lipid homeostasis). Based upon existing background infor-
mation about L-tryptophan, there is great need for in-depth investigation
into how this indispensable amino acid may affect gene expression in health
and disease. Such research will be rewarding.
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4.1 Introduction

This chapter discusses the pathways by which L-tryptophan is metabolized
into a variety of metabolites, many of which have important physiological
functions. A few metabolites are cited here briefly. Quinolinic acid is involved
in the regulation of gluconeogenesis. Picolinic acid is involved in normal
intestinal absorption of zinc. The body’s pool of nicotinamide adenine dinu-
cleotide (NAD) is influenced by L-tryptophan’s metabolic conversion to
niacin. Finally, L-tryptophan is the precursor of several neuroactive com-
pounds, the most important of which is serotonin (5-HT), which participates
as a neurochemical substrate for a variety of normal behavioral and neu-
roendocrine functions. Serotonin derived from L-tryptophan allows it to
become involved in behavioral effects, reflecting altered central nervous
system function under conditions that alter tryptophan nutrition and metab-
olism.

Since L-tryptophan is an indispensable amino acid, its role as a substrate
for protein synthesis is necessarily of much importance. However, L-tryp-
tophan has other roles that are vital in maintaining normal physiological
functions. For example, L-tryptophan has been reported to play a unique
role in regulating protein synthesis, particularly in the liver, but also in other
organs in a manner unrelated to its function as a precursor amino acid. This
action of L-tryptophan is reviewed in this chapter.

Also, L-tryptophan has important interrelationships with a number of
components: blood albumin, other amino acids, and vitamins. These inter-
relationships are also reviewed in this chapter.

4.2 Chemical Pathways

Tryptophan appears to be converted to a larger number of metabolites than
any of the other amino acids. The degradation of tryptophan in animals
occurs mainly in two pathways, I and II (Figure 4.1). The first major pathway
(I), initiated by the action of tryptophan dioxygenase, involves oxidation of
tryptophan to N-formylkynurenine and the formation of a series of interme-
diates and byproducts, most of which appear in varying amounts in the
urine, the sum of which accounts for the total metabolism of tryptophan,
approximately. The second pathway (II) involves hydroxylation of tryp-
tophan to 5-hydroxytryptophan and decarboxylation of this compound to
5-hydroxytryptamine (serotonin), a potent vasoconstrictor found particu-
larly in the brain, intestinal tissues, blood platelets, and mast cells. A small
percentage (3%) of dietary tryptophan is metabolized via the pathway (III)
to indoleacetic acid. Other minor pathways also exist in animal tissues.
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FIGURE 4.1

Pathways of tryptophan metabolism in the rat. Enzymes include (1) tryptophan dioxygenase
(EC 1.13.11.11), (1a) indoleamine dioxygenase, (2) tryptophan 5-monooxygenase (EC 1.14.16.1),
(3) aromatic L-amino acid decarboxylase (EC 4.1.1.28), (4) monoamine oxidase (EC 1.4.3.4),
(5) tryptophan aminotransferase (EC 2.6.1.27).

Among its physiological and biochemical functions, tryptophan is a pre-
cursor of NAD (Figure 4.1).! Tryptophan, ingested via the portal vein, affects
many processes in the liver, RNA synthesis, gluconeogenesis, and the induc-
tion of many enzymes. These aspects of tryptophan’s action are covered in
other sections.

4.2.1 Importance of enzymes

4.2.1.1 Degradative Enzymes

Figure 4.1 reveals a number of enzymes that are directly involved at different
steps in the catabolism of tryptophan.

For many years tryptophan dioxygenase was considered a very important
enzyme in the kynurenine-niacin pathway. The induction of liver tryptophan
dioxygenase by glucocorticoids and stabilization by elevated tryptophan
levels were utilized in explaining elevated metabolite levels in a variety of
conditions. This enzyme will be discussed in greater detail in another section.

From 1978 to 1985 renewed interest in tryptophan metabolism via the
kynurenine-niacin pathway was generated by the findings of Hayaishi et al.
and others of a second enzyme, namely, indoleamine-2,3-dioxygenase
(IDO).23 This enzyme was found to be present in several nonhepatic tissues
(lung, intestine, brain, and epididymis) and cells (blood monocytes, mac-
rophages, and eosinophils). The enzyme normally has very low activity but
is induced to very high activity by stimulation of immune systems with
interferon-y*® or interleukin-2 (cytokines).” Thus, inflammatory processes,
infections, and immune stimulation that induce interferon-y could lead to
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the induction of IDO and enhanced catabolism of tryptophan via the kynure-
nine pathway.!®!! IDO has a low K, and, once induced, can cause very low
levels of tryptophan in blood or tissue or cultures. For example, cancer
patients treated with interferon-y or interleukin-2 (which induces interferon-
) within 24 h showed a marked drop in blood tryptophan levels, while other
blood amino acids were unchanged.®!012 At the same time, kynurenine
(blood and urine) was elevated.

Liver dioxygenase has a high K, and is probably active only when levels
of tryptophan are high, such as after a meal or a loading dose, but this enzyme
is probably not very effective when blood levels of tryptophan are normal.

4.2.1.2 Induction of Enzymes (Primarily in Liver)

Many studies have demonstrated that the administration of tryptophan
causes an enhancement in the activity of a variety of liver enzymes. Table 4.1
summarizes a number of hepatic enzymes that have reportedly increased in
activity due to tryptophan. Tryptophan has been demonstrated to have spe-
cific effects on the activities of hormonally and nutritionally sensitive
enzymes, many of which are not necessarily related to tryptophan metabo-
lism itself.!3-1” The mechanisms by which tryptophan acts to affect these
enzyme levels are not clear. In some instances, there is evidence that the
specific regulation by tryptophan involves enzyme degradation rather than
synthesis.!> Deguchi and Barchas!® suggested that a metabolite, rather than
tryptophan itself, may be the actual active component. Such is indeed the
case for tryptophan-induced hypoglycemia in vivo.” In searching for a uni-
fying mechanism, Smith et al.?’ conducted a systematic study involving the
activities of a number of tryptophan-sensitive enzymes: tyrosine and tryp-
tophan transaminases, tryptophan dioxygenase, histidase, serine dehy-
dratase, and phosphoenopyruvate carboxykinase. Their conclusion did not
support the concept that a single, simple mechanism was responsible for
explaining how tryptophan affects enzyme activities. They concluded that
a variety of mechanisms must be involved.

In considering the mechanisms by which tryptophan causes an increase
in certain hepatic enzymes, Kenney?!' suggested that tryptophan may
increase the rates of synthesis of tyrosine aminotransferase, phosphopyru-
vate carboxylase, and other enzymes indirectly via cyclic AMP (cAMP).
Indeed, cAMP will induce these enzymes. Also, Kato?? indicated that the
mechanism of tryptophan-mediated induction of tyrosine aminotrans-
ferase includes a cAMP-accumulating process that is sensitive to phento-
lamine, an adrenergic-blocking agent. Also, Schumm and Webb? reported
that the addition of physiological concentrations of cAMP stimulated the
release of RNA from isolated prelabeled rat liver nuclei to a fortified cytosol
in a cell-free system.
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TABLE 4.1
Tryptophan-Induced Hepatic Enzymes

Enzyme Ref.
Alanine aminotransferase 16
Aniline hydroxylase 204
Aspartate aminotransferase 16
Cytochrome b; 205
Cytochrome P450 204-206
DNA-dependent RNA polymerase (I and II) 16, 79-82
Histidase 13, 20
Indoleamine-2,3-dioxygenase 10, 11
Nitrosodimethylamine demethylase 207
Ornithine o-transaminase 13,16, 17
Ornithine decarboxylase 208
Nucleoside triphosphatase 112
Phosphoenolpyruvate carboxykinase 13, 15, 16, 20
Phosphoprotein phosphohydrolase 103
Protein phosphokinase 103
Serine (threonine) dehydratase 13, 16, 20
Tryptophan dioxygenase 14, 16, 20
Tyrosine o-ketoglutarate transaminase 16, 20, 22

4.3 Protein Metabolism
4.3.1 Significance of Tryptophan in Proteins

It is known that tryptophan is a structural amino acid in proteins. However,
a number of studies have indicated that specific locations of tryptophan
within certain proteins play an essential role in the function of these proteins
(or enzymes). An extensive review of some reported functions of tryptophan
in proteins was conducted by Brown.?* Such roles include receptor binding
of protein hormones such as insulin-like growth factor-1,> human growth
hormone,? binding of the 2-acyl fatty acid of phospholipids to Annexin V,%
and receptor binding of 25-hydroxy-vitamin D3.22 Tryptophan-50 in diph-
theria toxin is a major determinant of NAD affinity to this toxin, and replace-
ment of this tryptophan with another amino acid inactivates the toxin.?’ Such
nontoxic forms of toxins, as in vaccines, may be of great importance. The
importance of Tryptophan-62 in egg white lysozyme for protein-carbohy-
drate interaction has been reported.* A tryptophan residue, Tryptophan-221,
is involved with GTP/GDP binding in elongation factor eEF-2 and is impor-
tant for its function on the ribosome.332 Similarly, Tryptophan-207 in trans-
ducin-ta is involved in binding of the G-protein activation switch.3® Binding
of the immunosuppressant cyclosporin A to its receptor cyclophylins
depends upon a specific tryptophan residue in the receptor.3* Mouse
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P-glycoprotein, involved in multidrug resistance of cancer cells, contains
five tryptophan residues, one of which is involved in the function of this
protein.3

These data indicate that specific tryptophan residues in various proteins
may be involved in binding to (1) guanine or adenine nucleotide cofactors,
(2) phospholipids, (3) certain glycosides, (4) cyclosporin A, and possibly
other xenobiotics, (5) growth hormone, (6) insulin-like growth factor, and
(7) vitamin D.

There are numerous reports of binding of the indole ring of tryptophan
with adenine or guanine nucleotides and with nucleic acids*** by sharing
of m electrons (stacking, charge-transfer complexing). The energy of such
associations may be as high as 7 Kcal/mol, i.e., stronger than hydrogen
bonds. Thus, it seems likely that exposed tryptophans in certain proteins
may function to orient and bind various purine-containing cofactors (e.g.,
NAD, NADP, FAD, ATP, GTP, etc.) and to bind DNA or RNA. It is also of
interest to note that certain proteins have their tryptophan residues concen-
trated at one end of the protein chain, and that the tryptophan residues are
often in a regular, repeating configuration.

In view of the relatively strong binding between tryptophan sidechains
and purine bases, it is tempting to speculate that the tryptophan residues in
such proteins may be important in orienting and attaching such proteins to
nucleic acids of virus nucleic acid cores. Similarly, binding of tryptophan
residues to phospholipids*” may be important in orienting certain receptor
proteins in phospholipid membranes of cells. The repeated tryptophan-con-
taining sequences found in prion proteins suggest that these proteins may
bind strongly to nucleic acids and that such binding may be important in
the as yet unclear mechanism of prion pathogenesis.*!

Yau et al.*? reported that one of the ubiquitous features of membrane
proteins is the preference of tryptophan and tyrosine residues for mem-
brane surfaces that presumably arise from enhanced stability due to distinct
interfacial interactions. Indeed, the presence of tryptophan and tyrosine
residues for regions corresponding to membrane surfaces is a remarkable
feature shared by 10 or so membrane proteins with known three-dimen-
sional structures.*®

4.3.2 Protein Synthesis

Tryptophan is one of 20 to 22 amino acids that are required for the synthesis
of protein within tissues. Tryptophan is assumed to consist of 1.5% of the
total amino acids in tissue protein. Assuming that the adult male at nitrogen
equilibrium synthesizes approximately 225 to 250 g of protein daily (approx-
imately 3 g/kg/d), then approximately 3.5 g of tryptophan is utilized daily
for protein synthesis. This is of special interest because there is no net accretion
of body protein at nitrogen balance. Thus, a large flux of amino acids, includ-
ing tryptophan, participates in this pathway daily. Actually, the tryptophan
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involved is much greater than the daily dietary intake of tryptophan and,
therefore, must involve protein catabolism, liberating tryptophan. This is
probably the most significant pathway in the utilization of tryptophan.

4.3.2.1 Regulatory Role of Tryptophan

Protein synthesis in the whole organism (animal) has been recognized as
being sensitive to a variety of nutritional factors, including the pattern and
amount of amino acids provided in relation to amino acid requirement
(nutritional amino acid balance or imbalance) and the supply and source of
energy. During the past 30 to 35 years, many experimental studies have
provided information and data that suggest that L-tryptophan has a unique
role in the regulation of protein synthesis in a number of organs, such as the
liver,#4> Jung,* kidney,*” gastric mucosa,*® muscle,* and brain.*”* Most of
these experimental studies have dealt with protein synthesis in liver and
have provided information on the vital role of L-tryptophan. It is appropriate
that the developments be reviewed chronologically.

From 1965 to 1968, a number of reports described how the livers of fasted
animals responded rapidly to a single feeding of good quality protein or of
complete amino acids, with enhanced protein synthesis and a shift in poly-
ribosomes toward heavier aggregation.5-® In general, a good correlation
was demonstrated between the protein synthetic ability of cells and tissues
and the state of polyribosomal aggregation.>® Next, investigators determined
how animals responded to a single feeding of an incomplete amino acid
mixture (a complete amino acid mixture free of single essential amino acids).
Such early studies®** revealed that when fasted animals were tube-fed a
complete amino acid mixture devoid of single essential amino acids (argin-
ine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threo-
nine, or valine), the overall response was the same as that found after feeding
the complete amino acid mixture. One notable exception was observed, that
of the deletion of tryptophan, where the hepatic polyribosomes did not
respond but remained as those of the fasted animals.52-5360-6! These findings
led to studies that examined the role that L-tryptophan alone may have on
hepatic polyribosomes and protein synthesis.

The laboratory of Sidransky et al.2%362 in 1967-1968 demonstrated that
L-tryptophan alone elicited a response of hepatic polyribosomes toward
heavier aggregation as well as an enhancement of protein synthesis as meas-
ured in vivo or in vitro. The single administration of tryptophan alone, but
not of one of three other essential amino acids (threonine, methionine, or
isoleucine), elicited a stimulatory hepatic response that was similar to that
obtained with a complete amino acid mixture.> Earlier, Feigelson et al.®® in
1959 had reported that the parenteral administration of tryptophan in the
rat produced a transient elevation in hepatic protein synthesis as determined
by measuring 2[*C]glycine incorporation into hepatic protein. Subsequent
studies from other laboratories®®®+% confirmed the stimulatory effect of tryp-
tophan on hepatic protein synthesis.
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After establishing that L-tryptophan alone stimulated overall hepatic pro-
tein synthesis, it became important to determine which proteins were
involved. Increased synthesis of albumin due to L-tryptophan was reported
by Rothschild et al.® and by Jorgensen and Majumdar.#¢® The latter inves-
tigators also reported that tryptophan increased the synthesis of transferrin,
fibrinogen, and ferritin. Thus, extracellular as well as intracellular proteins
that are synthesized by the liver were affected by L-tryptophan. Furthermore,
it was demonstrated that after L-tryptophan administration, both free and
membrane-bound polyribosomes of the liver showed a shift toward heavier
aggregation, more marked for free polyribosomes than for membrane-bound
polyribosomes.%? Also, in vitro protein synthesis revealed a greater increase
with free polyribosomes than with membrane-bound polyribosomes of the
livers of tryptophan-treated animals in comparison with similar fractions of
livers of control animals.

The preceding findings regarding the role of L-tryptophan on hepatic pro-
tein synthesis should not be interpreted to mean that other single amino acids
could not under certain conditions stimulate hepatic protein synthesis. For
example, Pronczuk et al.”? reported that when animals were fed threonine-
or isoleucine-imbalanced diets, which depleted tissue pools of these amino
acids, hepatic polyribosomes were disaggregated and stimulated by the
addition of the limiting amino acid to the meal. Ip and Harper” extended
these findings in studies of rats fed a threonine-imbalanced diet. Feeding
animals a threonine-imbalanced diet for 7 days resulted in hepatic ribosomes
that were largely disaggregated. Oral administration of threonine caused the
ribosomes to reaggregate and stimulated the incorporation of *C-leucine
into tissue proteins. Under these experimental conditions, administration of
tryptophan to threonine-depleted animals did not improve protein synthesis,
suggesting that liver protein synthesis in such cases was most sensitive to
the inadequate supply of the amino acid (threonine) most limiting in the
tissue. However, the role of L-tryptophan described in the previous reports
dealt with normal animals that were fasted overnight, as well as with nor-
mal-fed animals.”?

4.3.2.2 Considerations of Mechanisms Involved

Since the free tryptophan content of serum and tissues was the lowest of
any indispensable amino acid,” it was understandable that this raised the
possibility that tryptophan might be the limiting amino acid for protein
synthesis in fasted animals. Studies by Hori et al.” and by Hunt et al.”> using
reticulocytes suggested that tryptophan tRNA may become limiting. Simi-
larly, it was considered that tryptophan tRNA could become limiting in the
livers of fasted animals because of no dietary tryptophan intake and, there-
fore, would restrict the rate of hepatic protein synthesis. Also, the finding
that the tryptophan-tRNA content of liver falls more rapidly during food
deprivation than do the t-RNAs of other indispensable amino acids” sug-
gested that tryptophan may be an important effector of hepatic protein
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synthesis under many physiological circumstances. However, data from a
variety of other studies’>”” suggested that the effect of tryptophan on hepatic
polyribosomes and protein synthesis involved a more complex process than
one consisting only of raising the low levels of tryptophan in the blood or
liver. When L-tryptophan was administered to fed mice in which the blood
and hepatic levels of tryptophan were much higher than in fasted mice, the
hepatic polyribosomes shifted toward heavier aggregation, and hepatic pro-
tein synthesis (in vitro) was enhanced, similar to that which occurred in fasted
animals.” Also, it is of interest that Allen et al.”® reported no differences in
the levels of tryptophan-tRNA in fasted and fed rats, suggesting that this
may not be rate-limiting in fasted animals. In addition, L-tryptophan has
been effective in enhancing hepatic protein synthesis in animals treated with
selected hepatotoxic agents where the tryptophan levels in the blood and
liver were not changed but were similar to those in control animals.””

A number of studies investigated whether L-tryptophan may act at the
translational level of control of hepatic protein synthesis. In these studies,
actinomycin D was administered to inhibit RNA synthesis and then L-tryp-
tophan was administered. In such studies, L-tryptophan was still found to
be able to stimulate the effect on hepatic polyribosomes and on protein
synthesis in fasted mice.”® Also, Jorgensen and Majumdar*’ reported that the
administration of tryptophan to well-fed adrenalectomized rats pretreated
with actinomycin D caused an increase in *H-leucine incorporation into
ferritin, transferrin, albumin, and fibrinogen, compared to that in water-fed
controls. Tryptophan without pretreatment with actinomycin D caused a
larger increase in *H-leucine incorporation into the same components. A
number of studies suggested that L-tryptophan administration may act at
the transcriptional level of control of hepatic protein synthesis. L-tryptophan
administration has been reported to cause an increase of DNA-dependent
RNA polymerase activity,”® nuclear RNA synthesis,”*#82 polyribosomal
RNA synthesis,”8 and cytoplasmic mRNA®# in the liver. It has been
reported that the nuclei of rat liver contain at least three forms of DNA-
dependent RNA polymerase that play specific roles in genetic transcrip-
tion.86%” Polymerase I is presumed to transcribe ribosomal genes and is Mg?*
dependent and amanitin resistant. Polymerase II and III are considered to
synthesize, respectively, heterogeneous and smaller molecular weight RNAs.
Polymerase II is Mn?*/(NH,),50, dependent and amanitin sensitive. Vesley
and Cihak,® Majumdar and Jorgensen,% and Majumdar® reported that fol-
lowing tryptophan administration, the activities of both polymerase I and
II were rapidly elevated, and this was unrelated to adrenal secretion. Also,
Majumdar®! studied the activities of the engaged (chromatin-bound) and free
states of nuclear RNA polymerases in young and adult rats tube-fed tryp-
tophan and observed marked increases in the activities of both engaged and
free polymerase in 2-week-old rats but an increase only in the engaged
polymerase of the adult rats.

A number of reports have demonstrated that L-tryptophan has a regula-
tory effect at the posttranscriptional level of hepatic protein synthesis. Details
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of such experiments follow. After first observing that there was an elevation
in hepatic cytoplasmic mRNA following L-tryptophan administration 3%
whether this effect could be due, in part or totally, to increased nucleocyto-
plasmic transport of mRNA was explored. In experiments using fasted mice,
hepatic RNA was prelabeled with [6-"“CJorotic acid, and then the animals
were treated with actinomycin D to inhibit further RNA synthesis. Next, the
animals were tube-fed either tryptophan or water. The livers showed elevated
levels of cytoplasmic mRNA and a shift in polyribosomes toward heavier
aggregates caused by tryptophan.® This suggested that, even in the absence
of RNA synthesis, tryptophan acted to stimulate the transfer of mRNA from
the nucleus into the cytoplasm of hepatic cells. In further studies, the admin-
istration of tryptophan to fasted animals resulted in significant increases in
the amounts of hepatic polyadenylic acid [poly(A)] and poly(A)-mRNA in
the cytoplasm, and this stimulation occurred even following the administra-
tion of cordycepin (an inhibitor of poly(A) synthesis) and/or actinomycin D
(an inhibitor of RNA synthesis).® Administration of L-tryptophan to fasted
rats pretreated with cordycepin or actinomycin D, or both, induced a shift
in hepatic polyribosomes toward heavier aggregates and an increase in in
vitro protein synthesis. Also, fasted rats that received [U-*C]adenosine to
prelabeled hepatic poly(A) and then were treated with cordycepin or acti-
nomycin D or both before tube-feeding L-tryptophan revealed increased
hepatic levels of labeled polyribosomal poly(A) in comparison with con-
trols.® The administration of tryptophan to fasted rats pretreated with
cordycepin and actinomycin D led to decreased levels of nuclear poly(A)-
mRNA and a concomitant increase in the levels of polyribosomal poly(A)-
mRNA in the cytoplasm.”® These findings indicted that L-tryptophan played
a role in stimulating the rate of translocation of poly(A)-mRNA from the
nucleus into the cytoplasm of the livers of normal animals®#> and in those
treated with selected inhibitors.”7%192

The possible role that informosomal mRNA may play in the stimulation
of hepatic protein synthesis induced by L-tryptophan was investigated.”®
While L-tryptophan induced an increase (20%) in the amount of polyribo-
some-associated poly(A)-mRNA in the liver within 1 h, the amount of the
informosomal poly(A)-mRNA revealed no significant increase or decrease.
Since the size of the increase in the polyribosome-associated poly(A)-mRNA
was equal to the entire amount of informosomal poly(A)-mRNA present in
the hepatic cells, it was concluded that the failure to detect a significant
decrease in the size of the informosomal mRNA pool indicated that the
increase in the polyribosome-associated poly(A)-mRNA must be due to a
different mechanism, such as enhanced nucleocytoplasmic translocation of
poly(A)-mRNA, which has been reported earlier and will be further dis-
cussed. Hybridization studies with DNA-RNA were also conducted using
hepatic polyribosome-associated poly(A)-mRNA from L-tryptophan-treated
and control rats to determine if qualitative or quantitative changes occurred
in the RNA sequences along with the increase in poly(A)-mRNA following
tryptophan administration.”® Although qualitatively no new species of
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mRNA were detected in the mRNA from the tryptophan-treated rats, kinetic
analysis of the hybridization curves indicated that there was a shift or accu-
mulation of hepatic poly(A)-mRNA belonging to the intermediate- and pos-
sibly the high-frequency classes of polyribosome-associated poly(A)-mRNA
in the livers of the tryptophan-treated rats.

Since posttranscriptional controls can operate within the nucleus, at the
nuclear membrane, and/or in the cytoplasm to regulate the rate of nucleo-
cytoplasmic translocation of ribo-nucleoprotein particles both qualitatively
and quantitatively,® this aspect was investigated in regard to L-tryptophan.
Evidence for modification of nucleocytoplasmic transport of RNA owing to
chemical carcinogens,”® in transformed cells,’®* and during aging'® has
been demonstrated. In view of this information, studies were undertaken
relating to the enhanced hepatic nucleocytoplasmic translocation of mRNA
occurring following L-tryptophan administration. Experiments were con-
ducted using a cell-free system, modeled after that used by Schumm and
Webb,!%! in which the release of RNA from isolated nuclei into a defined
medium could be studied. These researchers observed that the release of
RNA from isolated hepatic nuclei was influenced by dialyzed cell sap (cyto-
sol) and suggested that the cell sap contained nondialyzable components
that act posttranscriptionally to regulate the nuclear processing and/or
transport of mRNA to the cytoplasm. Using this assay system, evidence that
L-tryptophan affected both the nucleus and the cytoplasm in the process of
enhancing intracellular transport of RNA was observed. First, using control
liver cell sap, there was greater release of labeled poly(A)-mRNA (prelabeled
in vivo, with [“C]orotic acid) in the medium from isolated hepatic nuclei of
L-tryptophan-treated (10 min) rats than from nuclei of control animals.”® This
effect was detected as early as 3 or 6 min after the administration of L-tryp-
tophan.!?? Tryptophan concentrations became elevated in the plasma and in
the liver (including hepatic nuclei) within 5 min,'®> and increased hepatic
protein synthesis was evident within 10 min.®® To determine whether the
increased hepatic protein synthesis was involved in the nuclear effect of the
L-tryptophan-treated animals, rats received puromycin treatment 10 min
before L-tryptophan administration. Using the in vitro assay system, hepatic
nuclei of rats that received L-tryptophan following puromycin exhibited
greater release of labeled RNA (poly(A)-mRNA) into the medium in com-
parison with control nuclei of puromycin-treated rats.!® Next, liver cell sap
of the tryptophan-treated animals was evaluated. Since in vivo hepatic pro-
tein synthesis was already stimulated within 10 min after tryptophan admin-
istration,® it was conceivable that some regulatory protein(s) in the cytosol
might play a role in the transport activity. To test for this possibility, cell saps
were prepared from livers of rats tube-fed water or L-tryptophan 10 min
before killing, and their effects on in vitro release of labeled poly(A)-mRNA
from control hepatic nuclei in the presence of added L-tryptophan in the
medium were investigated. There was more release of total RNA and
poly(A)-mRNA from control hepatic nuclei incubated with liver cell sap of
L-tryptophan-treated rats compared with release using liver cell sap of
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control rats.!? The addition of L-tryptophan to the incubation medium was
essential for the increased release of labeled RNA by the experimental liver
cell sap. Since the dialyzed cell saps used in the incubation medium lacked
L-tryptophan, its addition was important.

To determine whether the rapidly stimulated hepatic protein synthesis
following L-tryptophan administration was involved in this process, pre-
treatment of the animals with inhibitors of protein synthesis was followed
for their influence on the increased transporting effect of the liver cell sap
of L-tryptophan-treated rats. Animals were pretreated with cycloheximide
for 2.5 h or with puromycin for 20 min before the L-tryptophan or water
administration, which was given 10 min before killing. The effects of liver
saps prepared from the control and experimental groups on in vitro release
of labeled RNA from hepatic nuclei were investigated. Liver cell saps from
rats treated with cycloheximide or puromycin before L-tryptophan admin-
istration were not able to stimulate the release of labeled RNA, as could liver
cell saps of L-tryptophan-treated rats.!

A dichotomy existed between the effect of inhibition of hepatic protein
synthesis, as induced by puromycin or cycloheximide, and the action of
L-tryptophan on the nuclear cytosol involvement in the enhanced RNA
transport activity as measured in vitro. While inhibition of protein synthesis
did not affect the stimulatory effect of nuclei, it inhibited the stimulatory
effect of liver cytosol of L-tryptophan-treated rats. To explain these differ-
ences, one may speculate that in animals treated with inhibitors of protein
synthesis, L-tryptophan may be able to act in one of two ways: (1) to stim-
ulate the synthesis of regulatory proteins in the nucleus, or (2) to enhance
the transfer of the existing amounts of regulatory factors in the cytosol to
the nuclear membrane. The question of whether protein synthesis occurs in
the nucleus is not yet resolved definitively. Some investigators have impli-
cated the nucleus and nuclear envelope as sites of protein synthesis and have
reported that nuclear protein synthesis is inhibited to a lesser extent by
puromycin and cycloheximide than is cytoplasmic protein synthesis.!03104
Evidence suggesting that pre-existing proteins of the cytosol may act on the
nuclear envelopes has been obtained in other experiments.!® It is quite
difficult to unravel the complex mechanisms that come into play following
the use of L-tryptophan alone in normal animals and possibly even more so
when L-tryptophan is used in combination with a variety of inhibitors.
Indeed, inhibitors that are considered to have one primary action often cause
a variety of secondary effects in vivo in animals. Although inhibitors of RNA
and protein synthesis have been of great value in experiments attempting
to unravel mechanisms, caution must be exercised in interpreting data based
upon their use in normal animals.

Summarizing the above findings, it appears that the enhanced nucleocy-
toplasmic translocation of mRNA in the livers of L-tryptophan-treated ani-
mals affects both the nucleus and the cytosol. The nuclear effect appears to
be independent of changes in hepatic protein synthesis, while the cytosol
effect is dependent on hepatic protein synthesis. Thus, while both (nuclear
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and cytosol) effects are probably operative in normal animals treated with
L-tryptophan, only one effect, that on the nucleus, is probably operative in
animals treated with hepatotoxic agents that act to inhibit hepatic protein
synthesis. The latter mechanism could be invoked in explaining the stimu-
latory effect of L-tryptophan on hepatic polyribosomal aggregation and pro-
tein synthesis of rats treated with inhibitors of protein synthesis, such as
ethionine, puromycin, or hypertonic NaC1.911%107 Also, experimental studies
with ethionine, puromycin, and hypertonic NaC1 support this conclusion.”
In probing further into the mechanism by which L-tryptophan stimulates
hepatic nucleocytoplasmic translocation of mRNA, it became necessary to
investigate special components of the nucleus — the nuclear envelope and
the nuclear pore complex — that are considered to play a key role in the
regulation of nucleocytoplasmic RNA translocation.!® A nucleoside triphos-
phatase (NTPase) has been identified in the mammalian liver nuclear enve-
lope, and this enzyme appears to be involved in the nucleocytoplasmic
translocation of RNA.!%-1 Furthermore, following treatment of rats with
thioacetamide or CC1,, a parallelism between alterations in nuclear RNA
transport and nuclear envelope NTPase activity in the liver has been dem-
onstrated.!® Therefore, the question of whether the enhanced nucleocyto-
plasmic translocation of mRNA caused by tryptophan was related to an
alteration in the activity of nuclear envelope NTPase was investigated. The
levels of nuclear envelope NTPase activity were significantly elevated in the
livers of rats tube-fed L-tryptophan at 10, 30, or 60 min before killing.!? As
described earlier, concomitant with this rapid (10 min) increase in the NTPase
activity, there was a greater release of labeled RNA from isolated hepatic
nuclei of livers of L-tryptophan-treated rats than from those of control rats.
The parallel increases in both NTPase activity of nuclear envelopes and the
translocation of RNA suggested that these two processes may be associated
with or related to one another. In further experiments, the administration of
L-tryptophan was found to stimulate the levels of hepatic nuclear envelope
NTPase activity in rats pretreated with puromycin, similar to the increases
in the control rats that received tryptophan alone.'? This finding added
further support to the view that the increased activity of nuclear envelope
NTPase was related to or probably responsible for the enhanced RNA trans-
port activity of hepatic nuclei of puromycin-treated plus L-tryptophan-
treated rats compared with that of the hepatic nuclei of control rats.
Activities of two other enzymes, protein phosphokinease and phospho-
protein phosphohydrolase, have also been identified on the mammalian
nuclear envelope.!®1">It has been suggested that the levels of phosphoryla-
tion and dephosphorylation of the nuclear envelope protein by these two
enzymes may regulate nucleocytoplasmic RNA translocation."'® Because
these nuclear envelope-associated enzymes may play a key role in the reg-
ulation of nuclear RNA transport, a study was conducted to investigate
whether the administration of tryptophan would influence the phosphory-
lation and dephosphorylation process in the hepatic nuclear envelopes,
which may then modulate nucleocytoplasmic transport of RNA. The activ-

© 2002 by CRC Press LLC



40 Tryptophan: Biochemistry and Health Implications

ities of protein phosphokinase (PK) and phosphoprotein phosphohydrolase
(PH) were investigated in the livers of rats that received a single tube-feeding
of L-tryptophan 10 min before killing, and the hepatic nuclear envelope
activities of both enzymes were found to be increased.!® Furthermore,
L-tryptophan administration increased the in vivo incorporation of [*H]leu-
cine into proteins of the nuclear envelopes (+83%) and also into proteins of
the other subcellular fractions (+34 to +43%) of the liver compared with
incorporation into proteins of the corresponding fractions of the control rats.
Rats that received [*H]leucine to prelabel hepatic proteins and then were
treated with puromyecin to inhibit further protein synthesis followed by tube-
feeding of L-tryptophan revealed greater radioactivity associated with
nuclear envelope proteins than did controls. The latter findings suggested
that L-tryptophan may act to stimulate the movement or availability of
proteins to the vicinity of the nuclear envelope, possibly specific regulatory
proteins, such as NTPase, PIK, and PH, which show increased activities and
may be responsible for the increase in the rate of nucleocytoplasmic trans-
location of mRNA.

In view of the involvement of the nuclear envelope in controlling active
nucleocytoplasmic transfer of RNP particles, several studies have examined
the ultrastructure of the nuclear envelope. The intact nuclear envelope is
composed of inner and outer nuclear membranes and nuclear pore com-
plexes.!'” Treatment of nuclei with nonionic detergents, such as Triton X-100,
completely removes the outer nuclear membrane, leaving intact nuclei with
preservation of nuclear pore complexes. The nuclear pores are considered
to be the major sites of nucleocytoplasmic transfer of macromolecules.!811?
Therefore, studies were conducted on the effect of removing the outer
nuclear membranes (by Triton X-100 treatment of isolated hepatic nuclei) on
the capacity of the nuclei of control or L-tryptophan-treated rats to transport
RNA in vitro and on the activity of nuclear envelope NTPase. Following
treatment with Triton X-100, there was greater release of labeled RNA from
the isolated hepatic nuclei of L-tryptophan-treated rats compared with that
from control hepatic nuclei.!’? These findings were similar to those observed
with untreated nuclei (not treated with Triton X-100). Similar increases in
the activity of nuclear envelope NTPase were found with the experimental
compared with the control samples.!'? The findings that the increased trans-
location of mRNA occurred along with the increased activity of nuclear
envelope NTPase in the livers of the experimental rats were in general
agreement with data of others which demonstrated that (1) detergent treat-
ment was not deleterious to the ability of nuclei to transport RNA, (2) the
transported RNA was of intranuclear origin, and (3) nuclear pore complexes
and NTPase activity were probably responsible for the nucleocytoplasmic
translocation of mRNA 10119120

Since L-tryptophan administration rapidly enhanced nucleocytoplasmic
translocation of RNA in the liver, it was of interest to learn whether tryp-
tophan deprivation would be inhibitory to this process. A few experimental
studies suggested that indeed this was the case. Bocker et al.,'*! using rats
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fed ad libitum a tryptophan-free or complete diet (pair-fed controls) for
15 days, studied the incorporation of [*H]orotic acid into RNA fractions
separated from the hepatic nucleus and cytoplasm. The incorporation of
orotic acid into the high-weight components of the RNA of the nucleus was
increased, but no increase was found in the cytoplasmic RNA. These findings
were interpreted as indicating that RNA in the nuclei in the livers of the
experimental rats was synthesized but not delivered to the cytoplasm. Sim-
ilarly, Wannemacher et al.'2 reported that in rats fed an amino acid-deficient
diet (6% casein) nuclear RNA was synthesized but was not properly pro-
cessed and therefore not transported to the cytoplasm. Further studies are
needed to elucidate if indeed long-term feeding of tryptophan-devoid diets
impairs hepatic nucleocytoplasmic translocation of mRNA.

Schumm and Webb? suggested that cyclic nucleotides can exert an influ-
ence on the posttranscriptional events of RNA processing and transport since
they found that the addition of cyclic AMP or GMP stimulated the release
of RNA from isolated hepatic nuclei. Subsequently, in preliminary experi-
ments, the addition of cAMP to the cell-free system composed of cell saps
of livers of control rats, but not composed of cell saps of livers of tryptophan-
treated rats, caused increases in the release of labeled RNA from the liver
nuclei of control rats. This response in the cell-free system to added cAMP
probably reflects the in vivo concentrations of cAMP in the tissues from which
the cytosol was prepared. Thus, these preliminary findings suggest that
tryptophan may elevate in vivo the cAMP levels in liver cytosol, and this
may be of importance in the enhanced nucleocytoplasmic translocation of
mRNA in liver owing to tryptophan. However, preliminary assays of cAMP
activities in the livers of control and tryptophan-treated rats have failed to
reveal significant differences.

Based upon many of the described studies regarding the actions and effects
of L-tryptophan, it was appropriate to consider that the actions of L-tryp-
tophan on hepatic cells may be similar to those of a hormone, such as insulin,
steroid hormones, or triiodothyronine. Analogous to insulin, its first step
may be the binding of L-tryptophan to a specific receptor protein on the
surface of the target cells. As described for insulin,'?12* L-tryptophan may
bind at specific receptors on the plasma membranes of target cells such as
liver. After binding, the tryptophan-receptor complex may lead to many of
the subsequent actions of L-tryptophan. On the other hand, based upon other
findings with insulin, there is evidence that insulin has a direct effect upon
nuclei. Goldfine and Smith!'* and Goldfine et al.!* have reported that puri-
fied nuclei from both rat liver and cultured lymphocytes contain specific
binding sites for insulin. Also, Vigneri et al.'”” have reported that the nuclear
envelope is the major site of insulin binding to the cell nucleus. Goldfine et
al.1812 have reviewed the evidence that nuclear envelopes contain specific
high-affinity binding sites for insulin, that insulin stimulates nuclear enve-
lope NTPase activity, and that the insulin directly stimulates the release of
mRNA from isolated nuclei. Roth and Cassell'* have reported, in studies
using a highly purified preparation of insulin receptor, that the insulin recep-
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tor itself may be a protein kinase. In considering that L-tryptophan may be
acting directly on the nuclei (nuclear membranes) of liver cells, studies were
undertaken to explore whether or not L-tryptophan may have some effects
on hepatic nuclei similar to those of insulin.

Steroid hormones act on target cells essentially through a sequence of early
events involving (1) the penetration of the hormone into the target cell, (2) its
binding to specific receptor proteins, and (3) the temperature-dependent
activation of the steroid-receptor complex, activation necessary to the migra-
tion of the complexes to the nucleus. Finally, the attachment of the activated
complexes to chromatin is probably responsible for the alteration of tran-
scription of specific genes.!3132 The finding of specific reports for glucocor-
ticoids in the cytosol of most of the target organs including liver is considered
one of the strongest pieces of evidence in support of this model.!3134

Markovic and Petrovic!® have reported that the radioactive profiles on
sucrose density-gradient analysis of the macromolecular liver cytosol frac-
tion incubated with tritiated hydrocortisone and tryptophan were similar.
This resemblance suggested to them that both compounds bind to rat liver
proteins of similar size and that a competition may exist between hydrocor-
tisone and tryptophan for receptor proteins of rat liver cytosol. Baker et al.}%
have reported that tryptophan methyl ester, a competitive inhibitor of
chymotrypsin, is also a competitive inhibitor of dexamethasone binding to
the glucocorticoid receptor in HTC cells, which suggests that the binding
sites of tryptophan methyl ester and dexamethasone are partially contigu-
ous. The findings by Markovic and Petrovic’®® pointed to the possibility that
the maximal biological activity of one compound might be impaired by the
presence of the other. Majumdar and Jorgensen'®” observed, using well-fed
adrenalectomized rats, that while the stimulatory effect on hepatic protein
synthesis of tryptophan was not fully expressed in the presence of cortisol,
the reverse is true for cortisol, in that the amino acid blocks the cortisol-
mediated stimulation of hepatic protein synthesis to a great extent, as meas-
ured by [*H]leucine incorporation into plasma albumin, fibrinogen, and liver
ferritin in vivo. However, using normal rats, tryptophan administration to
rats that had hepatic protein synthesis enhanced by previous treatment with
cortisone acetate revealed further stimulation of hepatic polyribosomes
toward heavier aggregation and hepatic protein synthesis in vivo.!3

The nuclear receptor for T; belongs to the same superfamily as steroid
hormone receptors, especially in their DNA-binding domains and in the
organization of their functional domains, which appear to correlate with
similarities in their mechanism of action.!3-14

Interactions and interrelationships among receptors, their ligands, and
transcriptional actions have been described. A few selected examples can
be cited. The functional interaction of the glucocorticoid receptor with liver-
specific transcription factors and the functional synergy of the glucocorti-
coid receptor with the thyroid hormone receptor have been reported.'*? Both
thyroid hormones and glucocorticoids are required for optimal induction
of several genes, for example, rat phosphoenolypyruvate carboxykinase
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gene.!3 The growth hormone gene requires either T; or retinoic acid for
induction by glucocorticoids.!*#!% T,, but not retinoic acid, increases estro-
gen receptor levels in pituitary cells by a process requiring protein synthesis
and which is accompanied by an increase in the mRNA. The biologic
effects of T;, estrogen, and retinoic acid indicate that their cognate receptors
can act to regulate distinct but overlapping sets of genes.!¥” Recent findings
suggest a probable interrelationship between nuclear receptors for T; and
tryptophan. Both ligands, T; and tryptophan, affect the binding affinity of
the nuclear receptor for tryptophan, and this competitive binding effect
appears to diminish a biological response induced by tryptophan alone
(enhanced hepatic protein synthesis and increased hepatic nuclear PAP
enzyme activity).!48

A possible consideration in the in vivo experiments where T; and tryp-
tophan were administered to rats was that T; may inhibit tryptophan trans-
port to the liver. A mutual competitive inhibition between the transport of
tryptophan (mediated by the aromatic amino acid transport system T) and
T; has been reported.!*!® Though system T transport activity has been
studied mainly in erythrocytes, it is also expressed in hepatocytes.!® Inter-
actions between thyroid hormone and tryptophan transport in rat liver have
been reported to be modulated by thyroid status.’ For this reason, whether
the administration of T; and tryptophan under selected experimental con-
ditions would affect free tryptophan levels in liver was investigated. The
results revealed that rats tube-fed tryptophan and given T intraperitoneally
at 0 time and killed after 1 h'* had the same increase (10%) in free tryptophan
levels in liver as that of rats tube-fed tryptophan alone.

Many hormones have been demonstrated to bind to proteins (receptors)
of cellular components, and this enables them to exert regulatory controls
and actions. Therefore, experiments were undertaken to determine whether
L-tryptophan may bind to cellular proteins (receptors), as occurs with cer-
tain hormones.

4.3.3 Tryptophan Binding to Serum Protein

For many years, it has been known that L-tryptophan in blood binds to
serum albumin, which is then transported in this manner throughout the
circulatory system. McMenamy!>® described this binding, and it is also
reviewed in Chapter 5. Normally, L-tryptophan in the blood is approximately
85% bound to albumin and 15% free.

It became of interest to determine whether L-tryptophan that enters cells
may bind to cytosolic proteins. This was tested by orally administering L-tryp-
tophan or nothing to fasted rats, followed by killing the rats after 15 min or
2 h. Following the tube-feeding of tryptophan (30 mg per 100 g body weight)
to fasted rats, total tryptophan concentrations after 15 min became markedly
elevated in serum (+727%) and in liver (+797%), and after 2 h the levels were
still elevated in serum (+458%) and in liver (+95%). Similar changes were
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reported earlier.!® In several experiments, the free- and bound-tryptophan
levels of serum and of liver homogenates or postmitochondrial supernatants
of rats treated with water or tryptophan 15 min or 2 h before killing were
determined. The methodology employed was that of Badawy and Smith!>*
using supernatants after trichloroacetic acid (TCA) precipitation to determine
total tryptophan levels and using ultrafiltrates prepared by centrifuging liver
homogenates through Amicon Centriflo membrane cones and measuring
free-tryptophan levels on pass throughs. Protein-bound tryptophan was
determined by differences. While in the control rats the serum contained 10%
free and 90% bound tryptophan and the liver contained 76% free and 24%
bound tryptophan, after tryptophan tube-feeding (15 min or 2 h) the serum
changed to 36% free and 62% bound and the liver changed to 38% free and
62% bound. Combining the data of the increases in total tryptophan levels
with the free and bound percentages, it appears that the serum shows greater
increases in the amounts of free than of bound tryptophan, while in the liver
there are greater increases in bound than in free tryptophan.

Next, in the absence of protein synthesis, the in vitro binding of [*H]tryp-
tophan into proteins of dialyzed liver cell saps of control and tryptophan-
treated (10 min) rats was studied. A similar percentage of binding in the free
and bound fractions of control and experimental groups was found.* Only
in the TCA-precipitable fractions of dialyzed cell saps (where only 5% of the
total counts resided) was there a significant increase in the experimental over
the control groups. When [*H]leucine binding in vitro was measured instead
of [PH]tryptophan binding under the same experimental conditions, there
were no differences in the binding to TCA-precipitable proteins of the dia-
lyzed liver cell saps of control and experimental (tryptophan-treated, 10 min)
groups. Thus, the [*H]tryptophan binding to TCA-precipitable proteins
under the experimental conditions did not appear to be related to the normal
binding of tryptophan to serum albumin or to general hepatic proteins. Other
types of bindings are possible. In considering that L-tryptophan may rapidly
bind to or become absorbed by certain proteins of the cytosol or nuclei of
livers, a number of experiments were designed to determine whether or not
this reaction occurs. Initially, these experiments were designed to determine
whether such an effect could be demonstrated. Second, if an effect was found,
it was necessary to determine which proteins were involved.

4.3.4 Tryptophan Binding to Cellular Organelles of Liver

Tryptophan rapidly becomes incorporated into proteins, and it also binds
to proteins of liver cells, particularly to proteins of the nuclear envelopes.*
Increased in vitro bindings of [*H]tryptophan to proteins (TCA-precipitable)
of nuclei and cytosols of livers of tryptophan-treated (10 min) rats were
observed, and this reaction appears to correlate with enhanced in vitro
release of hepatic nuclear RNA and increased nuclear NTPase and protein
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phosphokinase activities.* In vitro [*H]tryptophan binding to proteins of
cytosols or nuclei of rat livers was decreased by the addition of cold insulin,
and in vitro (**I]-insulin binding to proteins of hepatic nuclei was increased
when incubated with cytosols of livers of rats treated in vivo with tryptophan
in comparison with cytosols of livers of control rats treated with water.
Pretreatment of rats with puromycin before tryptophan administration pre-
vented the increased in vitro binding of [*H]tryptophan to nuclear and cyto-
sol proteins caused by cytosols of experimental rats, but it did not prevent
the increased in vitro binding of [*H]tryptophan to nuclear proteins resulting
from nuclei of experimental rats. Preincubation of hepatic nuclei with con-
canavalin A prevented the increased in vitro binding of [*H]tryptophan to
nuclear proteins, prelabeled nuclear RNA release, and nuclear NTPase activ-
ity of livers of tryptophan-treated rats. The results suggest that tryptophan
rapidly binds with hepatic proteins (possibly glycoproteins) associated with
the nuclear membrane where there is an increase in the activities of enzymes
involved in phosphorylation and dephosphorylation along with release of
nuclear mRNA into the cytoplasm.

A paper by LeJohn and Stevenson'®® has cast some light on the above
results and may offer an explanation for the findings described. It was
reported using Achlya (a freshwater mold) that tryptophan binds to a cell
wall membrane proteoglycan. The tryptophan uptake was considered to be
a binding process, because while uptake of methionine and phenyalanine
was inhibited by metabolic poisons (NaNj, dinitrophenol, and Hg?*), that of
tryptophan was not. What the tryptophan could be binding to was deci-
phered by LeJohn in the following way. When germlings were osmotically
shocked, they lost their ability to take up tryptophan by a purine analog-
enhanced process.’® The proteoglycan that was isolated from the osmotic
shock fluid has been shown to bind tryptophan.' Thus, considering these
studies, hepatic cytosol protein may be considered to play a role in enhancing
nucleocytoplasmic translocation of mRNA, and it may be a glycoprotein. In
the livers of rats treated with hypertonic NaCl this proteoglycan is liberated
into the liver cytosol from membranes (possibly nuclear membranes) and
then has the ability to stimulate nuclear transport of RNA in normal control
nuclei. In the livers of rats treated with tryptophan, this proteoglycan is
stimulated by increased synthesis or activation in the liver cytosol and then
leads to the stimulation of nuclear RNA transport. This glycoprotein(s) may
have a binding affinity for [*H]tryptophan and may be involved in nucleo-
cytoplasmic translocation of mRNA.

Baglia and Maul™® indicated that a glycoprotein, identified as lamin B, is
a major component of the nuclear envelope and nuclear matrix. This glyco-
protein may not only be a structural nuclear protein but also may have
NTPase activity, which is essential in nucleocytoplasmic transport. Whether
changes in the lamin B of liver nuclear envelopes of rats treated with tryp-
tophan occurs is unclear.
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4.3.4.1 Nuclear Binding

The observation that L-tryptophan binds to proteins of hepatic nuclear enve-
lope appeared to be a major finding.!>1%° This binding of L-tryptophan is
somewhat analogous to the binding of L-tryptophan described earlier in the
E. coli system.16162 Also, it was suggested that this binding effect was similar
to that which occurs with a number of hormones.!¥1% The laboratory of
Sidransky and co-workers has extended the knowledge of L-tryptophan
binding to hepatic nuclear envelopes and will be reviewed.

In 1987 Kurl et al.'® first reported that the nuclear envelopes of rat liver
specifically bind 3H-tryptophan under in vitro conditions. This binding was
sensitive to proteolytic enzymes and to exoglycosidases, implicating glyco-
proteins as involved in the binding. Unlabeled L-tryptophan was an effective
inhibitor of 3H-tryptophan binding to nuclear envelopes, whereas other
related compounds, including D-tryptophan, serotonin, 5-hydroxy-DL-tryp-
tophan, kynurenine, B-NAD, and niacin, had negligible effects. On Scatchard
analysis, the nuclear envelopes were found to contain two binding compo-
nents for 3H-tryptophan. One component had a high affinity for tryptophan
(Kp =0.67nM and B,,,, = 21.3 fmol/mg protein), whereas the second, low
affinity component had both a higher K, (18.1 nM) and concentration
(Bpax = 327.3 fmol/mg protein).

Next, studies were directed toward purification of the nuclear envelope
binding protein for L-tryptophan.!®® Two affinity matrices, concanavalin A-
agarose and tryptophan-agarose, were utilized. Findings with lectin affinity
chromatography suggested that the binding entity was a glycoprotein since
it could be eluted off the column with methyl a-D-mannopryanoside (0.2M).
Elutes from both columns, when electrophoresed separately (under dena-
turing conditions) on polyacrylamide gels, revealed the presence of a protein
with an apparent molecular weight of approximately 33,000 to 34,000 which
was the same as that observed when covalently bound (i.e., cross linked)
SH-tryptophan was analyzed on polyacrylamide gels under denaturing con-
ditions and then autoradiographed. Polyclonal antibodies raised against the
binding protein recognized polypeptides with molecular weights of 64,000
and 33,000 to 34,000 when analyzed by the Western blot technique, suggest-
ing that the protein was probably a dimer. Inmunohistochemical studies
revealed that the antigen was localized in the nuclear membranes, thereby
corroborating the biochemical premise that the binding protein was present
in nuclear envelopes of rat liver. Further evidence of the existence of a
tryptophan-binding protein of nuclear envelopes came from a report by
Schroder et al.! They reported a tryptophan-binding protein of nuclear
envelopes of mouse lymphoma (L5178y) cells that was described as having
similar characteristics to those of rat hepatic nuclear envelopes. Subse-
quently, nuclear and nuclear envelope binding of tryptophan has been
reported in rat transplantable hepatomas (5123 and 19)!% and in rat brain.1%

Further studies were concerned with the relationships between the rat
hepatic nuclear receptor protein for L-tryptophan and enzymatic activity of
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poly(A)polymerase of the rat hepatic nuclear envelope. First, Kurl et al.'¢”
reported on the identity and isolation of a protein with poly(A)polymerase
activity from hepatic nuclear envelopes. It was considered to be a glycoprotein
based upon its ability to bind to concanavalin A-agarose and to be eluted
from the column with methyl o-D-mannopyranoside (0.2M) as well as the
inhibitory effects of a-mannosidase. The enzyme had a molecular weight of
64,000 when analyzed on polyacrylamide gel electrophoresis under denatur-
ing conditions and had a sedimentation coefficient of 4.5 S. Immunohisto-
chemical studies using polyclonal antibodies raised against the purified
enzyme revealed that the antigen was localized in the nuclear membranes.

Subsequently, Kurl et al.'® reported on the association of poly(A)poly-
merase with the tryptophan receptor in rat hepatic nuclei. Experiments were
conducted with two liver nuclear envelope proteins, a tryptophan receptor
glycoprotein, and poly(A)polyermases, and comparisons of the structural
similarities were made using affinity chromatography, sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), and antibody specific-
ity. The numerous analyses suggested that the tryptophan receptor and
poly(A)polymerase shared structural homology. Further review of the rela-
tionship between the tryptophan receptor and poly(A)polymerase needs to
consider some of the pertinent effects or actions of L-tryptophan. Tryp-
tophan clearly affects RNA metabolism.** As early as 10 min after tryp-
tophan administration, there is an increase in the concentration of
polyadenylated mRNA transported from the cell nucleus to the cyto-
plasm.#% A concomitant increase in the activities of enzymes, nucleoside
triphosphatase,'? and poly(A)polymerase,'® that are involved in the poly-
adenylation of mRNA'? is observed. The increase in poly(A)polymerase
activity in response to tryptophan is not due to a decrease in poly(A) or
poly(A)* mRNA. However, deadenylated RNA, such as rRNA, has no effect
on NTPase, alluding to the essential role of polyadenylation for this trans-
port of mRNA from the nucleus to the cytoplasm.'”! Poly(A)polymerase has
been purified by both concanvalin A% and poly(A)sepharose columns.
Using the latter column, a protein isolated from rat hepatic nuclei with a
My of 65,000 was described.”” Monoclonal antibodies raised against this
protein inhibit the efflux of mRNA from the nucleus.'”? Thus, the physical
characteristics and immunoblot analysis allude to a single polypeptide.
However, definitive evidence of whether the tryptophan receptor and
poly(A)polymerase are indeed the same proteins needs to be provided by
the sequence of the genes encoding the two proteins.

4.3.4.1.1 Vital Areas in Tryptophan Molecule

Studies were conducted to determine whether other compounds would com-
pete for *H-tryptophan binding to rat hepatic nuclei or nuclear enve-
lopes.'”>17* The data of such studies made it possible to determine which
sites in L-tryptophan were vital for receptor binding. The tryptophan-bind-
ing site could be mapped by analyzing the data as to which and how test
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compounds inhibited labeled [*H]tryptophan binding. The binding site
seemed to contain four regions contributing to specific and significant bind-
ing. Figure 4.2 depicts a representation of the binding site with regions a, b,
and c involving the amino acid component of binding and region R corre-
sponding to the indole component of tryptophan binding. Region a seems
to permit only a hydrogen atom and probably represents a loop of protein
closely apposed to the ligand. Thus, an a-methyl group significantly dimin-
ished binding affinity as reflected by the lack of inhibition of labeled tryp-
tophan binding for such compounds as o-methyl tryptophan, isobutyric
acid, or amino isobutyric acid. The amino acid alanine competed effectively
with tryptophan because its amino acid portion was identical to tryptophan
and lacked only the indole residue. The sterecisomeric configuration was
also important so that the mirror-imaged D-tryptophan or D-alanine did not
bind effectively to the nuclear envelope-binding protein. The b region, unlike
the a region, permitted some degree of substitution. It seemed that this region
may have a partial positive charge or permit hydrogen bonding in its protein
pocket. The carbonyl oxygen will have a partial negative charge and was
available for dipolar or hydrogen bond interactions. If the acid group was
esterified, the resultant compounds, tryptophan-methyl ester and tryp-
tophan-ethyl ester, competed effectively as the parent ligand. However, if
the moiety was an amide linkage with net positive charge, there was reduc-
tion in binding reflected by the lack of inhibition of labeled tryptophan
binding. The c region represented the amino group in a protein pocket
possessing a net negative charge. Substitutions on the amino nitrogen may
not disturb the negatively charged nitrogen but inhibited binding based on
steric considerations. Interestingly, N-substituted compounds, which inhib-
ited tryptophan binding to nuclei, did not inhibit binding to nuclear enve-
lopes, presumably due to enzymatic modification of the compounds. The
importance of regions b and ¢ was also appreciated by noting that com-
pounds lacking the carbonyl oxygen or the amino group (such as tryptamine
and indole-acetic acid) did not inhibit tryptophan binding. The position of
the amino group, appropriately fitting into region ¢, was also crucial given
that o-amino alanine was an effective inhibitor of tryptophan binding but
B-amino alanine was not. Thus, regions b and c contributed significant free
energy of binding, probably due to charge or hydrogen-bonding interactions.
The R region permitted a variety of compounds that mimicked the indole
group of the parent ligand. This region probably contained hydrophobic
protein interactions because acidic or basic amino acids, such as aspartate
and glutamate or lysine, did not bind. Particular substitutions of the indole
ring seem to be important and may represent steric interactions: 4-fluoro-
tryptophan and 5-fluoro-tryptophan did bind, but 6-fluoro-tryptophan did
not bind, and 5-methyl-DL-tryptophan bound, but 1-, 4-, 6-, and 7-methyl-
DL-tryptophan did not appreciably bind to nuclear envelopes. Interestingly,
though phenylalanine and tyrosine had some degree of inhibition of labeled
tryptophan binding, straight-chain or branch-chain aliphatic residues
showed no such activity.
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Competes

Tryptophan (trp) — indole
4- or 5-fluoro trp — 4 or 5 fluoroindole

5-methyl trp — 5 methylindole
7-aza trp — 7 azaindole

3(1-naphthyl)alanine — naphthyl

Alanine - H

Cysteine — SH

Cystine — SSCH,CHCOOH
NH,

Homocysteine — CH,SH
Histidine — imidazole

Phenylalanine — phenyl
Tyrosine — hydroxphenyl

FIGURE 4.2

Vital areas of tryptophan molecule for binding to hepatic nuclei or nuclear envelopes. Ability of unlabeled compounds to compete with *H-
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NH
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Does Not Compete

Aspartic acid - COOH
Arginine - CH,CH,C=NH
NH
Glutamic acid - CH,COOH
Isoleucine — CH,CH,4

3
Leucine — CH-CH,
CH,
Lysine — CH,CH,CH,NH,
Methionine - CH,SCH,

Serine - OH
Theonine — CH;,
~OH

Valine — Ch,
~ CH,

Norleucine - CH,CH,CH,

Norvaline — CH,CH;

Glutamine - CH,CONH,

6-fluoro trp — 6 fluroindole

5-methoxy trp — 5 methoxyindole

1-4,4-,6- or 7-methyl trp - 1,4,6 or
7 methylindole

tryptophan binding to hepatic nuclei. Vital sites of L-tryptophan molecule.
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4.3.4.1.2  Vital Sites in Nuclear Receptor

Sidransky and Verney'” reported that the hepatic nuclear receptor that binds
L-tryptophan contained sulthydryl groups within its protein that were vital
for the binding reaction. In this study the effects in vitro of selenite and
selenate on nuclear L-tryptophan receptors of rat liver were investigated.
Sodium selenite at 10 M inhibited the in vitro *H-tryptophan binding to rat
liver nuclear receptors. No inhibitory effect of selenite on *H-tryptophan
binding to nuclear receptor was found in the presence of 10 M dithiothreitol,
a protective agent for sulfhydryl groups. Selenate as well as sulfite or sulfate
did not exert an inhibitory effect on the tryptophan receptor. The results
based upon in vitro studies indicated that selenium in the form of selenite
may reversibly affect the L-tryptophan binding at the sulfhydryl sites in the
nuclear receptor protein. In vivo administration of high (toxic) levels of
selenite before or along with L-tryptophan inhibited the L-tryptophan-
induced stimulation of hepatic protein synthesis.

Based upon the findings in the prior section in regard to the vital areas
of the L-tryptophan molecule that bind to the hepatic nuclear receptor for
tryptophan, it is likely that the carbonyl group of L-tryptophan, site b
(Figure 4.2) reacts with the sulfhydryl groups of the receptor protein, at
least at one of the vital binding sites. Interference with the sulfhydryl
groups, as with selenite, caused inhibition of in vitro 3H-tryptophan binding
to hepatic nuclei.

Consideration that sulthydryl groups on the nuclear tryptophan receptor
may play a vital role in the binding reaction is justified even though the
sequence of the purified receptor protein!®:%’ has as yet not been performed.
However, other nuclear receptors, such as the glucocorticoid receptor'’® and
the 3,5,3'-triiodothyronine (T;) receptor,’’”” which responded to selenite sim-
ilarly to that with the tryptophan receptor, have been demonstrated to con-
tain functional sulfthydryl residues presumed to be in the hormone-binding
domain.!#17 Steroid and thyroid hormones may exert their effects through
fundamentally similar mechanisms.!414! Based upon the findings,'” it
appears that the nuclear tryptophan receptor may also be related to other
nuclear receptors, and the possible relationship between their actions needs
to be determined.

4.4 Interrelationships with Other Components
(Blood and Dietary)

4.4.1 Blood Protein

As described earlier, tryptophan is present in low levels in the diet and in
the proteins of tissues and organs, as well as in the free amino acid pools,
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including that in the blood. In 1950, Schurr et al.'”” determined the amino
acid concentrations in various tissues of the rat. If these data are used to
calculate tissue-to-plasma ratios, it becomes apparent that the relative avail-
ability of plasma tryptophan to tissues is much less than that of the other
amino acids.

In addition to the quantitative findings in regard to tryptophan, another
early report revealed an important and unique property of tryptophan
within the blood. In 1957, McMenemy et al.'® described a unique property
of tryptophan — that it was the only amino acid in plasma that was largely
bound to protein. This attribute, specifically the ratio of free to bound
tryptophan in the blood, has much physiological significance. For example,
only the small free fraction of plasma tryptophan has access to the brain.
Factors that influence the equilibrium between free and bound tryptophan
in the plasma have been considered to alter the availability of tryptophan
to the brain, where it has special importance as a precursor of the neuro-
transmitter 5-hydroxytryptamine (serotonin).!8!-8 Tryptophan differs from
other amino acids in that its concentration in the plasma of rats increases
(30 to 40%) after fasting, after insulin administration, or after consuming a
carbohydrate meal.!8

4.4.2 Competition with Tryptophan’s Binding
with Hepatic Nuclear Receptor

Studies by Sidransky et al.!%174185186 dealing with *H-tryptophan binding to
rat hepatic nuclei in vitro revealed that some amino acids, such as L-alanine,
L-phenylalanine, and L-tyrosine, but not others, such as L-leucine, competed
for such binding. In an attempt to determine how this occurs and the con-
sequences thereof, a number of studies have been conducted.

The aromatic and branched chain amino acids use the same major amino
acid transport system.!®” Thus, alterations in branched-chain amino acid
levels, particularly in the blood, can affect the actions of the aromatic amino
acids, including tryptophan.

4.4.2.1 Other Amino Acids
4.4.2.1.1 Alanine

The nonessential amino acid, L-alanine, has been reported to compete with
tryptophan binding to hepatic nuclei in vitro.1”#18> However, L-alanine is not
capable of stimulating hepatic protein synthesis as does L-tryptophan.'® Yet,
L-alanine in competing with L-tryptophan for nuclear receptor binding is
able to diminish or negate L-tryptophan’s ability to stimulate hepatic protein
synthesis.!8 Similarly, DL-B(l-naphthyl)alanine is capable of acting like L-ala-
nine.'”? Also, L-alanine inhibited elevations of other rapidly induced meta-
bolic reactions, such as nuclear RNA efflux and nuclear poly(A)polymerase
activity, which occurred due to L-tryptophan alone. These two stimulatory
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responses have been considered to be involved in the process by which
L-tryptophan enhanced hepatic protein synthesis.?102169

4.4.2.1.2 Leucine

Leucine is an essential, branched-chain amino acid that does not compete
with tryptophan for nuclear tryptophan receptor binding in vitro.1¥ How-
ever, the addition of L-leucine to unlabeled L-tryptophan caused signifi-
cantly less inhibition of 3H-tryptophan binding in vitro to hepatic nuclei than
did unlabeled L-tryptophan alone.!%¢ Also, L-isoleucine and L-valine
revealed binding effects similar to that with L-leucine. In regard to hepatic
protein synthesis, L-leucine alone has no effect, yet when added with L-tryp-
tophan, it inhibits the increase of protein synthesis due to L-tryptophan
alone. The mechanisms by which L-leucine acts are not yet clear. It does not
appear to be related to altered transport of L-tryptophan, as can occur with
branched-chain amino acids. Although L-leucine does not stimulate hepatic
protein synthesis, it has been reported to stimulate muscle protein synthe-
sis.!® Whether this effect of L-leucine on muscle may influence the liver
response is not clear.

In view of the preceding studies with L-leucine and with L-alanine, it
was appropriate to determine whether dietary imbalances induced by tube-
feeding different ratios of L-alanine or L-leucine in relation to L-tryptophan
would affect tryptophan’s stimulatory effect on hepatic protein synthesis.!®
Mice, food-deprived overnight, were tube-fed one feeding of solution,
keeping L-tryptophan constant and varying ratios of alanine to tryptophan
of 0.4, 2.1, or 4.0 or ratios of leucine to tryptophan of 4.8, 7.2, or 9.6. Mice
were killed after 1 h, and protein synthesis (1C-leucine incorporation into
proteins in vitro using hepatic microsomes) was assayed. Tryptophan alone
stimulated hepatic protein synthesis by 83%, while alanine-to-tryptophan
ratios of 2.1 or 4.0 but not of 0.4 and leucine-to-tryptophan ratios of 9.6
but not of 4.8 or 7.2 caused significant decreases in the stimulation of
hepatic protein synthesis. Thus, dietary imbalances between the two
selected amino acids and L-tryptophan were able to influence tryptophan’s
effect on hepatic protein synthesis.

4.4.2.2 Vitamins

In an earlier section, the close precursor association between L-tryptophan
and niacin has been described. Therefore, other vitamins and their inter-
relationships or interactions with L-tryptophan will be considered.

4.4.2.2.1 Ascorbic Acid (Vitamin C)

Vitamin C is one of several vitamins considered to be dietary antioxidants.
In recent years, much attention has been given to the role of antioxidants in
a number of chronic disease states. Benefits from the ingestion of high levels
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of vitamins considered as dietary antioxidants, such as B-carotene, A, C, and
E, have been expounded from many sources. However, epidemiological stud-
ies in many cases have not been conclusive.

In considering that vitamin C is an important dietary antioxidant, studies
were conducted on the effects of the addition of vitamin C upon selected
actions of L-tryptophan and on its ability to bind to a specific hepatic nuclear
receptor for L-tryptophan and to stimulate protein synthesis.””® The results
indicated that the addition of ascorbic acid at 10~ to 10*M to hepatic nuclei
in vitro inhibited SH-tryptophan binding to the nuclei and nuclear envelopes.
Also, the in vivo administration of ascorbic acid before or along with L-tryp-
tophan decreased the tryptophan-induced stimulation of hepatic protein
synthesis (measured in vitro using microsomes).

How ascorbic acid acts to inhibit in vitro *H-tryptophan binding to hepatic
nuclei or nuclear envelopes is not clear. Some additional studies shed light
on its actions. Dithiolthreitol, a protective agent for sulfhydryl groups, was
unable to affect the inhibitory binding effect due to ascorbic acid.!®® This
indicates that ascorbic acid does not act on thiol groups of the nuclear
receptor for L-tryptophan, as was described in studies with selenite.!”> L-leu-
cine diminishes the inhibitory binding effect of ascorbic acid. However, since
the mechanism by which L-leucine acts is as yet undetermined, this does
not help in understanding how ascorbic acid acts. While the additional
studies do not clarify how ascorbic acid itself acts, they do indicate that the
effect on tryptophan binding to hepatic nuclei can become modified by
agents, which themselves act in different ways.

Of interest is that ascorbic acid inhibits other receptor binding under
experimental conditions. Ascorbic acid was reported to be a potent inhibitor
of the binding of both dopamine agonists (*H-dopamine and *H-ADTN) and
antagonists (*H-spiroperidol and *H-domperidone) to neostriatal membrane
preparations.’”* Ascorbic acid inhibits the specific binding of both the D1
agonist, *H-SKF38393, and the D2 agonist, *H-N-04237, at physiologically
relevant concentrations.'®? These results were consistent with an allostearic
effect at the level of the receptor. Ascorbic acid (0.03 to 0.33 mM) was reported
to inhibit 75% of specific binding of I-SCH 23982 to D1 dopaminergic
receptors in membrane preparations from rat striatum in a dose-dependent
manner. These results suggested that ascorbic acid affected the D1 dopamine
receptor for function by lipid peroxidation, competition with dopamine for
low-affinity sites, and reduced oxidation of dopamine.!”* Ascorbic acid gen-
erated significant lipid peroxidation under their experimental conditions
using membranes from bovine cerebral cortex and also a 26% decrease in
SH-serotonin receptor binding.!** Trolox-C, a water soluble analog of vitamin
E, completely blocked the ascorbate-induced loss of serotonin receptor bind-
ing in brain receptors, which they attributed to its ability to prevent ascor-
bate-induced lipid peroxidation.
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4.4.2.2.2 Other Vitamins

Some fat-soluble vitamins, B-carotene, retinyl acetate, calciferol, o-toco-
pherol, and Trolox, as well as some water-soluble vitamins, thiamine and
riboflavin, acted to inhibit in vitro SH-tryptophan binding to hepatic nuclei.!*
Dithiothreitol, a protective agent for subfhydryl groups, added along with
each vitamin, decreased the vitamin’s inhibitory effect on in vitro H-tryp-
tophan binding to hepatic nuclei, with the exception of riboflavin and cal-
ciferol. L-leucine addition to vitamins caused a markedly diminished
inhibitory binding effect, due to thiamine, B-carotene, retinyl acetate, o-tor-
opherol, and Trolox, but no effect on riboflavin and calciferol. The results
suggest that essentially all of the antioxidant vitamins (B-carotene, retinyl
acetate, o-toropherol, and Trolox) as well as some that do not have this
property (calciferol, thiamine, and riboflavin) are capable of inhibiting in
vitro SH-tryptophan binding to hepatic nuclei.

How the above described vitamins influence in vitro 3H-tryptophan nuclear
receptor binding is not clear. Based upon the experiments with added dithio-
threitol, it appears that some vitamins act on the sulfhydryl groups of the
receptor, which become modified, which interferes with 3H-tryptophan bind-
ing. Reviews of reports by others indicate that certain vitamins can bind to
hepatic nuclei. Examples include (1) 3H-o-tocopherol, which has been
reported to become incorporated into isolated rat liver nuclei in a nonspecific
manner by binding to chromatin nonhistone chromosomal protein,'* and
(2) rat liver nuclei, which contain receptors for a folate-binding protein.!”
As yet, it is not known whether others act similarly or not. Thus, whether
competitive binding to nuclei between vitamins and tryptophan occurs is
not known.

4.4.3 Factors Influencing Supply of Tryptophan to Brain

Three major factors are considered as important in determining the supply
of tryptophan to the brain leading to serotonin synthesis: (1) the extent of
binding of tryptophan to serum albumin, which influences the pool of free
(unbound) tryptophan that interacts with the amino acid carrier mechanism
located at the blood-brain barrier, (2) the plasma tryptophan concentrations,
and (3) the plasma concentration of other large neutral amino acids (LNAA),
which compete with tryptophan for uptake into brain. Each factor can be
influenced by the nutritional or hormonal status of the host and also by
interorgan relationships in the metabolism of amino acids.

4.4.3.1 Extent of Binding of Tryptophan to Serum Albumin

This has been reviewed in an earlier section. Normally, the proportion of
total plasma tryptophan bound to albumin is 85 to 90%. This equilibrium
can be shifted under conditions which raise plasma nonesterified fatty acid
(NEFA) concentrations, such as during fasting or stress.!”® Since NEFA
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competes with tryptophan for binding sites on albumin, the rise of NEFA
concentration displaces tryptophan from albumin, raising the concentration
of free tryptophan.

4.4.3.2 Plasma Tryptophan Concentration

Plasma tryptophan concentration is a function of dietary tryptophan intake
as well as the extent of removal of tryptophan from blood by tissues. The
liver is the main organ influencing plasma tryptophan concentration since
it actively metabolizes tryptophan while nonhepatic tissues have only rela-
tively limited ability to act in this manner. Following a meal, in the liver,
tryptophan stimulates hepatic tryptophan oxygenase activity, which affects
tryptophan catabolism and determines how much tryptophan enters the
general circulation.

4.4.3.3 Plasma Concentration of the LNAA

The plasma concentration of LNAA competes with tryptophan for uptake
into the brain. The extent of uptake and net utilization influences levels in
blood. Like tryptophan, tyrosine and phenylalanine are mainly metabolized
in the liver.”” However, the branched-chain amino acids (BCAA) are taken
up and metabolized mainly by skeletal muscle and little by the liver.2?® Thus,
following a meal, the BCAA rise more in peripheral blood than the other
LNAA and other indispensable amino acid levels that are influenced by liver
metabolism. The BCAA, therefore, have the dominating effect of the LNAA
as a group on brain tryptophan uptake.

4.4.3.4 Importance of the Three Factors

It is difficult to assess which of the three factors is the most important in
raising brain tryptophan levels. In a 1991 review, Peters?®! discussed in
detail studies undertaken to determine the importance of plasma tryp-
tophan levels as well as plasma tryptophan levels in relation to plasma
LNAA or BCAA levels and concluded that both are important. In regard
to the importance of albumin binding and the fractions of plasma tryp-
tophan as bound or free forms on brain tryptophan levels, the findings are
mixed. Fernstrom et al.?® reported that in experiments where free and
bound tryptophan levels were altered by changes in the concentrations of
NEFA, brain tryptophan concentration was not affected by the changes in
plasma free tryptophan concentrations. Effects were better produced by
the plasma ratio of tryptophan to LNAA. Bloxam et al.?® used drugs to
displace tryptophan from albumin, increasing the plasma-free pool, and
indicated that this plasma-free pool was the most important determinant
of tryptophan supply to the brain. It is rational to conclude that the binding
of tryptophan to albumin has an influence (whether large or small) on the
carrier-mediated transport of tryptophan into the brain.
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4.5 Concluding Remarks

This chapter has covered a number of important aspects dealing with the
effects and actions of L-tryptophan. The pathways of L-tryptophan catabo-
lism are variable and lead to many vital and important compounds. Many
enzymes are involved in these pathways. As an essential (indispensable)
amino acid, L-tryptophan is vital for protein synthesis as it becomes incor-
porated into many proteins. The presence of L-tryptophan as a structural
amino acid in many proteins seems to indicate that in certain proteins it has
an essential role in the function of the protein (or enzyme). In addition,
L-tryptophan appears to have a regulatory role in controlling (enhancing)
protein synthesis. Aspects regarding mechanism(s) for this process appear
to relate to mRNA processing in the cell nucleus. L-tryptophan binding to
a specific nuclear envelope (membrane) receptor appears to be a vital step
in the regulation of mRNA outflow from the nucleus into the cytoplasm.
Other dietary components (amino acids and vitamins) have the ability to
compete with L-tryptophan for nuclear receptor binding and the conse-
quences thereof. L-tryptophan’s unique ability to bind to serum protein
(albumin) affects its flow and distribution within the blood and to tissues
and organs, especially the brain. The complexity of L-tryptophan’s action
provides a scientific challenge to gain a full understanding of its many
unique and vital functions. Much progress has been made within the past
100 years and much will occur in the years ahead.
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5.1 Blood Tryptophan Levels

5.1.1 Introduction

Since L-tryptophan is of importance in the metabolism of many organs, it is
understandable that numerous studies have been directed toward determin-
ing blood levels of L-tryptophan in humans and in experimental animals
under normal and abnormal conditions. These studies have been concerned
with learning about conditions whereby blood L-tryptophan levels became
altered. Such studies have established normal blood levels in humans and
animals and also have revealed blood changes in a variety of altered states.
These findings have served to stimulate further investigations into why
blood levels of L-tryptophan change and into the possible mechanisms
responsible. In this chapter, some human diseases where blood L-tryptophan
levels become altered are reviewed, and a few selected examples are cited
to stress how this change may occur. Also, a number of experimental animal
studies whereby species and agents affect blood L-tryptophan levels are
reviewed and possible mechanisms involved are considered.
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5.1.2 Normal

In 1950, Schurr et al.! determined the amino acid concentrations in various
tissues of the rat. When these data were used to calculate tissue/plasma
ratios, it became apparent that the relative availability of plasma tryptophan
to tissues was much less than that of the other amino acids. In 1957, McMe-
nemy et al.? described a unique property of tryptophan: It was the only
amino acid in human plasma that was largely bound to protein. This
attribute, specifically the ratio of free to bound tryptophan in the blood, has
much physiological significance. For example, only the small free fraction
of plasma tryptophan has access to the brain. Factors that influence the
equilibrium between free and bound tryptophan in the plasma have been
considered to alter the availability of tryptophan to the brain, where it has
special importance as a precursor of the neurotransmitter 5-hydroxy-
tryptamine (serotonin).>?® Tryptophan differs from other amino acids in that
its concentration in plasma of rats increases (30 to 40%) after fasting, after
insulin administration, or after consuming a carbohydrate meal.®

Wide daily fluctuations in the concentrations of plasma tryptophan, as
well as of other amino acids, occur in healthy humans.” Feigin et al.® reported
a diurnal rhythm for total whole-blood amino acid levels in healthy humans.
Daily fluctuations have been observed for all of the nutritionally important
amino acids.”!® A number of investigators have studied factors that may
influence diurnal fluctuations of plasma tryptophan in humans.!'2 Many
reports cite marked variations, usually decreased levels, of plasma tryp-
tophan, under a variety of disease states. However, it is difficult to assess
the importance of these observations.

Kirwin et al.’® reported on plasma and cerebral spinal fluid (CSF) tryp-
tophan levels in healthy subjects. They observed variations over time
(30-h period) but failed to show diurnal fluctuation. In this study, they used
continuous CSF sampling via an indwelling lumbar catheter to study CSF
neurochemistry.

5.1.3 Abnormal

The literature contains many reports about changes in serum tryptophan
levels in patients with a variety of illnesses. In some cases, investigators have
attached much significance to these alterations in serum tryptophan levels.
However, at present, in most cases it is difficult to interpret the significance
of these findings. Yet one should be aware of correlations between certain
diseases and serum tryptophan levels. It is appropriate to cite some examples
of diseases where serum tryptophan levels have been found to be diminished
or increased.

In many of the illnesses where serum tryptophan levels are diminished, it
is evident that there is usually enhanced activity along the kynurenine path-
way, often involving indoleamine-2,3-dioxygenase (IDO). This has a negative
effect on the serotonin pathway. Indeed, many patients receiving interferon-y
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(IFN-y), which activates and leads to expression of IDO and decreased
plasma tryptophan levels, may develop evidence of depression, dementia,
as well as fatigue and weakness, findings not uncommon in conditions
having enhanced immune system activity, such as AIDS, infection, autoim-
mune diseases, and related conditions.

5.1.3.1 HIV Infection

Since neurologic dysfunction and destruction are frequent complications
of human immunodeficiency virus type 1 (HIV-1) infection, the mecha-
nisms involved by which the symptoms, such as dementia or polyneuro-
pathy, occur have been researched. Fuchs et al.!* suggested that distur-
bance of tryptophan metabolism may be responsible, since reduced tryp-
tophan together with increased kynurenine, as well as reduced serotonin
concentrations, were reported to occur frequently in the sera of advanced
HIV-1 infected patients.!>1¢ Fuchs et al.!” described a significant association
between low tryptophan concentration and neurologic/psychiatric symp-
toms in HIV-1 patients. Also, there was a negative correlation of tryp-
tophan with kynurenine and neopterin concentrations, which indicated
activity of indoleamine 2,3-dioxygenase (IDO) in patients. IDO can be
induced by cytokines and, therefore, low tryptophan levels may result
from chronic immune stimulation in HIV-1 seropositive patients. Fuchs et
al.’¥1% also described that serum (IFN-y) concentrations were increased
along with increases in serum and CSF neopterin levels and decreases of
serum and CSF levels of tryptophan in patients with HIV-1 infections
compared to healthy HIV-1 seronegative persons. Thus, tryptophan con-
centrations correlated negatively to neopterin concentrations and serum
neopterin concentrations correlated positively to IFN-y concentrations in
HIV-1 infected patients.

The decreased tryptophan levels found simultaneously with increased
kynurenine levels in HIV-1 infected patients indicated active degradation of
tryptophan via induction of IDO. The expression of IDO as well as activation
of the enzyme can be induced by IFN-y.?° In addition, IFN-y correlates pos-
itively to neopterin concentrations. Increased neopterin levels reflect induc-
tion of GTP-cyclohydrolase I, which is inducible by IFN-y in wvitro.2! Of
interest is that the decrease of tryptophan concentration is much greater than
the increase of kynurenine.!” Also, the correlations between INF-y and neop-
terin were much stronger with tryptophan than with kynurenine. This can
be attributed to the rapid metabolism of kynurenine. Quinolinic acid, a
tryptophan metabolite, was found to be increased during HIV-1 infection.?
Reports by Heyes et al. 2> have attached much significance to the finding
that quinolinic acid, a neurotoxic kynurenine-pathway metabolite derived
from L-tryptophan, is elevated in HIV-1 patients, especially in those with
marked neurological damage. It is a neurotoxic convulsant metabolite of
tryptophan that is activated by INF-y. It remains elevated for extended
periods with HIV and increases as much as 100-fold over controls in patients
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with AIDS dementia complex. It may be a possible cause and marker of
neurological damage in HIV-infected patients. Kerr et al.?® reported that in
in vitro studies, inhibition of quinolinic acid synthesis by 6-chloro-D-tryp-
tophan (an inhibitor of quinolinic acid biosynthesis) reduced toxicity of
cultured HIV-infected cells.

Gisslen et al.?” described that tryptophan concentrations increased in CSF
and blood after zidovudine treatment of patients with HIV-1 infection. Their
data suggested an association between decreased immune stimulation and
reduced tryptophan degradation in patients treated with zidovudine. A
decrease in neopterin during the antiviral treatment correlated with an
increase in tryptophan.

It seems probable that the wasting in AIDS patients is due at least in part
to a chronic depletion of tryptophan. Although in AIDS patients blood tryp-
tophan levels are low, other amino acids are not reduced to the same extent.?
This pattern is similar to that found in pellagra due to poor tryptophan
intake.” Nutrition and anthropometric studies on AIDS patients indicate that
protein is lost but fat is little changed. Administration of excessive dietary
tryptophan may relieve the tryptophan deficiency but may increase quino-
linic acid levels, which would likely worsen the AIDS dementia. Conceivably,
a better approach to improve tryptophan levels would be to utilize inhibitors
of IDO, which would also decrease the levels of quinolinic acid. Such
approaches with inhibitors of IDO in vitro have been investigated.3*33

5.1.3.2 Systemic Sclerosis

Csipo et al.* have described decreased serum tryptophan and elevated neop-
terin levels in patients with systemic sclerosis. Signs of chronic activation of
cell-mediated immunity in systemic sclerosis were demonstrated by elevated
neopterin levels.?® Neopterin is a biologically stable metabolite that reflects
the increased synthesis of interferon-y. Interferon-y induces a decrease in
serum tryptophan levels via the induction of IDO, so that the detection of a
decrease in serum tryptophan levels seems to serve as a tool for evaluating
activation of cellular immunity.3® Of interest is that the serum interferon-y
level itself was not increased in systemic sclerosis.?”38

5.1.3.3 Diseases with Defects in Absorption

Defects in the gastrointestinal absorption of L-tryptophan can cause dimin-
ished blood tryptophan levels and influence the health of patients.

5.1.3.3.1 Hartnup Disease

Hartnup disease is an inherited autosomal recessive disease that manifests
itself in malabsorption of neutral amino acids, including tryptophan, in the
gastrointestinal tract and also in deficient reabsorption of these amino acids
in the renal tubules. The deficient uptake of tryptophan can result in a
pellagra-like condition, which may include mental manifestations such as
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ataxia, emotional lability, nystagmus, hallucinations, and depression.®4?
Tryptophan ethyl ester, a lipid-soluble tryptophan derivative, is effective at
circumventing defective gastrointestinal neutral amino acid transport and
may be useful in the treatment of Hartnup disease.!

5.1.3.3.2 Crohn’s Disease

In Crohn’s disease, serum tryptophan is often found to be low in patients.
Beeken?? reported that tryptophan absorption in patients with Crohn’s dis-
ease had distinctly subnormal results (13 patients) while 19 patients had
normal tryptophan absorption values (compared to 16 healthy controls). The
patients with abnormal results ate less, lost more weight, and had lower
serum albumin levels than those with normal absorption.

5.1.3.3.3 Celiac Disease

In children and adults with celiac disease, with impaired absorption of
nutrients from the gastrointestinal tract, the availability of tryptophan to the
brain, as indicated by the plasma ratio of tryptophan to other large neutral
amino acids (LNAA), is low, especially in those with depression.*44

5.1.3.3.4 Anorexia in Cancer

Krause et al.*® reported a correlation between anorexia and brain levels of
tryptophan and serotonin in tumor-bearing animals. Therefore, it was pro-
posed that an increase in brain serotonin synthesis may be, at least in part,
responsible for the onset of cancer anorexia.* That this hypothesis based
upon animal studies may also hold true in humans was suggested by data
reported by Fanelli et al.#” Using a questionnaire, they investigated the feed-
ing behavior of 45 patients with various types of cancer and 13 control
subjects. Plasma levels of free tryptophan were significantly increased in
anorectic cancer patients and seemed to confirm that free tryptophan may
play an important role in cancer anorexia in humans. Plasma ratio of free
tryptophan to competing neutral amino acids, which might better predict
brain tryptophan levels, was significantly higher in anorectic cancer patients
than in controls or in nonanorectic cancer patients. That serotonin and its
precursor tryptophan from blood appear to be good candidates for physio-
logical regulation of feeding behavior has been reported.*® The pathogenesis
of anorexia in cancer is probably multifactorial, directly influenced by psy-
chological, metabolic, and therapeutic factors. Yet the role of tryptophan and
serotonin in blood and brain merits consideration.

5.1.3.3.5 Exercise

Free plasma tryptophan increased significantly after 40 to 60 min of exercise
(bicycle), but total tryptophan did not reveal a significant change.* Prolactin
levels correlated with free plasma tryptophan throughout the tests. The
induced increase in free plasma tryptophan was probably mediated by
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nonesterified fatty acids that competed with tryptophan for binding sites
on albumin.>

5.1.3.4 Concluding Comments

Low blood concentrations of tryptophan can be caused by low levels of
dietary tryptophan, by tryptophan malabsorption, or by excessive metabo-
lism of tryptophan. Examples of each have been cited in the preceding
paragraphs and in Chapter 2. Overall, studies of patients with inadequate
intake of tryptophan due to low levels in the diet or due to malabsorption
demonstrate that tryptophan deficiency causes a number of symptoms.
Decreased protein synthesis due to decreased regulation of protein synthesis
or to limited tryptophan for incorporation into or synthesis of protein, as
well as low levels of niacin and serotonin, may be important in initiating
many of the symptoms. For example, depression is a symptom often asso-
ciated with many of the cited conditions or diseases, and its etiology may
be related to low levels of serotonin.>! Excessive metabolism of tryptophan
may best be related to HIV infection, where immune activation is associated
with elevated interferon-y, which may have pathophysiological significance
in relation to the induction of indoleamine-2,3-dioxygenase.

5.1.4 Experimental Animal Studies

5.1.4.1 Species Differences

In considering the normal blood levels of L-tryptophan in animals, it is
important to realize that there are differences among the various animal
species. Badawy and Evans® reported on the liver and serum-total and
serum-free tryptophan levels in various species: group 1 included rat, mouse,
pig, turkey and chicken, and group 2 included cat, frog, guinea pig, hamster,
gerbil, ox, sheep, and rabbit. In general, group 1 species had similar values,
but distinctly higher levels in all three parameters than in group 2 species.
The differences were attributed to the absence of the apoenzyme for liver
tryptophan 2,3-dioxygenase in group 2 species. Species lacking the apo-
enzyme or the hormonal induction mechanism have a deficient kynurenine
pathway. It is speculated that these species (group 2) are sensitive to the
toxicity of tryptophan. Indeed, the frog and hamster showed increased tox-
icity (sign of poisoning) due to tryptophan administration.

5.1.4.2 Agents or Conditions Causing Decreases
in Blood Tryptophan Levels
5.1.4.2.1 Rats
51.4.2.1.1 Isoprenaline — The administration of isoprenaline intraperito-

neally to rats caused a significant decrease in plasma concentration of tryp-
tophan as well as tyrosine.>® Since propranolol, the B-adrenergic antagonist,
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inhibited the decrease in plasma tryptophan level, the decrease was consid-
ered to be mediated via adrenergic -receptors.

5.1.4.2.1.2 Toluene — Toluene, after intraperitoneal injections or after inha-
lation, caused a decrease in rat plasma concentrations of tryptophan as well
as of tyrosine.> The mechanism for this is not clear. It may be related to the
direct effect of toluene on the liver cell membranes, with a subsequent
increase in liver cell uptake of amino acids.

5.1.4.2.1.3 Tryptophan-Free Diet — Rats were trained to eat their normal
daily diet in a period of 2 h for 20 days. On the 21st day, they received a
tryptophan-free diet. Serum tryptophan (free) was decreased by 90% (max-
imal within 2 h after food presentation and persisted for more than 24 h).>°
Brain tryptophan levels were also decreased. The mechanisms for the fall in
serum tryptophan was considered probably to be due to a rapid removal of
endogenous tryptophan from the circulation by liver and other tissues and
its incorporation into proteins. Similar results were reported by Gessa et al.>

Moja et al.”’ treated rats with cycloheximide, an inhibitor of protein syn-
thesis, and then fed a tryptophan-free mixture. The cycloheximide treatment
largely prevented the marked decrease of plasma tryptophan (total and free).
These data supported the hypothesis that protein synthesis was the mecha-
nism through which the ingested tryptophan-free mixture decreased blood
tryptophan levels. However, this interpretation was not consistent with the
findings of Wunner et al.%® and Sidransky et al.,* who observed a low rate
of polyribosome formation and low incorporation of labeled amino acids in
the livers of rodents previously fasted and then acutely fed a tryptophan-free
amino acid mixture.

It is of interest that Moja et al.®* reported that healthy humans receiving a
tryptophan-free amino acid mixture revealed a decrease of plasma tryp-
tophan levels.

5.1.4.2.1.4 Rapid Tryptophan Depletion Experiments — Studies with rapid
tryptophan depletion, which causes diminished blood tryptophan levels,
have been conducted with a variety of neuropsychiatric conditions in
humans and also in experimental animal studies. These findings are
reviewed in detail in Chapter 7.

5.1.4.3 Agents or Conditions Causing Increases
in Blood Tryptophan Levels

5.1.4.3.1 Rabbits

5.1.4.3.1.1 Haloperiodol and Chlorpromazine — Chronic administration of
haloperidol and chlorpromazine to rabbits led to significant increases in
plasma tryptophan compared to saline-treated controls.®® The results sug-
gested that tryptophan in plasma is poorly transported in the brains of
rabbits treated with chlorpromazine, and that treatment with haloperidol
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or chlorpromazine may lead to a reduced tryptophan flux into the kynure-
nine pathway.

5.1.4.3.2 Rats

5.1.4.3.2.1 Amitriptyline — Chronic amitriptyline administration intraperi-
toneally resulted in a significant increase in serum-free tryptophan but no
effect on total serum tryptophan.®? It is felt that amitriptyline possibly com-
petes with tryptophan for albumin binding and thereby leads to a rise in
free tryptophan.

5.1.4.3.3 Mice

5.1.4.3.3.1 Obese (ob/ob) Mice — Genetically obese hyperglycemic mice
(ob/ob) were compared with their nonlittermate lean controls and were
reported to have increased levels of plasma-total and -free tryptophan lev-
els.® Also, brain serotonin, pituitary ACTH content, and plasma insulin
levels were increased, but plasma TSH, T, and T, were not different in the
obese mice.

5.2 Hormones

5.2.1 Introduction

Endocrine function is impaired by dietary protein deficiency.** However,
much less is known about the effects of individual amino acid deficiencies
on the endocrine system. Overall, reduced growth and changes in body
composition are major consequences of protein and amino acid deficiencies,
and among the hormones possibly involved are thyroid hormones, growth
hormone, insulin, and sex steroids.

Findings with ingestion of tryptophan-deficient diets are of special interest
because tryptophan is an obligatory dietary precursor of brain amines that
regulate hormonal function in the central nervous system. Early studies have
revealed that tryptophan-deficient rats have low brain levels of serotonin®
and appear to remain in an arrested state of growth and maturation.®

5.2.2 Hormonal Changes in Experimental Animals Involving Tryptophan
(Deficient Dietary or Administered Excess Tryptophan)

5.2.2.1 Broiler Chicks

Using broiler chicks fed a tryptophan-deficient diet, Carew et al.® reported
that the chicks grew less efficiently than pair-fed controls and had
decreased plasma thyroxine (T,) and increased plasma triiodothyronine
(T;) and growth hormone (GH) levels. Plasma testosterone was little
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affected. They suggested that the tryptophan deficiency led to decreases
in brain serotonin levels, which influenced the response of other hormones,
being a negative modulator of the synthesis or release of plasma GH and
T, in chickens.

5.2.2.2 Pigs

Montgomery et al.®” fed pigs alternately a tryptophan-deficient diet and the
same diet supplemented with tryptophan. The deficient diet depressed food
intake, caused changes in plasma amino acid pattern, increased plasma
glucose levels, and increased plasma urea levels per unit food intake. Plasma
levels of insulin and growth hormone were somewhat elevated after 2 days
of feeding the deficient diet.

Brameld et al.®® used a pig hepatocyte culture system to investigate the
effect of adding individual amino acids on the expression of growth hormone
receptor and insulin-like growth factor-I mRNA. First, removal of tryp-
tophan inhibited the stimulation of insulin-like growth factor-I expression
that was induced by T;, dexamethosone, and growth hormone, with
decreases in growth hormone receptor in some cases. Tryptophan addition
had a stimulatory effect that was dose-dependent on expression of class 1
transcripts of insulin-like growth factor I, but had no effect on growth hor-
mone receptor or class 2 transcripts of insulin-like growth factor I.

5.2.2.3 Terrestial Slug Limax Maximus

The slug Limax maximus has been shown to reduce its food intake, as do
other species, when fed a diet devoid of tryptophan.®”° Because tryptophan
is the precursor of serotonin and the supply of the precursor is generally the
limited factor in serotonin synthesis,”! Gietzen et al.”? studied the effect of a
tryptophan-devoid diet on the control of food intake in an invertebrate
species, Limax maximus. While food intake was depressed by a tryp-
tophan-devoid diet, the serotonergic metacerebral giant cell was still func-
tional after 2 weeks. Neither brain serotonin nor plasma tryptophan
concentrations were affected. These data suggested that in the slug, unlike
in the rat, there is protection of tryptophan levels by some metabolic manip-
ulation. This apparent protection of the concentration of tryptophan in the
slug appears to be undertaken at the cost of a considerable imbalance of the
remaining plasma amino acids rather than due to a simple starvation
response, as was seen in the pair-fed group that showed more consistent
decreases in plasma amino acid levels. Thus, in the slug, the continued
depression in feeding seen in the tryptophan-devoid group probably
resulted from an imbalanced amino acid profile or some metabolic conse-
quence thereof, rather than the decrease in tryptophan concentration or any
diminution of serotonin function from a decrease in precursor levels. Thus,
one may conclude that in the slug, diet intake appears to be regulated by
factors other than serotonin action.

© 2002 by CRC Press LLC



Blood and Hormonal Responses to Tryptophan (Deficiency or Excess) 79

5.2.2.4 Rats

Clemens et al.”® fed rats a tryptophan-free diet and determined the effects
on serum prolactin and corticosterone levels. The tryptophan-free diet low-
ered brain serotonin concentrations to about half of normal. While basal
serum prolactin levels in rats fed the tryptophan-free diet were the same as
those found in control rats, when given serotonin, the rats fed the tryp-
tophan-free diet revealed a significant release of prolactin compared to con-
trols. Similarly, a marked supersensitivity to the corticosterone-releasing
property of serotonin was observed in the tryptophan-deficient rats.

Yokogoshi and Yoshida™ have reported that fasted (48 h) rats tube-fed
tryptophan for 2 h revealed no change in serum insulin levels but increases
in serum glucocorticoid.

Tsiolakis and Marks”™ gave L-tryptophan to fasted rats intragastrically or
intravenously and observed increased plasma insulin levels (greater increase
by intragastric route) after 10, 30, and 45 min. Intragastric tryptophan raised
plasma pancreatic glucagon levels over those in controls given saline. A
similar marked and sustained increase in plasma glucagon in rats after
administration of L-tryptophan had been reported by Lloyd et al.7

5.2.3 Hormonal Changes in Humans

A number of studies with humans have been concerned with whether tryp-
tophan may affect the secretion of hormones.

5.2.3.1 Insulin

Ajdukiewicz et al.”” reported that nonfasted humans showed a significant
rise in plasma insulin 30 min after ingesting tryptophan. Floyd et al.”8
reported a small rise in plasma insulin following intravenous tryptophan.
Fahmy et al.”? demonstrated that oral tryptophan induced an elevation of
plasma insulin in normal subjects and in adult-onset diabetes.

5.2.3.2 Adrenal Hormones

Modlinger et al.8%8! reported that tryptophan administration to fasted
patients induced elevations in blood levels of aldosterone, cortisol, ACTH,
and renin.

5.2.3.3 Growth Hormone and Prolactin

Winokur et al.% infused L-tryptophan intravenously into 11 healthy male
subjects and studied plasma hormone levels. Significant increases were
observed in plasma growth hormone and prolactin concentrations after
L-tryptophan was given compared to saline-infused controls. No alterations
in cortisol or thyrotropin levels were noted. Also, in experimental animals,
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L-tryptophan and serotonin are powerful releasers of prolactin and have
been shown to be involved in some physiological states in which prolactin
is released, i.e., during suckling, stress, etc.8> Hypothalamic regulations of
prolactin secretion in animals (mammals) and humans have been reported
to be similar.

5.2.3.4 Glucagon

Tryptophan administration orally to 14 normal subjects induced a rise in
plasma glucose accompanied by a rise in plasma glucagon levels and also
by increased concentrations of circulating insulin and growth hormone.3
The increase in plasma glucose due to tryptophan in humans differs from
the reported hypoglycemic effect in rats.

5.2.3.5 Serotonin and Other Hormones

Since tryptophan is a precursor of serotonin, it was appropriate to investigate
the role of serotonin in the secretion of anterior pituitary hormones via effects
on hypothalamic hypophyseal releasing and release-inhibiting factors. Direct
or indirect pharmacological evidence exists that the secretion of prolactin,
growth hormone, luteinizing-releasing hormone, thyrotropin, corticotropin,
and perhaps also aldosterone, beta-endorphin, and renin may be influenced
by serotonergic mechanisms in some species.®

5.2.4 Relationships between Hormones and Tryptophan
in Regard to Protein Synthesis

Since the administration of single amino acids elicits certain metabolic reac-
tions indirectly via stimulation through hormones from the adrenal cortex,
a number of studies were conducted using adrenalectomized animals to
determine whether or not tryptophan administration would still stimulate
hepatic protein synthesis. Using adrenalectomized mice, stimulation of
hepatic protein synthesis due to tryptophan was independent of adrenal
cortical hormones.” Other studies®#” using well-fed adrenalectomized and
adrenalectomized diabetic rats, reported that the tube-feeding of tryptophan
stimulated amino acid incorporation into plasma albumin, transferrin, and
fibrinogen and into liver ferritin in vivo. However, Cammarano et al.®
reported that the adrenal steroids were involved in the changes of hepatic
polyribosome organization during feeding of high levels of tryptophan. Also,
it has been reported that tryptophan administration to rats that had hepatic
protein synthesis stimulated by the administration of cortisone acetate
showed further enhanced stimulation of hepatic protein synthesis and a shift
of hepatic polyribosomes toward heavier aggregation.®

Since availability of tryptophan to cells is vital in protein synthesis, inves-
tigation directed toward hormonal influence on tryptophan transport was
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conducted. Blondeau et al.”® used cultured astrocytes to study the relation-
ship between the transport of thyroid hormone and that of amino acids,
including tryptophan. T; inhibited tryptophan uptake, which was attributed
to an effect on the L1 system.

5.2.5 Hormones and Hepatic Nuclear Tryptophan Receptor Binding

A number of studies have indicated that the nuclear tryptophan receptor
plays an important role in the sequence of events by which tryptophan acts
to stimulate hepatic protein synthesis.”’=** Therefore, it was important to
investigate whether certain hormones may influence the affinity of hepatic
nuclear receptor tryptophan binding. 3,5,3’-Triiodothyronine (T;) and gluco-
corticoid, two hormones that are part of a group of nuclear proteins, and
“ligand-responsive transcriptions factors,” that belong to the same super-
family as steroid receptors®® were used. Also, insulin, which has a different
superfamily of receptors, was studied. These studies® revealed that T, (10~
to 107° mol/L) appreciably inhibited in vitro H-tryptophan binding to rat
hepatic nuclei, and T; (10-'¢ to 10~ mol/L) appreciably ameliorated the
inhibiting effect of unlabeled L-tryptophan on in vitro *H-tryptophan bind-
ing. In vivo administration of T; plus tryptophan inhibited the stimulated
hepatic protein synthesis that occurred with tryptophan alone. In vitro addi-
tion of hydrocortisone had no effect, and addition of insulin had only a small
inhibitory effect on in vitro *H-tryptophan binding to hepatic nuclei, but each
when added to unlabeled L-tryptophan diminished the inhibitory effect of
unlabeled L-tryptophan alone.

Other studies using selenite, a catalyst of the oxidation of sulfhydryl
groups, have been of interest. Selenite had an inhibitory effect on hepatic
nuclear binding of tryptophan,”” which was similar to the inhibitory effect
for T, and glucocorticoid®” binding to nuclei. This suggests that L-tryp-
tophan and also hormones, such as T; and glucocorticoid, may bind, at least
in part, to sulfhydryl sites in its receptor protein.

5.2.6 Concluding Comments

Many studies reveal that there appears to be a functional relationship
between L-tryptophan and a number of hormones. Data from several studies
suggest the L-tryptophan may act on receptors of some hormones and vice
versa. Also, the absence or excess of dietary tryptophan appears to affect
hormone levels in blood. Speculation as to how this comes about is that the
close relationship of levels of L-tryptophan and especially of serotonin is
involved. Thus, serotonin probably acts to influence the secretion of anterior
pituitary hormones via effects on hypothalamic hypophyseal releasing and
release-inhibitory factors.
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6.1 Introduction

For many years, tryptophan has been considered an important nutrient that
may affect a number of biological processes in animals and humans. The
implication that tryptophan itself may act on or influence important pro-
cesses merits review. In some cases, the results suggest that tryptophan may
act directly, in others it may act indirectly, and in some it may not act at all.
This chapter reviews data available on tryptophan’s possible involvement
in pregnancy and infant development, on aging, alcoholism, cardiovascular
diseases, liver disease, and cancer.

6.2 Pregnancy, Fetal and Infant Development
6.2.1 Pregnancy and Fetal Development

6.2.1.1 Blood Tryptophan in Pregnancy

Schrocksnadel et al.! reported on the levels of blood tryptophan in uncom-
plicated pregnancy (45 healthy pregnant women, 15 in each trimester). In
healthy pregnant women, plasma tryptophan values decreased during preg-
nancy (median 1st trimester: 72 umol/L; 2nd trimester: 51 umol/L; 3rd
trimester: 46 umol/L). In the puerperium (15 women), the median value was
60 umol/L. In addition, an inverse correlation existed between the concen-
trations of neopterin and of tryptophan. They concluded that the decreased
tryptophan levels during normal pregnancy might be related to immune
activation phenomena.

6.2.1.2 Dietary Deprivation of Tryptophan

Zamenhof et al.? studied the effect of dietary deprivation of tryptophan on
rats during the second half of pregnancy. The omission of tryptophan from
a chemically defined amino acid diet caused a drop in maternal body weight
and liver weight. In the neonate, there were decreases in body weight and
in cerebral parameters (weight, DNA, and protein). Similar changes also
were observed with the dietary omission of lysine or methionine. These
findings were essentially similar to those produced by total dietary protein
deprivation in the comparable period of pregnancy.® Thus, it appears that
the absence of a single dietary essential amino acid, such as tryptophan, even
during half of pregnancy may be as harmful as total absence of dietary
proteins during this period, at least as far as prenatal brain development is
concerned. However, this study did not indicate any effects specific for
dietary deficiency of tryptophan.
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Sanfilippo et al.* studied the effects of a tryptophan-deprived diet on rats
starting at day 1 and day 14.5 after conception and continuing until birth.
Then this feeding was continued uninterruptedly in the litter after birth, and
during lactation and postnatal development. The litters of day 1 and day
14.5 started mothers showed underdevelopment at birth that worsened dur-
ing postnatal development, more so in the former group. At 30 days post-
natally, the male rats but not the female rats showed decreased sexual
development (testes were not descended and there was no spermatogenesis).

6.2.1.3 Effect of an Excess of Tryptophan

Matsueda and Niiyama® studied the effects of diets (6% casein), each with
an excess (5%) of one essential amino acid, on the maintenance of pregnancy
and reproductive performance, including fetal growth in rats from day 1 to
day 14 or 21 of pregnancy. Judging from the total food consumption and
body weight gain during pregnancy, they found that methionine had the
most severe effects, followed by leucine and tryptophan. In comparison with
pair-fed controls, pregnant rats fed the excess tryptophan diet had a 20%
loss of fetuses and of maintained nitrogen balance, carcass protein, and fat;
they also had lowered weights of females and decreased fetal brain weights
and amounts of DNA, RNA, and protein. Excess dietary tryptophan induced
no appreciable changes in maternal plasma-free amino acids but two- to
three-fold increases in acidic and aromatic amino acids in the fetal brain.
The results of experiments of feeding diets with excess of a single essential
amino acid, such as tryptophan, have been considered in connection with
studies on inborn errors of amino acid metabolism. The influences of hyper-
aminoacidemia on fetal development in pregnant animals, especially on
neuronal development, merit further exploration.

Meier and Wilson® have reported that added dietary tryptophan during
pregnancy reduces embryo and neonate survival in the golden hamster.
When using 1.8 to 3.7% tryptophan in a high (23%)-protein diet or using
8.0% tryptophan in a moderate (16%)-protein diet during pregnancy, litter
size and neonate weights were reduced and mortality of neonates after
1 week was increased in comparison with controls. Although the mechanism
by which increased dietary tryptophan acts on the embryo and neonate is
not clear, consideration has been given that it may be related to the elevation
of serotonin. Exogenous serotonin has been reported to cause abortions in
several vertebrate species, to reduce litter sizes, to increase stillbirths and
neonate abnormalities, and otherwise to influence pregnancy adversely.”
Since the availability of tryptophan is probably the most important rate-lim-
iting factor in serotonin synthesis!® and since studies have revealed that
increases!! or decreases!? of dietary tryptophan lead to concomitant changes
in serotonin levels, it is likely that tryptophan may act via serotonin. Cur-
rently, many humans use tryptophan to decrease appetite!> and to promote
sleep!* and, therefore, it may be important to determine whether or not
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increased tryptophan intake during pregnancy may be potentially harmful.
Further studies are needed to clarify if this danger exists.

The effect of the administration of L-tryptophan (30 mg per 100 g body
weight) on hepatic polyribosomes and protein synthesis in pregnant rats and
their fetuses and in lactating rats and their pups has been investigated.!®
Pregnant rats tube-fed tryptophan 1h before killing revealed increased
hepatic protein synthesis but essentially unmodified polyribosomal aggre-
gation of maternal livers while no changes were observed in fetal livers in
comparison to controls (water treated). Lactating rats tube-fed tryptophan
1 h before killing revealed increased polyribosomal aggregation and protein
synthesis of the livers in comparison to controls. Pups of those mothers that
received tryptophan (3.8 mg) intraperitoneally 1h before killing did not
reveal a significant change in the hepatic polyribosomes or protein synthesis.
In an attempt to explain why the tube-feeding of tryptophan to pregnant rat
stimulated hepatic protein synthesis in the mother but not in the fetal liver,
the presence of different levels of tryptophan in the blood in the two (mater-
nal and fetal) circulations was considered. It has been reported that the level
of most amino acids is considerably higher in fetal than in maternal
blood.!® Tryptophan, as well as total amino acid concentration, in plasma
decreases significantly with pregnancy,’® while in the fetus (21 days) the
plasma tryptophan level is higher (65 to 91%) than in the mother.'®° This
suggests that the plasma tryptophan level in the fetus may already be high,
so an additional elevation via the maternal ingestion of tryptophan may not
have a further stimulatory effect. In general, it has been reported that there
is a faster turnover of tissue proteins in the fetus than in the adult.?’ Also, it
is known that the fetal liver is involved in active hematopoiesis, and the
numerous hematopoietic cells alter the cellular population in the fetal liver.
These cells may not be responsive to tryptophan. The reason why the livers
of young (8- to 13-day-old) pups do not respond to the administration of
tryptophan with enhanced hepatic protein synthesis is not known, but it is
possible that such young pups still react like fetuses and may have altered
(high) circulating tryptophan levels in the livers. Indeed it has been reported
that the intracellular concentrations of free amino acids in the rat liver are
low at time of birth, but by the 10th day they increase and peak at 19 days.?!
Measurement of the concentration of free tryptophan shows a similar trend.?!
Thus, an increase of hepatic level of tryptophan by intraperitoneal injection
may be unable to further stimulate the already elevated protein synthesis
that has been induced in response to the high liver free amino acid pools,
including that of tryptophan. However, the administration of tryptophan to
mature animals in which hepatic protein synthesis has already been stimu-
lated by dietary?*?* or hormonal* means, as well as following partial hepa-
tectomy,”® has been demonstrated to further enhance hepatic protein
synthesis. Thus, one must search for other reasons, possibly such as imma-
turity or endocrine alterations, to account for the resistance of pups or fetuses
to the stimulatory effect of tryptophan on the livers.
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Arevalo etal.® reported that the oral administration of tryptophan to
pregnant rats induced a dose-related increase of tryptophan concentrations
in different fetal tissues, including brain. The increase in tryptophan tissue
concentration was detected for low doses (50 mg/kg) and remained unsat-
urated after administration of high doses (1000 mg/kg). Tryptophan con-
centration in the brain was 300% higher than in the carcass and 600% higher
than in the placenta. Thus, tryptophan is not affected by the placental barrier
and tryptophan becomes concentrated in brain tissue.

The effect of tryptophan administration to pregnant rats was studied on
the development of serotonergic systems and serotonin-related hormones
in the offspring.?” The male offspring of rats treated with tryptophan (20 mg
per 100 g body weight per day) during the second half of gestation revealed
a four- to seven-fold increase in serum prolactin 40 and 70 days after birth
and a two-fold increase in serum luteinizing hormone 70 days after birth.
An increase in serotonin and 5-hydroxyindole-acetic acid levels was present
in the forebrain of adult offspring of tryptophan-treated rats. Thus, it
appears that tryptophan regulates serotonergic differentiation during early
development.

Earlier, Hernandez-Rodriguez and Chagoya? reported on the effect of
prenatal tryptophan supplementation on serotonin synthesis and the activity
of Na*,K+ATPase in the rat cerebral cortex during postnatal development,
from birth up to day 30. Elevated levels of both were observed in comparison
to controls.

Henderson and Kitos® studied the effect of tryptophan on organophos-
phate insecticide-induced teratogenic signs in chicken embryos. Fertile
chicken eggs at 3 days of incubation were treated with a teratogenic dose of
the organophosphate insecticide, diazinon, in the presence or absence of
exogenous L-tryptophan. By day 10 of development, the insecticide reduced
the NAD* content of the hind limbs of the embryos to less than 20% of
normal and by day 15 it caused severe type I and type II teratogenic
responses. The co-presence of tryptophan served to maintain the NAD*
levels of the treated embryos close to or above normal and significantly
alleviated the symptoms of type I teratisms. These findings supported the
concept that the insecticide acts to decrease the availability of tryptophan to
the embryo. On the other hand, Snawder and Chambers® used Xenopus laevis
embryos exposed to the organophosphorus insecticide, malathion, with or
without tryptophan treatment. They found that tryptophan increased the
NAD* levels but did not influence the severity or incidence of defects. Thus,
the reduction of NAD* does not seem to be responsible for the effects seen
in Xenopus or account for some defects in avian species.

6.2.1.4 Brain Development (Prenatal and Postnatal)

In searching for the most important site that may be affected by L-tryptophan
in fetal development, it was appropriate to investigate the brain. Studies
with experimental animals have demonstrated that the nutritional status
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relative to the amount of dietary protein during prepartum and also post-
partum development has an important role in determining subsequent brain
tryptophan metabolism. Indeed, alterations in brain tryptophan, serotonin,
and 5-hydroxyindoleacetic acid concentrations occurred in rats as a conse-
quence of dietary protein insufficiencies during prenatal and/or postnatal
development 332 Because the availability of tryptophan to brain and periph-
eral tissues may be a limiting factor in protein synthesis during early devel-
opment,**3 alterations in the utilization of this essential amino acid under
conditions of prenatal and postnatal protein malnutrition have been consid-
ered to possibly cause permanent alterations in the organism. The influence
of prepartum and postpartum nutritional status on brain indolamine metab-
olism indicated that both play important roles in determining this pro-
cess.?323% The increased brain levels of tryptophan and serotonin as a
consequence of protein inadequacies can best be related to the increased
amounts of free plasma tryptophan available for their brain metabolism,
even while total plasma tryptophan levels are decreased. These rats seem to
be shunting more tryptophan to the brain at the expense of the periphery.
From a teleological viewpoint, the increases in brain serotonin and 5-hydrox-
yindoleacetic acid may be only the consequence of a need to assure the
availability of tryptophan for adequate brain protein synthesis and devel-
opment in early life.

In determining the ontogenesis of tryptophan in rat brain, Hamon and
Bourgoin® described that during the first 3 postnatal weeks levels of brain
tryptophan are exceptionally high, two to four times those found in adult
rats. This was considered to be related to two peculiarities concerning tryp-
tophan transport in young animals: (1) lack of tryptophan binding to serum
albumin, which allows its diffusion from plasma to tissues earlier for the
early life period and (2) the greater capacity of synsptosomes from neonates
to accumulate tryptophan.

Bourgoin et al.¥ explained that the high free-serum tryptophan levels in
the first period of postnatal life were due to relative lack of binding to serum
albumin. Factors responsible for this were (1) lower concentration of serum
albumin, the binding protein; (2) the inhibition of binding by nonesterified
fatty acids, which were at a high level in the serum of young rats until
weaning; and (3) the decreased number of available binding sites for tryp-
tophan on the defatted serum albumin, whereas the apparent association
constant of tryptophan binding to serum albumin was similar in newborn
and adult.

6.2.2 Infant Development
6.2.2.1 Tryptophan Deficiency

The effects of tryptophan deficiency during human development were
described by Jaeger et al.® They reported on a tragic incident where tryp-
tophan had been left out of a commercially available dietetic formula used
for children with phenylketonuria. Such children suffered from lethargy, hair
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loss, skin lesions, loss of appetite, diarrhea, and neurological disturbances.
Most of the symptoms resolved after a return to adequate diet, but some
neurological symptoms, visual impairment, optic atrophy, ataxia, and spastic
paresis of the legs persisted.

6.2.2.2 Blood Tryptophan Levels

De Antoni et al.* determined the levels of total and free serum tryptophan
in newborn babies at birth, 1 day later, and 5 days after birth. As also
described by others,% total and free tryptophan levels were very high in the
umbilical cord at birth, decreased quickly and significantly 24 h after birth,
and showed a slight increase 5 days after birth.

A number of studies have reported that the plasma free tryptophan levels
in infants are indicative of brain serotonin synthesis.4'42 They also reported
that in gestationally malnourished rats or human infants the plasma free
tryptophan was elevated and considered that an increased transport of tryp-
tophan to the brain caused a possible enhancement of serotonin synthesis.

Findings by Zammarchi et al.** on blood free tryptophan levels in jaun-
diced newborn infants during phototherapy are of interest. They reported a
significant decrease in free tryptophan levels 24 h after phototherapy. This
was explained by the decrease in nonesterified fatty acids (NEFA) during
phototherapy. Since both tryptophan and NEFA are bound to serum albumin
and NEFA can displace tryptophan from their binding sites, the decrease in
free tryptophan may be secondary to the change in NEFA levels.

6.2.3 Effects on Piglets

Cortamira et al.* reported on the effect of dietary tryptophan on liver, mus-
cle, and whole-body protein synthesis in weaned piglets. Using weaned,
10-day-old piglets, they fed ad libitum or force-fed a tryptophan-deficient or
tryptophan-adequate (control) diet for 2 weeks and measured protein syn-
thesis rates in vivo 2 h after a meal. In the ad libitum feeding experiment,
tryptophan deficiency as compared with tryptophan adequacy significantly
decreased food intake, growth performance, and fractional protein synthesis
rates (using a “flooding dose” of 3H-phenylalanine) of liver and muscle
(longissimus dorsi and semitendinous). In the force-feeding experiment,
piglets were tube-fed tryptophan-deficient and adequate diets at two feeding
levels from a previous ad libitum feeding experiment. Both tryptophan-ade-
quate and feeding levels (mainly higher levels) significantly increased
growth performance and fractional protein synthesis rates. The liver maxi-
mum protein synthesis rate occurred in the tryptophan-adequate plus the
higher intake group. At 30 min after a meal, plasma insulin levels were
higher in both experimental and control groups fed the higher diet intake.
They concluded that dietary tryptophan deficiency decreased liver and mus-
cle protein synthesis rates, and this may be related to a post-prandial release
of insulin following a decreased rate of nutrient absorption. However, in a
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later study, Ponter et al.*> could not establish a relationship between plasma
insulin and muscle synthesis rates in piglets treated under similar conditions.

In another study, Lin et al.# reported that there was a depressive effect
of tryptophan deficiency on protein synthesis rate in pig muscle. Also,
earlier studies revealed that, among the essential amino acids, tryptophan
was one of the most critical at weaning on the effect of its deficiency on the
appetite of piglets*’ in the same way that its deficiency affected the appetite
of older pigs.®

Ponter et al.® reported on the effects of dietary tryptophan (deficient,
adequate, or excess) with high carbohydrate or fat diet on liver, muscle,
skin, femur, pancreas, stomach, and whole-body protein synthesis in
weaned piglets. They used piglets weaned at 10 days of age and infused
diets directly into the stomach through an indwelling gastric catheter for
27 days. They measured fractional protein synthesis rate using a “flooding
dose” of *H-phenylalanine via jugular catheter. Tryptophan supplementa-
tion globally augmented the fractional protein synthesis rate linearly in the
liver, semitendinous muscle, skin, and whole body, while it had quadratic
effects in longissimus dorsi muscle (highest in tryptophan-adequate diet
groups) and jejunal mucosa (lowest in tryptophan-adequate diet groups).
Pancreatic fractional protein synthesis was increased by tryptophan addition
up to a plateau. The fractional synthesis rate was highest after the high fat
diets in the digestive tissues and femur, while in skin and longissimus dorsi
muscle the fractional protein synthesis rate was highest after the high-carbo-
hydrate diets. In general, adequate or excess tryptophan diets did not appre-
ciably change the fractional protein synthesis rates of duodenal mucosa and
jejunal mucosa, but small increases occurred in stomach. This study con-
firmed the depressive effects of a tryptophan-deficient diet on fractional
protein synthesis rates, RNA activity, and growth. Also, it could not establish
a relationship between plasma insulin and muscle fractional protein syn-
thesis rate in this study.

6.2.4 Summary

This section has reviewed the effects of a tryptophan-deficient diet or of
tryptophan administration or supplementation on pregnancy, on the fetus,
and on postnatal animals or humans. It is apparent that tryptophan does
play a role in the fetal state and postnatally. Its effects are probably through
the levels of blood free tryptophan levels in the mother, the fetus, and the
infant. The blood free tryptophan levels influence the brain tryptophan levels
and also the brain serotonin levels. Thus, blood tryptophan levels can influ-
ence protein synthesis in various tissues, especially in the brain, along with
serotonin synthesis, in the fetus and in the infant. Other amino acids can
also affect protein synthesis, but tryptophan is unique in its effect on sero-
tonin levels.
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6.3 Tryptophan and Aging
6.3.1 Tryptophan Ingestion and Longevity

6.3.1.1 Long-Term Ingestion of a Tryptophan-Deficient Diet

Dietary manipulation has been utilized as a possible means for altering the
rate of mammalian aging. Indeed, many experimental studies (early and
recent) have demonstrated a life-extending effect of calorie restriction,
whereby the rate of aging appears to become retarded.*-* In regard to
tryptophan and aging, a quarter of a century ago, Segall and Timiras®
undertook experimental studies to evaluate the effect of long-term dietary
tryptophan restriction on the process of aging in the rat. The maturational
and growth arrest for long periods under their experimental conditions was
attributed to the ability of the tryptophan-deficient diet to lower brain sero-
tonin levels. Along with a slight increase in the average life span at late ages
of the experimental animals, they observed a delay in the age of onset of
visible tumors. However, their pair-fed controls, as did the findings with
calorie-restricted rats in experimental studies reported by others,*-* dem-
onstrated a prolonged life span and a delayed onset of tumors. Ooka et al.>
reported that diets containing tryptophan in concentrations 30 and 40% of
those fed to controls from weaning to 24 to 30 months could delay aging in
Long-Evans female rats. Mortality among low-tryptophan rats was greater
in the juvenile period but substantially less than controls at late ages.
Increased longevity in mice fed a low tryptophan diet has also been
reported.” Low levels of tryptophan in the diet cause voluntary restriction
of food intake® as well as hormonal alterations.”® Thus, in the absence of
clear quantitative assessment of findings due to a tryptophan-deficient diet
compared with those due to decreased diet (energy) intake, it is difficult to
attribute prolonged longevity specifically to low intake of tryptophan per se.
At present, the effect could more likely be attributed to the general response
pattern of decreased ad libitum diet consumption due to the ingestion of a
deficient diet.%

6.3.1.2 Blood, Brain, Intestinal Tract, and Renal Tryptophan Levels
and Aging
6.3.1.2.1 Blood

Normally, free plasma amino acid concentrations show relatively little vari-
ation.® However, a number of reports indicated that plasma total tryp-
tophan levels are lower in the older than in the younger population for both
sexes.’! Also, a number of reports have indicated that serum tryptophan
levels were decreased in some disease states.®>¢> A number of hypotheses
have been proposed as an explanation. Clearly, under certain conditions the
serum tryptophan levels become altered, but the full consequences thereof
remain unknown.
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6.3.1.2.2 Brain

Tang and Melethil* studied the kinetics of blood-brain barrier uptake of
tryptophan in rats as affected by aging and reported that aging decreases
the ability of the blood-brain barrier to transport tryptophan. Yeung and
Friedman® reported that age-related reduction of cortical tryptophan and
plasma ratio of tryptophan to large neutral amino acids in old animals was
attenuated by chronic diet restriction. The results of their study using young
(6 months) and old (24 months) male Fischer-344 rats suggested that sero-
tonergic neurons were more susceptible to change during aging than were
the catecholaminergic neurons. Demling et al.®® speculated that the age-
dependent decrease in plasma tryptophan might contribute to the metabolic
basis of affective disorders in elderly people. Their data support the hypoth-
esis that lower tryptophan levels and tryptophan ratios (total or free tryp-
tophan concentrations divided by the sum of the other large neutral amino
acids) in plasma, with the consequences of a decreased influx of tryptophan
into the brain and diminished synthesis of serotonin, may act as a vulnera-
bility factor for depressed states in older age.

6.3.1.2.3 Intestinal Tract

Navab and Winter® investigated the effect of aging on intestinal absorption
of tryptophan in vitro in the rat. Using whole-thickness everted jejunal rings
to measure L-tryptophan uptake, they observed that uptake was reduced in
older (2-year-old) rats compared with that in younger (6-month-old) rats.

6.3.1.2.4 Kidney

Fleck®” reported that the plasma concentrations of tryptophan were lower in
young (10-day-old) than in an adult (2-month-old) male Wistar rats, and the
renal clearance of the amino acid was lower in young rats, but the effective
tubular reabsorption capacity was higher in young rats.

The above observations deal with the consequences of aging on tryptophan
levels in different components or areas of the body. Whether and how these
changes in levels of tryptophan may in themselves influence the process of
aging is not clear.

6.3.1.3 Tryptophan Metabolism with Aging

Tryptophan 2,3-dioxygenase is the main hepatic enzyme in the metabolism
of L-tryptophan. Levels of this enzyme in the liver have been investigated
in the rat during various phases of the life span. In general, the level of this
enzyme shows no significant change until adulthood but decreases signifi-
cantly thereafter with increasing age. Induction of the activity of this enzyme
increases significantly due to hydrocortisone treatment in rats of all ages.
Yet, the effect of such treatment is highest in the mature rat.®® Whether and
how the activity of this important enzyme may play a role in regulating
blood tryptophan levels at different ages are not clear.
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6.3.1.4 Tryptophan Effects via Hormones

Because a number of hormonal changes occur during the aging process, it
has been thought that L-tryptophan may act upon hormonal actions to affect
aging. Some of the possible relationships have been considered, especially
relating to the liver.

6.3.1.4.1 Age-Dependent Regulation of Glucocorticoid Receptors in Liver

Glucocorticoids act on a variety of cellular and metabolic effects. Alterations
in the adaptive responsiveness to hormones have been reported to be age
related, as have the changes in the induction of many enzymes.® The hor-
mone-mediated responses are controlled by binding to specific intracellular
receptors. Age-related changes in the steroid receptor-binding sites occur in
most animal tissues.”” Increased numbers of binding sites for glucocorticoid
receptors in liver have been reported at the weanling stage compared to the
mature state of Long-Evans rats’”! and for 3-month-old vs. 12-month-old
Sprague-Dawley rats.”? This suggests that the glucocorticoid receptor level
and some of its physiochemical properties vary at different ages of rats, and
these differences may lead to functional changes in tissue response as a
function of age. Age-related changes in glucocorticoid receptors in a number
of organs have been described.”

6.3.1.4.2 Age-Dependent Regulation of Thyroxine and Triiodothyronine
Receptors in Liver

Aging has often been defined as an altered state of tissue responsiveness to
hormonal signals and/or as altered synthetic and secretory processes of the
endocrine glands. Since thyroxin (T,) and triiodothyronine (T;) have diverse
effects on metabolic processes, they may especially be important compo-
nents of the aging process. Altered thyroid function with aging has been
reported.” Although in vitro binding of T; to liver nuclear receptor suggests
that the density of the receptor does not change with aging,””¢ alterations
in receptor-controlled cellular functions could still occur with aging and
may be indirectly induced through changes in availability of cellular T, and
T, and, consequently, in receptor saturation. Margarity et al.”” studied the
effects of aging on the in vivo subcellular distribution and binding of T, and
T, to hepatic nuclei as well as on the process of T, to T; conversion in
Long-Evans rats. They observed that with aging in vivo nuclear T, binding
did not change significantly, but nuclear T; binding derived from T, was
decreased as a consequence of reduced T, to T; conversion and also T,
binding was depressed.

6.3.1.4.3 Tryptophan and Regulation of Hormone Receptors in Liver

Since L-tryptophan has been demonstrated to have a specific nuclear recep-
tor in liver,”# it was important to consider whether its receptor may be
similar or related to other hormone-related hepatic nuclear receptors. Tri-
iodothyronine (T;) receptors and glucocorticoid receptors are part of a group
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of nuclear proteins, “ligand responsive transcription factors,” that belong to
the same protein super-family as steroid receptors.’!# The steroid hormone
nuclear receptors have been extensively investigated, and the complexity of
their actions on a vast number of physiologic and pathologic processes is
apparent.® In an attempt to determine whether the hepatic nuclear receptor
for L-tryptophan may possibly be related to those hormonal receptors, some
experimental studies searching for possible similarities have been conducted.
Some recent findings®* have suggested that the nuclear L-tryptophan recep-
tor may possibly be related to hormone-related nuclear receptors, and pos-
sible commonalities between their actions may exist. Such commonalities
may relate hormonal effects on the aging process. Speculations in this regard
have been reviewed.®

6.3.1.4.4 Melatonin and Aging

Melatonin is a hormone secreted mainly by the pineal gland. It is synthesized
from tryptophan, and its characteristic circadian rhythm is ruled by light.
Touitou et al.8 have reviewed the relationship of melatonin and aging. Since
the circulating levels of melatonin decrease with aging, questions arise
regarding its origin and/or the consequences of this condition, which may
be related to the availability of tryptophan.

6.3.1.5 Rationale for Considering Tryptophan in Relation to Aging

The rationale for exploring whether specific amino acids, especially L-tryp-
tophan, may play a role in influencing the process of aging is a justifiable
one. Altered expression of genes must indeed influence longevity. Studies
and hypotheses for amino-acid-dependent regulation of gene expression in
mammalian cells have been reported.?” It is vital to gain a definition of the
molecular steps whereby the cellular concentration of individual amino acids
can regulate gene expression, and this may contribute to our understanding
of metabolic control in mammalian cells during the lifetime of the host.
Whether L-tryptophan may play a role in aging is currently not known.
Some of the recent investigative findings regarding L-tryptophan suggest
that it could be involved. This may be related to L-tryptophan’s ability to
bind to a specific hepatic nuclear receptor, which is somewhat similar to that
which occurs with a number of steroid hormones. Based upon earlier find-
ings, it has been speculated that the nuclear tryptophan receptor protein may
be involved in gene regulation,” possibly in a manner similar to that dem-
onstrated for several steroid receptors that regulate gene transcription.®-
Supportive findings that NZBWF, mice have a significantly diminished
nuclear tryptophan receptor affinity in liver in comparison to that of other
mouse strains is of great interest.” NZBWF, mice are autoimmune-suscep-
tible and have a relatively short life span with many features of accelerated
aging.”> In NZBWF, mice, the decreased nuclear receptor affinity for L-
tryptotophan in liver appeared to be diminished even more in young
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(6.5-week-old) than in older (30-week-old) mice.”® An explanation for the
latter finding is not clear but possibly represents some minor adaptation in
the 30-week-old mice over that in the 6.5-week-old mice. Nonetheless, both
age groups of NZBWF, mice clearly have significantly less nuclear tryp-
tophan receptor affinity than that in Swiss mice.

At the present time, no definitive evidence exists that L-tryptophan per se
is involved in the process of aging. The early reports that animals fed a
tryptophan-deficient diet had an increase in longevity should most likely be
attributed to decreased diet intake. Since some similarities between the spe-
cific nuclear receptor for L-tryptophan and the nuclear receptors for steroid
hormones appear to exist, it has been speculated that under some circum-
stances L-tryptophan may possibly act like steroid hormones, which have
been demonstrated to play roles in the aging process.”? Such speculation
should stimulate further investigation concerning how L-tryptophan acts as
a regulatory control of protein metabolism normally and during aging.

6.4 Tryptophan and Alcohol

6.4.1 Introduction

Ethanol consumption is probably one of the most important and widespread
environmental factors in inducing human liver disease throughout the
world. It is recognized that ethanol is a potent hepatotoxic agent, although
a full understanding of the mechanism by which it acts upon the liver is still
not completely clear. A review regarding the effects of ethanol on hepatic
protein synthesis is available.®* As described in this review and in another
later report,’ it appears that most of the more recent experimental studies
have demonstrated that a single administration of ethanol causes a decrease
in hepatic protein synthesis in experimental animals. In this section, the
possible influences of tryptophan in relation to ethanol’s effect on the liver,
especially relating to hepatic protein synthesis in experimental studies, will
be reviewed.

Tryptophan is the most extensively studied amino acid in relation to alco-
hol and alcoholism. This is probably because it is the precursor of serotonin.
Serotonin levels as altered by ethanol could have a role in disturbances in
mood, clinical features of alcohol dependence, and alcohol withdrawal
states. The control of alcohol consumption itself by serotonin has been con-
sidered.”® Accounts of the effects of ethanol on tryptophan and serotonin
metabolism have been reviewed.””?® This section limits itself to selected
aspects of ethanol and tryptophan metabolism in experimental animals and
in humans. How these changes may secondarily affect serotonin metabolism
is mentioned.
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6.4.2 Review of Influential Factors on Liver Injury

6.4.2.1 Influence of Nutritional Status and Tryptophan
on Ethanol-Induced Liver Injury

In 1968, Lucas et al.” reported that the ability of rats to tolerate ethanol varied
with the nature of their dietary protein. When rats were fed a diet that
promoted better growth, they generally became less intoxicated as compared
with rats fed a diet that was not as effective in growth promotion. Later
studies using single amino acids along with ethanol were concerned with
their influence on toxicity. Special attention was given to dietary tryptophan
since this essential amino acid had been demonstrated to have a unique
effect in regulating and stimulating hepatic protein synthesis.!?% Jarowski
and Ward!? reported that 30 min of pretreatment with L-tryptophan (165 mg
intraperitoneally) before a 2 g/kg intraperitoneal dose of 95% ethanol in
nonfasted rats (130 g) produced a significant potentiation of the acute depres-
sant effects of ethanol as measured by changes in the LDj, and sleeping and
immobility times. The rationale for the use of L-tryptophan as supplemen-
tation was based upon the fasting essential amino acid profile of blood
plasma, which has been useful in predicting the relative dietary value of
proteins.'® Ward et al.'* reported that oral or intraperitoneally lysine admin-
istration 30 min prior to ethanol administration did not increase the LDx,.
Breglia et al.'%> demonstrated that there was no significant alteration of the
ethanol LDy, with pretreatment or with simultaneous administration of
selected amino acids, L-lysine, L-arginine, L-ornithine, and glycine. Dubroff
et al.!% reported that the ethanol LD;; value increased significantly only for
rats fed a lysine- and tryptophan-supplemented ration for 30 days. These
findings were consistent with the view expressed earlier by Lucas et al.”
that reduction in toxicity can probably be attributed to an improvement in
the biological value of the diet by supplementation. Also, Jeejeebhoy et al.1%
reported a decrease in albumin synthesis in rats when given ethanol (4 to 8
mg/kg) orally, which was prevented by the simultaneous administration of
a complete mixture of amino acids but not by tryptophan. Rothschild
et al.19%19 reported that the addition of tryptophan to isolated perfused rabbit
livers treated with ethanol aided in the recovery of albumin synthesis. The
above-described experimental studies indicate that protein and amino acids,
including L-tryptophan, can be shown to influence the toxicity of ethanol.
However, the results are difficult to evaluate and interpret, especially in
relation to the acute studies with tryptophan, where in most cases the doses
used were markedly unphysiologic. Earlier, Gullino et al.!'® reported that the
LD;, of L-tryptophan alone is 160 mg per 100 g body weight.

6.4.2.2 Consideration of the Possible Action of Ethanol via Changes
in Circulatory Amino Acids

In an early study, Badawy and Evans'!! reported that the acute administration
(2 to 10 h) of ethanol (0.5 g per 100 g body weight) to rats led to a rapid
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decrease in serum total tryptophan levels with a biphasic response in serum
free tryptophan levels and in liver tryptophan levels (elevations at 2 to 4 h
with decreases at 7 to 8 h). Also, Stowell and Morland"? reported that the
acute administration (0.25 to 8 h) of ethanol (0.4 g per 100 g body weight) led
to a rapid rise after 15 min but a marked drop from 4 to 8 h in plasma free
tryptophan and liver tryptophan levels. Plasma total tryptophan levels
increased after 15 min but fell from 30 min onward. This suggested that
ethanol administration caused a change in tryptophan availability and utili-
zation. Eriksson et al.""® found that rats treated with ethanol (0.2 g per 100 g
body weight) for 1 h revealed marked decreases in the plasma concentrations
of almost every amino acid compared to controls, and plasma total tryp-
tophan decreased by 30%. Subsequently, these investigators!'* reported sim-
ilar findings in humans. Also, in the rat, this effect of ethanol was partly
inhibited by the B-adrenergic antagonist (-)-propranolol, partly by adrenalec-
tomy or hypophysectomy, and almost completely by a combination of adrena-
lectomy with (-)-propranolol. This suggested an involvement of both
B-adrenergic mechanisms and steroids from the adrenal cortex in the etha-
nol-induced decrease in plasma amino acids. Cobb and Van Thiel'> have
reviewed data relating to the effect of ethanol on adrenal gland hypersecre-
tion. Sidransky® observed tryptophan levels in the serum and liver after
ethanol treatment which resemble those reported by others:!''112 with serum
tryptophan, total tryptophan levels decreased after 1 h, and the decrease
continued progressively for 4 h; with liver tryptophan, levels increased after
1h and then decreased progressively for 4 h. These studies suggested that
tryptophan, its needs, requirements, availability, and metabolism, may
become altered due to ethanol and that supplementation with tryptophan
before, during, or after ethanol may possibly prove to have a beneficial effect.

6.4.2.3 Comparing Mechanisms by which Tryptophan and Ethanol Act
on Nucleocytoplasmic Translocation of mRNA in the Liver

It has been reported by Khawaja!'® that prolonged (10 weeks) ethanol inges-
tion by rats led to increased nucleocytoplasmic transport of RNA in liver
when assayed in vitro. This suggested a partial loss of nuclear restrictive
control. The effect was mediated through factors present in the cytosol as
well as in the nuclear fraction. This effect appears to be comparable to that
produced when rats are treated acutely with L-tryptophan''” or with phe-
nobarbitone.!'® Sidransky®* assayed for the in vitro RNA release from hepatic
nuclei of rats that had been treated with ethanol (0.75g per 100 g body
weight) for 0.25, 0.50, 1, 2, or 3 h before killing. The results suggested that
within 1 h there was a marked enhancement of nuclear RNA release, which
was due mainly to the nuclei of livers of ethanol-treated rats. The effect was
much less at 2 and 3 h. Since the above enhanced nuclear RNA release due
to ethanol preceded or coincided along with decrease in protein synthesis
in the liver, it was different than that which occurred after L-tryptophan or
phenobarbitone, each of which caused increased hepatic protein synthesis.
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The acute administration® and also the chronic administration'® of ethanol
and the acute administration of tryptophan'®12 induced enhanced nuclear
RNA release, yet ethanol (acute or chronic) led to inhibition of protein
synthesis, while tryptophan stimulated hepatic protein synthesis. Thus, it
appears that the alteration of RNA release in each case was probably differ-
ent. The ethanol effect was most likely due to its induction of altered or
abnormal permeability of the nuclear membrane, while the tryptophan effect
was considered to be due to its enhancing effect on the physiologic transport
mechanism.!?! Reports have indicated that the physiologically relevant con-
centrations of ethanol may increase membrane fluidity.!** This fluidity can
perturb the function of membrane transport enzymes and membrane-bound
enzymes.!? Attention has been given to membrane pathology derived by
ethanol consumption for long intervals.'?#1% Conceivably, nuclear mem-
branes may also become altered.

6.4.3 Review of the Effects of Ethanol on Tryptophan
and Serotonin Metabolisms

Several reviews have been published relating to tryptophan and serotonin
metabolism in alcoholism.?”%3126 Here some essential features are presented.

6.4.3.1 Acute Effects
6.4.3.1.1 Animal Studies

In the rat, the most often studied animal species, whose tryptophan metabo-
lism resembles closely that of humans, acute ethanol administration, as
described earlier, induces a biphasic effect on serum tryptophan levels, an
initial increase followed by a later inhibition. Similarly, acute ethanol admin-
istration exerts a biphasic effect on brain serotonin synthesis and turnover, an
initial enhancement followed by a later inhibition.! The initial enhancement
is caused by an increase in circulating free tryptophan availability to brain,
probably secondary to a catecholamine-dependent lipolysis and a nonesteri-
fied fatty acid-mediated displacement of the albumin-bound amino acid,
whereas the later inhibition of serotonin synthesis and turnover is the result
of a decrease in circulating free and albumin-bound tryptophan availability
to the brain secondary to activation of hepatic tryptophan 2,3-dioxygenase
(TP) by the earlier increase in free tryptophan to the liver. The activation of
hepatic TP by acute ethanol administration, which is substrate (tryptophan)
mediated, has been described in rats by Badawy and Evans.!1!127128

6.4.3.1.2 Human Studies

Studies in humans have been limited and have been conducted only in
normal volunteers and in nonabstinent alcohol-dependent subjects. Davis
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et al.'? first described the decrease in urinary excretion of the major serotonin
metabolite 5-HIAA and the concomitant rise in that of 5-hydroxytryptophan
as a consequence of the shift of serotonin degradation from its major oxida-
tive to its minor reductive pathway in normal humans after acute ethanol
intake. Badawy et al.!® reported that acute ethanol intake in normal men
caused a 25% decrease in total and free tryptophan levels. Also, the blood
tryptophan-to-CAA ratio was down by 20%, thus lowering tryptophan avail-
ability to the brain and hence in serotonin synthesis.

6.4.3.2 Chronic Effects
6.4.3.2.1 Animal Studies

Badawy et al.¥! attributed the enhanced rat brain serotonin synthesis and
turnover by chronic ethanol administration to the increased circulating tryp-
tophan availability to the brain secondary inhibition of hepatic TP activity
(NAD(P)H-dependent allosteric inhibition).

6.4.3.2.2 Human Studies

Walsh et al.’*2 first described that urinary excretion of tryptophan metab-
olites of the hepatic kynurenine-nicotinic acid pathway was decreased after
oral tryptophan loading of chronic alcoholic subjects within 1 day of ces-
sation of ethanol intake. This suggests inhibition of hepatic TP activity in
his subjects. Friedman et al.!3 subsequently showed that serum kynurenine
levels after oral tryptophan loading were high in alcoholics after 1 month
of abstinence. This finding of inhibition of liver TP activity should result
in increased availability of circulating tryptophan to the brain for serotonin
synthesis. However, further experimentation is still needed to establish
fully the above interpretation.

6.4.4 Summary

Acute and chronic ethanol administration or intake and its subsequent with-
drawal in experimental animals and in humans exert major effects on tryp-
tophan and serotonin metabolism. The serotonin status is disturbed in
animal models of alcoholism and in alcohol-dependent patients character-
ized by a higher preference for alcohol consumption. A few experimental
studies have suggested that some aspects of ethanol toxicity may be
improved by the administration of tryptophan.1%®1% These preliminary find-
ings suggested the possibility of a beneficial effect of added tryptophan on
hepatic protein synthesis in ethanol-treated rats, but whether tryptophan
administration may be of therapeutic value needs to be established by further
investigative studies.
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6.5 Cardiovascular Disease

6.5.1 Hypertension

6.5.1.1 Rat Models of Hypertension

A number of studies have demonstrated that an elevated dietary intake
of L-tryptophan can lower blood pressure in several rat models of hyper-
tension. 134140

Squadrito et al.'*! reported that indolepyruvic acid, a keto analog of tryp-
tophan, at 100 mg per kg per day orally for 10 days, significantly decreased
systolic blood pressure in three rat models (spontaneously hypertensive,
DOCA + salt hypertensive, and Grollman hypertensive) but had no effect
in normotensive rats. Such treatment caused enhanced levels of tryptophan
in the cortex and diencephalon and enhanced brainstem serotonin content.
Their results suggested that indolepyruvic acid lowered blood pressure in
different rat models of hypertension, and the effect seemed to be correlated
with an increase in cerebral serotonin metabolism.

Tang et al.'*2 studied the effect of chronic hypertension on brain uptake of
tryptophan in chronic hypertensive rats and found that brain tryptophan
levels were five-fold greater than in normotensive rats. Also, the brain uptake
index values for tryptophan were two-fold higher in the experimental rats.

In regard to serotonin (5-HT), significant alterations in brain serotonin
content and metabolism were present in the spontaneously hypertensive rat
(SHR)™ and in the DOCA /NaCl hypertensive rat,'* but not in Dahl salt-
resistant (DS) rats.!> Chronic treatment with L-5-hydroxytryptophan, the
immediate precursor of serotonin reduced the elevated blood presence of
DS rats on a 4% NaCl diet.!#¢ Patterson et al.'¥” investigated plasma tryp-
tophan levels in DS and Dahl salt-resistant (DR) rats for 1 to 6 weeks on a
high salt diet, which produced significant elevation in blood pressure in the
DS rats after 4 and 6 weeks. Plasma tryptophan was significantly lower in
the DS rats when compared to the DR rats after 4 and 6 weeks on the high
salt diet. Also, no differences in plasma tryptophan were observed in DOCA
salt-induced, hypertensive, spontaneously hypertensive (SHR), stroke-prone
SHR, or fructose-induced hypertensive rats compared to their normotensive
controls. Thus, only DS rats appeared to have a selective salt-related defect
in peripheral tryptophan regulation.

A decrease in circulating tryptophan levels may be of importance in some
models of hypertension. The DS rat is an example of this. The reduction in
plasma tryptophan was clearly associated with the excess intake of NaCl
and concomitant elevation in blood pressure. Mechanisms that could account
for the reduction in plasma tryptophan could include a decrease in gas-
trointestinal absorption of tryptophan, an increase in urinary tryptophan
excretion, increased oxidation of tryptophan by tryptophan oxygenase, and
aberrant regulation (hormonal, nutrient, plasma protein) of tryptophan
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availability. It is indeed known that elevated 18-OH-DOC occurs, which
could influence the overall effects. Insulin level changes could be involved.
Alterations of levels of other amino acids in plasma may be of importance.
Thus, the effects of many interacting agents or conditions may be involved.
Additional studies using different experimental hypertension models may
help us understand the mechanism(s) by which altered circulating tryp-
tophan levels may be implicated. Considering the overall complexities in
the etiology of different forms of hypertension, much is still to be learned
about how tryptophan may be primarily or secondarily involved.

Fregly and Fater,'*¢ Fregly et al.,'*® and Fregly and Cade'¥ have been con-
cerned with the effect of chronic dietary administration of tryptophan in the
prevention of the development of DOCA-induced hypertension in rats. They
reported that the chronic administration of pyridoxine in combination with
chronic administration of tryptophan had greater protection than either
alone.' Similar findings occurred by combination of tryptophan with nico-
tinic acid.’ Also, Fregly et al.™*! reported that the chronic dietary administra-
tion of tryptophan reduced the elevated systolic blood pressure of
spontanously hypertensive(SH) rats. Reisselmann et al.™® studied the effect
of chronic tryptophan administration on the development of hypertension in
rats during chronic exposure to cold (5 to 6°C). Their findings consisted of
prevention of elevation of blood pressure attenuated cardiac hypertrophy
with the chronic administration of tryptophan (850 mg per day) compared to
controls. Of interest, Fregly and Cade!® stressed an important fact regarding
the antihypertensive effect of tryptophan: This amino acid has either pre-
vented or attenuated all major types of experimentally induced hypertension
in rats. No other compound has been shown to do this. This suggests that a
factor in common among all these types of hypertension is related to a relative
tryptophan deficiency, which results in failure to produce either enough sero-
tonin or one or more of the compounds in the kynurenine metabolic pathway.
However, it is possible that even without a relative tryptophan deficiency,
tryptophan administration may still be able to stimulate serotonin production
as well as kynurenine pathway metabolites. The findings based upon tryp-
tophan’s effect on hepatic protein synthesis and the mechanisms involved in
this process indicate that they occur without the need of tryptophan defi-
Ciencyl52,]53

6.5.1.2 Human Studies

Treatment with tryptophan has been shown to reduce blood pressure in
humans with mild to moderate essential hypertension.!®!% The exact mech-
anisms by which dietary tryptophan blunts the development of hyperten-
sion or lowers blood pressure in humans are not clear. Furthermore, it is
not known whether tryptophan lowers blood pressure due to peripheral or
central nervous system mechanisms or if tryptophan conversion to seroto-
nin (5-HT) is involved.!® Wolf and Kuhn'® reported that L-tryptophan but
not D-tryptophan produced an antihypertensive effect in spontaneously
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hypertensive rats. Yet both isomers of tryptophan increased brain tryp-
tophan to the same extent. Therefore, they concluded that the antihyper-
tensive effects of L-tryptophan did not appear to be mediated by brain
serotonin.

Tomoda et al.™™ reported on altered renal response to enhanced endoge-
nous serotonin after tryptophan administration in essential hypertension in
human subjects. The altered renal response (renal plasma flow, glomerular
filtration rate) to tryptophan found in essential hypertension was considered
to be partly related to the exaggerated efferent arteriolar constriction induced
by endogenously formed serotonin. In essential hypertension, there was a
baseline overproduction of renal serotonin, which may have contributed to
a reduction in renal excretory capability.

6.5.1.3 Comments Regarding Mechanism

The metabolism of tryptophan to serotonin has been postulated to play an
important role in cardiovascular regulation.!®!% Serotonin effects on cardio-
vascular actions are complex due to the anatomical complexity of the central
serotonergic systems involved in cardiovascular control and the presence of
multiple subtypes of serotonin receptors.'®¢! Also, peripheral cardiovascu-
lar actions of serotonin further complicate the interpretation of studies using
systemically administered serotonin agonists and precursors such as tryp-
tophan.'® Since tryptophan is oxidized via the kynurenine pathway, account-
ing for greater than 90% of tryptophan metabolism,'¢? the formed tryptophan
metabolites (kynurenine, quinolinic acid, nicotinic acid, etc.) have biologic
activity.137163164 The importance of these compounds is complicated. These
inherent problems exist in the interpretation and possible significance of
many studies, which showed that increased dietary tryptophan could lower
blood pressure and attenuate the development of hypertension.

The possible relationship between tryptophan and sodium ions has been
considered in a number of studies. Herken and Weber!® reported that under
certain conditions tryptophan injections intraperitoneally to rats led to a
reduction of elimination of Na**. Subsequently, Reuter et al.!*¢ analyzed the
alterations of water and electrolyte balances by the use of clearance experi-
ments. The fractional Na** reabsorption increases, with no increase in the
absolute tubular sodium transport rate since the significant reduced plasma-
sodium concentration led to a decreased sodium load. The most probable
cause of the decreased plasma—sodium concentrations seemed to be retention
of sodium-free water under the conditions of infusion. The water retention
is compatible with the antidiuretic effect of serotonin. Another relationship
between tryptophan and sodium has been reported on the effects of each
agent alone or together in vivo or in vitro, on in vitro hepatic nuclear tryp-
tophan receptor binding and hepatic protein synthesis.!¢”1% This has been
considered in detail in Chapter 4.
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6.5.2 Arteriosclerosis

6.5.2.1 Introduction

Sidransky!® reviewed experimental studies dealing with aspects pertaining
to the possible influence of dietary protein and amino acids on the develop-
ment of hypercholesterolemia, which is considered to be intimately associ-
ated with arteriosclerosis. This review of the extensive data collected over
many years from numerous experimental studies revealed unfortunately
that understanding how dietary components, particularly proteins and
amino acids, may act in the pathogenesis of this process is not clear. Specu-
lation was presented that the dietary-induced alterations in serum choles-
terol levels by proteins and amino acids may be related to nutritional
imbalances induced by unbalanced dietary intake and/or internal derange-
ments. The complexity of the problem was further enhanced because species
variability was observed in experimental studies. In general, humans
appeared to be more resistant to alterations due to changes in dietary pro-
teins and amino acids than were other species.

6.5.2.2 Studies with L-Tryptophan

Although many studies have investigated the effects of single amino acids
on decreases or increases of serum cholesterol levels in a number of animal
species and humans,'® no mention is made about tryptophan alone and its
effect. In 1975, Raja and Jarowski'” reported that the administration of cap-
sules containing L-tryptophan (69 mg) and L-lysine monohydride (205 mg)
three times daily after meals resulted in a significant drop in plasma choles-
terol and triglyceride levels in six human cases.

From 1952 to 1962, several experimental studies using rats fed a cho-
line-deficient diet reported the development of aortic arteriosclerosis.!?!-173
Using rats fed a choline-deficient diet, Sidransky et al.'”* reported that
elevated (2%) dietary tryptophan affected the elevated serum lipid levels
of rats fed the choline-deficient diet for 1 week. Within 1 week the added
dietary tryptophan to the choline-deficient diet caused a return in serum
cholesterol, HDL cholesterol, and triglyceride values to levels present in
rats fed the choline-supplemented diet. The significance of the alterations
in serum lipids due to added dietary tryptophan was unknown, but it
stressed that a specific amino acid (L-tryptophan) excess created a further
nutritional imbalance, which could influence the altered circulating serum
lipids due to choline deficiency. The alterations in serum lipid due to
choline deficiency were thought to influence the development of arterio-
sclerosis in the rat, and possibly the added dietary tryptophan was able to
prevent the effect. Further experimental studies are needed to determine
whether this speculation was valid.

Since high plasma cholesterol levels and plasma lipid peroxidation are
associated with arteriosclerosis, Aviram et al.'”> studied the effect of high
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dietary tryptophan on plasma lipid peroxidation in rats fed an atherogenic
diet (containing coconut oil and cholesterol) and a control diet (soybean oil).
Tryptophan supplementation did not affect the elevated plasma cholesterol
concentration in the rats fed the atherogenic diet, yet dietary tryptophan
supplementation further increased (21%) the increased (67%) lipid peroxi-
dation in the atherogenic diet group. Under their experimental conditions,
they concluded that excessive dietary tryptophan might be atherogenic since
it enhanced plasma lipid peroxidation in hypercholesterolemic rats and also
increased macrophage uptake of plasma cholesterol.

A number of studies were concerned with the possible relationship of
serotonin and cholesterol levels. Heron et al.'?® reported that by increasing
the cholesterol content in the synaptic membranes of mouse brain, serotonin
receptors increased markedly. In contrast, in lowering the cholesterol con-
centration, the number of serotonin receptors and binding of serotonin to
brain membranes decreased. These findings were consistent with the concept
that serum cholesterol may influence the function of serotonin in the central
nervous system.””

Baldo-Enzi et al.'”® investigated the serum tryptophan content and its pos-
sible binding to lipoproteins, which are the transport system in blood. Using
the sera of 16 patients subjected to surgical endoarterectomies, they mea-
sured the levels of total cholesterol, cholesterol bound to LDL and HDL
lipoproteins, and tryptophan. Also, the total cholesterol and tryptophan
levels in atheromatous plaques excised from the carotid artery were assayed
in the same patients. They also measured the total serum cholesterol and
cholesterol bound to LDL and HDL, lipoproteins in 13 healthy women. These
subjects revealed a slight hypercholesterolemia (233 mg/dl) and slightly high
total HDL cholesterol levels. Tryptophan was found in LDL and HDL, lipo-
protein fractions. Of the serum total tryptophan levels, approximately 1.6%
was bound to each of the LDL and HDL, fractions. It appears that HDL,
transports about four times more tryptophan than does LDL when the ratios
between tryptophan bound to each lipoprotein and the cholesterol present
in the same lipoprotein are considered. In the 16 endarterectomized patients,
the patients did not have hypercholesterolemia while HDL cholesterol was
decreased and serum tryptophan levels were in the normal range. In the
athermatous plaques, the cholesterol was 12 mg/g and tryptophan was
6.3 ug/g of tissue. These preliminary data indicate that tryptophan is not
only present in the athermanous plaques of the carotid arteries but also
appears to be bound to LDH and HDL, lipoprotein fractions. Normally,
blood tryptophan is transported mostly bound to albumin (80 to 90%) and
only a small fraction is in the free form (10 to 20%).”® The interesting findings
by Baldo-Enzi et al.'”® need to be repeated and extended before speculation
as to their importance emerges. Meanwhile, however, they speculate that
tryptophan in serum lipoproteins may be interpreted either as an amino acid
necessary for the rebuilding of damaged connective tissue, or, in the case of
that transported by the LDL fraction, as a source for serotonin biosynthesis
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in platelets. Some tryptophan appears to be prevalently transported by HDL,
lipoproteins, which suggests that the possible role of HDL, lipoprotein is for
tryptophan removal, decreasing the availability of this precursor for seroto-
nin biosynthesis.

Studies by Thomas and Stocker'® and Christen et al.!®! indicated that the
formation and release of the aminophenolic antioxidant 3-hydroxyanthra-
nilic acid (3-HAA) via the kynurenine pathway are responsible for the ability
of interferon-y-primed human macrophages to inhibit the oxidation of
low-density lipoprotein (LDL), an event implicated as an important event
in atherogenesis. 3-HAA efficiently inhibits LDL oxidation by acting as an
aqueous oxidant scavenger and a synergist for LDL-associated vitamin E.

6.5.3 Concluding Remarks

In regard to hypertension, a number of experimental animal models of
hypertension have been shown to respond to the administration of L-tryp-
tophan with a lowering of blood pressure. Also, in some human studies
with essential hypertension, L-tryptophan administration has been benefi-
cial. In considering the mechanism, the tryptophan-induced elevation of
serotonin has been speculated to be of vital importance. However, other
routes of action of tryptophan have also been considered and consist of
effects of other tryptophan metabolites and due to changes in sodium ion
concentrations in blood.

In regard to atherosclerosis, a number of studies have been concerned with
the effect of tryptophan on cholesterol and lipoprotein metabolism. These
studies are of much interest but unfortunately do not establish any clear
connection between tryptophan and the development of atherosclerosis.

6.6 Liver in Responses to Injury and Drugs

In view of L-tryptophan’s effects and actions on the livers of normal animals,
it is of interest to review how L-tryptophan may act on livers of animals
subjected to acute or chronic liver injury.

6.6.1 Acute Toxic Liver Injury

The influence or effects of L-tryptophan administration on the livers of
animals pretreated or posttreated with hepatotoxic chemicals or drugs have
been investigated in many studies. Selected studies with a number of com-
monly used toxic agents are cited. The review deals mainly with biochemical
changes rather than with morphologic changes.
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6.6.1.1 CCl,

Many reports years ago dealt with the toxic effect of carbon tetrachloride on
the liver of experimental animals.!82!8 Among the biochemical changes in the
liver following the administration of carbon tetrachloride are disaggregation
of hepatic polyribosomes and inhibition of hepatic protein synthesis.!8+18

Sidransky et al.!®” studied the effect of tryptophan in rats on the disaggre-
gation of hepatic polyribosomes and on the inhibition of hepatic protein
synthesis due to the acute administration of CCl,. Overnight fasted rats were
treated intraperitoneally with CCl, before (0.5 and 1.5 h before killing) or
after (0.25 and 0.75 h before killing) receiving L-tryptophan intraperitoneally.
Rats that received CCl, alone showed marked hepatic polyribosomal disag-
gregation and decreased in vitro hepatic protein synthesis. Rats that received
tryptophan before or after CCl, showed an improvement in in vitro hepatic
protein synthesis, but only the former group revealed an improvement in
hepatic polyribosomes. Studies in which rats received [CJorotic acid to
prelabel hepatic RNA before receiving tryptophan and CCl, revealed that
tryptophan treatment increased the availability of poly(A)-mRNA in the
cytoplasm of livers of CCl-treated rats. In another study, Sidransky et al.!®
used different time intervals and reported that rats treated with L-tryptophan
0.25 h before CCl, and 0.75 h before kill off showed improved hepatic poly-
ribosomal aggregation and protein synthesis (in vitro). Thus, based upon the
results of both studies, it appeared that the main effect of L-tryptophan on
CCl, toxicity deals with prevention more than with curative action.

Rothschild et al.’® found that the addition of tryptophan to isolated per-
fused livers of rabbits treated with CCl, aided in the recovery of albumin
synthesis. This study is consistent with the findings that tryptophan had a
beneficial effect on hepatic polyribosomes and protein synthesis in rats
treated with CCl,. Thus, tryptophan may be a useful therapeutic agent for
the livers of experimental animals injured with CClL,.

De Ferreyra et al.!191%0 and De Toranzo et al.!”! have for many years been
concerned with CCl-induced hepatic necrosis and its prevention by selected
amino acids. Although aspartic acid, cysteine, and tyrosine were effective
when given as late as 6 h after CCl,, the protective effects were no longer
evident when observations of CCl,-induced necrosis were made at 72 h,
except for cysteine, which retained its protective potential.!”! Cysteine given
6 h after CCl, exerted a weak preventative effect on CCl,-induced liver
necrosis while tryptophan did not.!* However, when both amino acids were
given together, a marked protective effect was observed.!® Based upon these
findings, they speculated that cysteine may influence glutathione synthesis,
which in turn may lead to the protection of cell membranes against peroxides
and free radicals.!?>1% Also, they speculated that, since tryptophan stimulates
hepatic protein synthesis, cysteine might also become involved in this pro-
cess to the benefit of the liver. Another study was directed toward obtaining
more information in regard to how cysteine and tryptophan acted in
preventing CCl-induced hepatic necrosis.!** Rats received CCl, (1 ml/kg
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intraperitoneally) followed 6 h later by tryptophan (300 mg/kg) and/or
cysteine (950 mg/kg) via stomach tube, and rats were killed after 24 h.
Treatment with tryptophan, cysteine, or both reduced the degree of hepatic
necrosis observed histologically. While CCl, caused polyribosomal disaggre-
gation and decreased ['“C]leucine incorporation into liver proteins in vitro
and in vivo, treatment with tryptophan, cysteine, or both caused a shift in
polyribosomes toward heavier aggregation, and protein synthesis was
increased. Serum activities of lactic dehydrogenase (LDH), glutamate oxalo-
acetate transaminase, glutamate pyruvate transaminase, and y-glutamyl-
transpeptidase were markedly increased after CCl, alone, but after
subsequent treatment with cysteine or with tryptophan and cysteine appre-
ciable decreases occurred. Glutathione concentration decreased but the total
amount remained constant in the livers of CCl,-treated rats, while subse-
quent treatment with cysteine alone or together with tryptophan elevated
both levels of glutathione. Using isolated hepatocytes, CCl, caused decreases
in cell viability, in release of LDH, and in ["C]leucine incorporation into
protein. Treatment with CCl, and tryptophan and/or cysteine revealed that
cysteine alone or with tryptophan improved cell viability and decreased
LDH release of the cells, while tryptophan alone or with cysteine improved
protein synthesis. Upon cytologic evaluation, the isolated hepatocytes
revealed membrane distortions after CCl, alone, but these were less marked
after CCl, plus tryptophan, cysteine, or both (most improvement). Thus,
tryptophan and cysteine act in a beneficial manner against CCl-induced
hepatic injury in the rat. In this study, tryptophan itself was observed to
have a beneficial effect against CCl,-induced hepatic necrosis. This finding
disagrees with those of De Ferreyra et al.,'*® who described no improvement
due to tryptophan alone. This discrepancy may be related in part to their
use of acidified solutions of amino acids in many of their experimental
studies.'”!*> They mention that in many of their experimental studies the
amino acids used were dissolved in water adjusted to pH ~ 1 with HCL911%
On the other hand, Wang et al.’* found that acidified solutions of tryptophan
or cysteine were less effective than the solutions of each amino acid in water
alone.

It is of interest that Ohta et al.'”® reported on the preventative effect of
melatonin, normally synthesized from tryptophan by the pineal gland, on
the progression of CCl-induced acute liver injury in rats (1 ml/kg body
weight after 6 h and progressed at 24 h). Melatonin (50 or 100 mg/kg body
weight) was administered 6 h after CCl, ingestion, and it prevented the
increase in liver lipid peroxide content and decrease in liver reduced glu-
tathione content in the liver injury progression that occurred after CCl, alone.
The melatonin effect was thought to be through its antioxidant action.

6.6.1.2 Ethionine

Sidransky et al.'” reported that mice or rats fasted overnight and treated
intraperitoneally for 2 to 3 h with ethionine, a hepatotoxic agent that inhib-
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ited hepatic protein synthesis, revealed hepatic polyribosomal disaggrega-
tion and decreased in vitro hepatic protein synthesis. Tube-feeding
L-tryptophan after ethionine treatment and 1 h before killing caused a cor-
rective effect on hepatic polyribosomes and protein synthesis. Simultaneous
administration of ethionine and tryptophan to fasted rats 1 h before killing
induced a shift of hepatic polyribosomes toward heavier aggregation, similar
to that observed after tube-feeding tryptophan alone.

In another study, Sidransky et al.8® reported that treatment with L-tryp-
tophan 0.5 h before treatment with ethionine and 2.5 h before killing offered
no improvement in hepatic polyribosomes and hepatic protein synthesis
(in vitro). However, tube-feeding L-tryptophan 1 h after ethionine and 2 h
before killing revealed improvement in hepatic polyribosomes and protein
synthesis (in vitro) compared to the ethionine alone group. Thus, L-tryp-
tophan had a curative effect but not a preventative effect due to ethionine.

6.6.1.3 Actinomycin D

Sidransky and Verney'® investigated the effect of L-tryptophan on hepatic
polyribosomal disaggregation after actinomycin D, an agent that interferes
with DNA-dependent RNA synthesis. The disaggregation of hepatic poly-
ribosomes in fasted rats 6 h after actinomycin treatment returned toward
normal, becoming reaggregated by the tube-feeding of L-tryptophan 2 h
before killing. However, pretreatment twice with L-tryptophan followed by
actinomycin D (5 and 1 h later) did not improve the polyribosome disaggre-
gation. Thus, L-tryptophan was curative but not preventative in its action
on the hepatic polyribosomes.

6.6.1.4  Puromycin

Sarma et al.’® reported that the tube-feeding of L-tryptophan (10 min) after
puromycin treatment (20 min) had a corrective effect on the state of hepatic
polyribosomes and on protein synthesis. In another study, Sidransky et al.!s
reported that pretreatment with L-tryptophan (0.5 h) before puromycin
(20 min before kill) improved hepatic polyribosomal aggregation and protein
synthesis. Thus, L-tryptophan was preventative as well as curative in regard
to puromycin action.

6.6.1.5 Cycloheximide

Cycloheximide, an inhibitor of hepatic protein synthesis, was investigated
to determine whether it would affect in vitro 3H-tryptophan binding to iso-
lated rat hepatic nuclei or nuclear envelopes.?® The addition of cyclohexim-
ide, but not of heat-treated cycloheximide, which loses its activity in vitro,
inhibited 3H-tryptophan binding to hepatic nuclei or nuclear envelopes. In
vivo treatment of rats with cycloheximide diminished in vitro *H-tryptophan
binding to hepatic nuclei of treated rats compared to controls. In vivo treat-
ment of puromycin, another inhibitor of protein synthesis, also diminished
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in vitro *H-tryptophan binding, but when puromycin was added in vitro, it
did not affect SH-tryptophan binding to hepatic nuclei. The mechanism by
which cycloheximide acted in vitro was considered to probably be by its
structural effect on the receptor. Four cycloheximide-related compounds,
4-phenacylpyridine-N-oxide monohydrate, 4-(2-phenylethyl)-pyridine,
4-chlorophenyl-4-phenethyl)-piperdine ketone, and 2-3,4-dimethoxy-
phenyl)-3-oxo-3-pyridin-4-YL-propionitrile, likewise had inhibitory effects
on in vitro SH-tryptophan binding to hepatic nuclei, suggesting that struc-
tural effects are active. The effect of cycloheximide administered in vivo
may also be in part by inhibiting protein synthesis, as was the case with
puromycin.

6.6.1.6  Hypertonic NaCl

One important physiologic process that rapidly influences hepatic protein
synthesis is the tonicity of the cellular environment. Administration of
hypertonic solutions such as hypertonic NaCl to animals rapidly diminishes
hepatic protein synthesis, whereas the administration of hypotonic solu-
tions rapidly stimulates hepatic protein synthesis.??2%> These responses
have been correlated with alterations in cell volume; hyperosmotic cell
shrinkage induces stimulation of catabolic pathways, whereas hypoosmotic
cell swelling enhances anabolic pathways.222 Cell volume regulation is
fast (generally within minutes) but leaves cells with disturbed intracellular
inorganic ion concentrations that are in most cases disadvantageous. The
effects on hepatic protein synthesis of altered tonicity alone?*?% or com-
bined with the influence of L-tryptophan were studied. The inhibition of
hepatic protein synthesis due to the administration of hypertonic salt could
be negated or reversed by the administration of L-tryptophan together with
the hypertonic NaCl.8

Subsequent studies!®® reported that the administration of L-tryptophan
before (0.5 h) or after (0.5 h) hypertonic NaCl (1 h before kill off) improved
hepatic polyribosomal aggregation and protein synthesis compared to con-
trols receiving hypertonic NaCl alone.

In another study, Sidransky et al.!®” were concerned with the effects of
NaCl administered in vivo or added in vitro to isolated nuclei on [*H]tryp-
tophan binding to rat hepatic nuclei assayed in vitro. Hypertonic (10.7%)
NaCl administered in vivo to rats caused at 10 min a marked decrease in in
vitro binding (total and specific) of [*H]tryptophan to hepatic nuclei. In vitro
incubation of isolated hepatic nuclei but not of isolated nuclear envelopes
with added NaCl (particularly at 0.125 x 10 M and 0.25 x 10 M) revealed
significant inhibition of [*H]tryptophan binding. However, isolated hepatic
nuclear envelopes prepared after in vitro incubation of isolated nuclei with
added NaCl did show inhibition of [*H]tryptophan binding (total and spe-
cific) compared with controls. Other salts (KCl, MgCl,, NaHCO,, NaC,H;0,,
NaF, or Na,SO,) at similar concentrations to those of NaCl, except for MgCl,,
when added to isolated nuclei did not appreciably inhibit nuclear tryptophan

© 2002 by CRC Press LLC



118 Tryptophan: Biochemistry and Health Implications

binding. Kinetic studies of in vitro nuclear [*H]tryptophan binding in the
presence of 0.125 x 10 M NaCl revealed that binding decreased at 0.5 h and
continued to 2 h compared with nuclear [*H]tryptophan binding with con-
trols (without NaCl addition). The results obtained in vivo in rats and those
obtained in vitro with isolated hepatic nuclei revealed NaCl-induced inhib-
itory effects on [*H]tryptophan binding to hepatic nuclei. Although the inhib-
itory effects were similar under the two different experimental conditions,
the mechanism for each may be different in that the NaCl concentration in
hepatic cells after administration of NaCl in vivo was appreciably higher
than the low levels added in vitro to the isolated hepatic nuclei.

6.6.1.7 o-Amanitin

o-Amanitin, an inhibitor of RNA polymerase II activity?® and of poly(A)
mRNA synthesis, '8 was investigated in experiments where rats were tube-
fed L-tryptophan before (0.5 h) or after (0.5 h) administering o-amanitin (0.5
or 1 h before killing).!88 Under these conditions, L-tryptophan had a preven-
tative and curative effect in regard to o-amanitin on hepatic polyribosomal
aggregation and protein synthesis.

6.6.1.8 Sparsomycin

Sparsomycin, a sulfur-containing antibiotic, inhibits protein synthesis in
mammalian and bacterial cells. Tryptophan administration before or after
sparsomycin did not affect the hepatic polyribosomal disaggregation or the
decreased protein synthesis due to sparsomycin.!® A possible explanation
for the lack of effect by tryptophan may be due to sparsomycin’s ability to
cause fall-off ribosomes, which are defective as indicated by the decreased
formation of polyphenylalanine when assayed in vitro with poly(U).2”

6.6.1.9 Lead Acetate and Selected Metal Salts

Toxicity related to a number of metals has been reported. Metallic salts may
affect a number of organs including liver and brain. It is of interest that a
number of transition metals and their anions, such as lead, zinc, cadmium,
arsenite, and selenite, have been demonstrated to affect nuclear binding of
glucocorticoid.2%-211 Sidransky and Verney?'? investigated whether such salts
would affect nuclear tryptophan binding. Lead salts and other salts of cad-
mium, zinc, mercury, and molybdenum, when added alone, had only small
effects on 3H-tryptophan binding to rat hepatic nuclei in vitro. However, each
of the salts, when added along with unlabeled L-tryptophan (excess 10* M),
caused significantly less inhibition of 3H-tryptophan binding to hepatic
nuclei than did unlabeled L-tryptophan alone. Rats receiving a high dose of
lead acetate before being tube-fed L-tryptophan displayed a decrease in
hepatic protein synthesis compared to the stimulating response connected
with L-tryptophan alone.

© 2002 by CRC Press LLC



Tryptophan Effects or Influences on Biological Processes 119

The effects of lead acetate closely resemble those reported with L-leucine.?'3
In each case, the compound itself does not appear to inhibit in vitro SH-tryp-
tophan binding to hepatic nuclei. However, when each is added together
with unlabeled L-tryptophan, it abrogates the inhibiting effect that the unla-
beled L-tryptophan alone had on binding. This type of reaction pattern seems
to be compatible with a response of an allosteric nature. Currently, no expla-
nation for the effect of either compound is available.

6.6.1.10 Cordycepin

Cordycepin (3’-deoxyadenosine), an agent that suppresses polyadenylation
with a marked reduction of mRNA in cytoplasmic polyribosomes, was inves-
tigated with L-tryptophan. Administration of L-tryptophan to fasted rats (1 h
before kill) pretreated (2 h) with cordycepin induced a shift in hepatic poly-
ribosomes toward heavier aggregation and an increase in in vitro protein syn-
thesis.!?® Also, treatment with L-tryptophan (2.5 h before killing) and
cordycepin 0.5 h later enhanced hepatic polyribosomal aggregation and protein
synthesis.!®® Thus, L-tryptophan acted in a preventative and curative manner.

6.6.1.11 NaF

NaF is an inhibitor of glycolysis and negatively affects the adenylate cyclase
system. Pretreatment (0.5 h) and posttreatment (1 h) with L-tryptophan
before but not after NaF (1 to 2 h before kill) led to marked improvement of
hepatic polyribosomal aggregation and protein synthesis.!®

6.6.1.12 Ethanol

Ethanol has long been implicated in inducing toxic liver disease. Many
studies have been concerned with ethanol’s effect on hepatic protein syn-
thesis.** Rothschild et al.'® reported that the addition of L-tryptophan to
isolated perfused livers of rabbits treated with ethanol aided in the recovery
of albumin synthesis.

6.6.1.13 Choline Deficiency

Rats fed a choline-deficient diet rapidly develop a fatty liver. It was of interest
to investigate whether rats fed such a choline-deficient diet would respond
to treatment with L-tryptophan. Rats fed the control (choline-supplemented)
diet but not the choline-deficient diet for 1 week and tube-fed L-tryptophan
10 min before being killed revealed enhanced labeled hepatic nuclear RNA
release in vitro.'”* When rats were fed elevated L-tryptophan (2%) in the diets
(choline-deficient (CD) or choline-supplemented (CS)) for 1 week, labeled
hepatic nuclear RNA release was increased with the CS + tryptophan diet
but not with the CS + tryptophan diet groups. *H-tryptophan binding to
hepatic nuclei in vitro revealed no change in the CS + tryptophan group,
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decreased in the CD group, and markedly increased in the CD + tryptophan
group in comparison with the control (CS) group. Hepatic nuclear nucleoside
triphosphatase activity was increased only in the CS + tryptophan group,
while hepatic nuclear poly(A)polymerase activity was increased in the CS +
tryptophan and in the CD + tryptophan groups. The results are summarized
in Table 6.1.

TABLE 6.1

Rats Fed ad Libitum A Choline-Deficient (CD) or A Choline-Supplemented (CS) Diet
without or with Added (2%) L-tryptophan for 1 Week

Groups

Parameters CS CS + TRP CD CD + TRP
Liver
Weight (fatty change) N N +++ +++
Labeled nuclear RNA release N + - -
After tube-feeding TRP (10 min) +++ N
Nuclear NTPase activity N ++ N +
Nuclear poly(a)polymerase activity N + + ++
SH-TRP nuclear binding N N - +++
Cellular for TRP level N N N N
Nuclear for TRP level N N ++ ++
Serum
Free-TRP levels N N N N
Triglycerides N N - N
Cholesterol N N - N
HDL cholesterol N N - -

Note: Normal or baseline, N; decrease —; increase +.

Feeding a choline-deficient diet has been reported to induce structural and
functional changes in cell membranes of microsomes,?'* of smooth endoplas-
mic reticulum,?® and of mitochondria.?*> Hepatic nuclear changes have been
described in choline-deficient diet-fed animals.?!¢ Also, hepatocyte receptors
for epidermal growth factor?” and for insulin?® have been reported to be
decreased in rats fed a choline-deficient diet. The findings of decreased liver
nuclear L-tryptophan binding in vitro in choline-deficient diet-fed rats is
consistent with nuclear membrane alterations. However, the increased
hepatic nuclear L-tryptophan binding in vitro in the CD + tryptophan diet-fed
rats is difficult to explain.

Overall, the altered responses of hepatic nuclei of rats fed a CD diet to
tryptophan are difficult to explain. Nevertheless, several findings merit com-
ments. The failure of the livers of rats fed the CD diet to show increases in
[“CJorotate-labeled nuclear RNA release in response to tryptophan (either
tube-fed acutely or added to the diet) is consistent with the lack of increase
in nuclear NTPase activity in the feeding experiments. This enzyme has been
demonstrated to show increased activity in hepatic nuclei of normal animals
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exposed to tryptophan,!?121%220 and this response is consistent with active
nucleocytoplasmic translocations of RNA.?>! Nuclear poly(A)polymerase
activity becomes enhanced in the livers of normal rats treated acutely with
tryptophan??? or fed elevated dietary tryptophan. Similar elevations occur
inrats fed a CD diet that is further enhanced by elevated dietary tryptophan.
Thus, it appears that enhanced polyadenylation occurs due to both condi-
tions (elevated dietary tryptophan and CD diet). Hepatic nuclear free tryp-
tophan levels are increased in rats fed the CD diet or the CD + tryptophan
diet in comparison to controls (CS or CS + tryptophan groups). On the other
hand, [*H]tryptophan binding to hepatic nuclei in vitro is decreased in rats
fed the CD diet but markedly increased in rats fed the CD + tryptophan diet.
Whether the alterations in the free tryptophan levels in hepatic nuclei and
in the nuclear binding capacities in the livers of rats fed the CD diet are
possibly related is unclear. Also, the ability of the tryptophan in the CD +
tryptophan diet to increase the serum triglyceride and cholesterol levels that
are lowered by the CD diet suggests that tryptophan may overcome the
disturbance in lipoprotein transport out of the liver into the serum.

6.6.1.14  Other Agents (Aflatoxin B,, Dimethylnitrosamine,
Galactosamine)

Sidransky et al.’®¥ expanded the information concerning tryptophan and its
effects on other hepatotoxic agents, aflatoxin B;, dimethylnitrosamine, and
galactosamine in rats. In these experiments a curative effect was found due
to tryptophan with aflatoxin B,, dimethylnitrosamine, and galactosamine.
Also, Kroger et al.?? had reported that the administration of D-galac-
tosamine-HCl induced alterations in livers of normal or adrenalectomized
rats, histologically resembling hepatitis and that pretreatment with DL-tryp-
tophan could prevent this effect.

6.6.1.15 Concluding Remarks

In some experiments concerned with the mechanism by which tryptophan
acted to improve hepatic protein synthesis after toxic injury, the ability of
tryptophan to stimulate hepatic mRNA synthesis, nucleocytoplasmic trans-
location of RNA in vitro, and nuclear envelope nucleoside triphosphatase
activity after hepatotoxic injury was measured.!® Nucleoside triphosphatase
(Mg?*-dependent adenosine triphosphatase, EC 3.6.1.3.1) was assayed since
it is present in mammalian liver nuclear envelopes,? and there is evidence
that this enzyme is involved in nucleocytoplasmic translocation of RNA.?!
All of these parameters were elevated significantly by tryptophan after
agents such as actinomycin D, cordycepin, ethionine, puromycin, and hyper-
tonic NaCl demonstrated a curative effect by tryptophan, but not after tryp-
tophan following CCl,, NaF, and sparsomycin demonstrated no im-
provement with tryptophan. These findings emphasized the importance of
the role that tryptophan plays in stimulating the availability of cytoplasmic
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mRNA, and this effect occurred even after liver injury by certain toxic agents.
On the other hand, it is unclear why after CCl,, NaF, or sparsomycin this
effect on hepatic mRNA, as well as on hepatic polyribosomes and protein
synthesis, was absent.

In attempting to determine why tryptophan acted only in a preventative
manner but not in a curative manner with CCl, and NaF, the data merited
review. With CCl,, tryptophan administration after CCl, treatment did not
improve hepatic polyribosomal aggregation but did improve somewhat in
vitro hepatic protein synthesis. It is probable that some aspects of the curative
effect of tryptophan after CCl, treatment were still operative while others
were not. In this case, the ribosomes injured by CCl, may not have become
recycled, as suggested by Farber et al.,'® based upon studies with cyclohex-
imide. Nonetheless, the increased stimulation by tryptophan of new rRNA
(as reported by Oravec and Korner?? using fasted animals receiving tryp-
tophan) may still be sufficient to allow for a small increase in in vitro hepatic
protein synthesis with only a minimal change in the polyribosomal pattern.
With NaF, tryptophan administration before NaF (30 min) may have caused
enough stimulation of hepatic polyribosomes and protein synthesis so that
the subsequent (30 min) effect of the NaF was proportionally reduced such
that the end result after 60 min was one of improvement. The results after
simultaneous administration of NaF and tryptophan revealed complete inhi-
bition of the tryptophan effect on hepatic polyribosomes and protein syn-
thesis in vitro, similar to that found in the curative study.

Many hepatotoxic agents, with different mechanisms of action, have been
investigated in regard to whether L-tryptophan can improve the state of
hepatic protein synthesis in the animals that had been treated with each toxic
agent before or after L-tryptophan. The results are summarized in Table 6.2.
With only a rare exception, sparsomycin, L-tryptophan administered orally
seems to improve hepatic protein synthesis. This is consistent with L-tryp-
tophan’s action in stimulating hepatic protein synthesis in normal (fasted or
fed) animals.!52226 In studies with selected hepatotoxic agents, L-tryptophan’s
ability to act in a beneficial manner toward hepatic protein synthesis in the
toxic agent-induced liver injury, parameters such as hepatic polyribosomal
aggregation, in vitro nuclear RNA efflux, and nuclear nucleoside triphos-
phatase activity were also studied. In general, these limited experiments
indicated that hepatic metabolic changes due to L-tryptophan were similar
to those described in normal animals receiving L-tryptophan.

Thus, overall, one may speculate that livers with injury due to many toxic
agents are generally still capable of responding to L-tryptophan. This raises
the possibility that L-tryptophan may become a therapeutic agent under
certain acute pathologic states.

6.6.2 Chronic Toxic Liver Injury

The effects of the administration of tryptophan on toxic cirrhosis induced
by intermittent carbon tetrachloride (CCl,) intoxication in the rat were
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TABLE 6.2

Effect of L-Tryptophan before or after Treatment with
Hepatotoxic Compounds or Drugs on Hepatic Protein Synthesis
(Status of Polyribosomes and in Vitro Protein Synthesis)

Effect of L-Tryptophan

Test Compound Before (Preventive) After (Curative)

Hepatotoxic Agents

Actinomycin D
o-Amanitin
CCl,
Cordycepin
Ethanol
Ethionine

Lead Acetate
Puromycin
Hypertonic NaCl
NaF
Sparsomycin

o + + + o
co+ + + + + + O+ +

o+ + +

investigated.?”” Rats received CCl, (0.45 ml per 100 g body weight intra-
peritoneally) twice weekly for 10 to 14 weeks. Tryptophan (30 mg per 100 g
body weight) by stomach tube was administered 1 h before killing. Tryp-
tophan improved hepatic polyribosomal aggregation and [!*C]leucine
incorporation into protein in vitro of control rats as well as long-term
CCl,-treated rats that had developed toxic cirrhosis. However, the effects
were more marked in control than in experimental rats. Tryptophan admin-
istration induced an increase in labeled nuclear RNA release in vitro and
a decrease in labeled tryptophan binding to nuclear protein in vitro of livers
of rats receiving long-term CCl, and of control rats. The results indicate
that the stimulatory effects of a single administration of tryptophan in toxic
cirrhotic livers are similar to but somewhat less than those that occur in
livers of normal, control rats.

Ohta et al.??8 studied whether L-tryptophan would alleviate CCl,-induced
chronic liver injury and related dysfunction in rats. Rats received a daily
intraperitoneal injection of L-tryptophan (50 mg/kg) for 2 weeks after 6
weeks of subcutaneous injections of CCl, (1 mg/kg) twice weekly. In the
rats treated with CCl, alone, the concentration of serum albumin and liver
protein and the activity of liver protein synthesis in vitro decreased. The
rats that also received L-tryptophan revealed that L-tryptophan alleviated
these changes. They speculated that the latter finding alleviated the liver
injury changes.

Aspects of tryptophan and chronic toxic liver injury are covered in the
next section about tryptophan and cancer.
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6.6.3 Tryptophan and Drug Effects

6.6.3.1 Demoxepam

Demoxepam, the N-desalkylated compound of chlordiazepoxide, has been
reported to have an inhibiting effect on in vitro *H-binding to rat hepatic
nuclei and had an apparent K, ~ 22 uM.??° Based upon the above results, it
became of interest to consider whether L-tryptophan would also influence
binding to the benzodiazepine receptors. Specific receptors for benzodiaz-
epines have been demonstrated on neurons in the CNS of all higher verte-
brates.?® The benzodiazepine receptor possesses a high specificity for
benzodiazepines and related agents. L-tryptophan has been reported as an
ineffective agent on benzodiazepine recognition sites. L-tryptophan at 1900
uM gave 50% inhibition of specific binding.?! This contrasts to the 60 uM
level of demoxepam, which gave 50% inhibition of specific tryptophan bind-
ing.

6.6.3.2 Other Benzodiazepines

Other benzodiazepines, chlordiazepoxide, diazepam, prazepam, flu-
razepam, nordazepam, N-desalkylflurazepam, temazepam, oxazepam,
lorazepam, or 4-chlorodiazepam had little influence on the L-(5-°H) tryp-
tophan binding to hepatic nuclei when added in vitr0.»2 Only the addition
of demoxepam, the N-desalkylated compound of chlordiazepoxide, caused
marked competition with SH-tryptophan binding to hepatic nuclei in vitro.
When chlordiazepoxide (1 mg per 100 g body weight) was administered
intraperitoneally 20 min before killing, the isolated hepatic nuclei revealed
decreased specific L-tryptophan binding compared to controls. Also, rats
pretreated with chlordiazepoxide intraperitoneally before tube-feeding
L-tryptophan revealed diminished tryptophan-induced hepatic nuclear
RNA efflux and protein synthesis. The results suggested that chlordiazep-
oxide, possibly by itself or through a metabolite, can act to affect hepatic
nuclear binding of L-tryptophan and to inhibit the stimulatory effect of
L-tryptophan on hepatic protein synthesis.

6.6.3.3 Metyrapone

Metyrapone (2-methyl-1,2-di-3-pyridyl-1-propanone), an inhibitor of
endogenous adrenal corticosteroid synthesis via inhibition of cytochrome
P-450-mediated steroid hydroxylation, was evaluated for its influence on
the binding of L-tryptophan to rat hepatic nuclei or nuclear envelopes.?
The results indicated that the addition of metyrapone in vitro had little
influence on L-(5-*H)tryptophan binding to hepatic nuclei or nuclear enve-
lopes. On the other hand, when metyrapone (1 mg per 100 g body weight)
was tube-fed 30 min before killing, the isolated hepatic nuclei show
decreased specific L-tryptophan binding (total binding minus nonspecific
binding (using 2,000-fold excess of unlabeled L-tryptophan)) compared
with controls. Also, addition of metyrapone in vitro to rat liver before
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homogenization and preparation of nuclei caused the nuclei to show
decreased specific tryptophan binding compared with controls. Under these
in vitro conditions, SKF 525A, another inhibitor of hydroxylation, showed
inhibitory effects similar to those of metyrapone. Thus, metyrapone inter-
fered with rat liver nuclear envelope receptor binding to L-tryptophan, and
possibly acted via its effects on hydroxylation. At high doses, metyrapone
(20 mg per 100 g body weight) appeared to inhibit tryptophan-induced
stimulation of hepatic protein synthesis.

6.6.3.4 Valproic Acid

Valproic acid, a branched-chain fatty acid, which has been used in the treat-
ment of seizures and which under certain conditions is hepatotoxic, was
studied for its influence on the binding of L-tryptophan to rat hepatic
nuclei.?®* The results indicated that the addition of valproic acid to hepatic
nuclei or nuclear envelopes in vitro had little influence on their L-(5-*H)tryp-
tophan binding. On the other hand, when valproic acid (80 mg per 100 g
body weight) was tube-fed 2 h before killing, the isolated nuclei show
decreased specific L-tryptophan binding (total binding minus nonspecific
binding using unlabeled L-tryptophan (10-+M), at 200-fold excess) compared
with controls. Other fatty acids (oleic, palmitic, or linoleic acid at 104 M)
when added with excess, unlabeled L-tryptophan (10 M) in vitro to hepatic
nuclei revealed some decreased specific binding (but less than with valproic
acid) compared with controls. At high doses, valproic acid (80 mg per 100 g
body weight) appeared to decrease tryptophan-induced stimulation of
hepatic protein synthesis, probably in a hepatotoxic manner.

Of interest is the ability of valproic acid to bind to albumin-binding sites*®
similar to the albumin binding of L-tryptophan®* and of free fatty acids to
displace the drug from binding sites in plasma proteins.??” Also, the metab-
olism of valproic acid occurs primarily in the liver.® Currently, more than
ten different metabolites have been identified and classified according to
their routes of metabolism. The metabolic pathways identified include con-
jugation with glucuronic acid, B-oxidation, and W-1/W-2 oxidation via the
cytochrome P-450 system.?? Fisher et al.?*’ reported that valproic acid or
metabolites (2-en-valproic acid and 4-en-valproic acid, 300 mg/ml) inhibited
hepatic protein synthesis of rat and human liver slices and, therefore, con-
sidered these levels as hepatotoxic. Also, they described that the co-admin-
istration of an antiepileptic drug, such as phenytoin and phenobarbital which
themselves induced cytochrome P-450 enzymes, and of valproic acid have
been linked to the formation of the more pronounced hepatotoxic metabolite
4-en-valproic acid.?*! In earlier studies,?%?42243 it was reported that L-tryp-
tophan enhanced hepatic cytochrome P-450 activity. Thus, it is possible that
the combination of valproic acid and tryptophan in vivo led to the enhanced
formation of the hepatotoxic metabolite 4-en-valproic acid, which adversely
affected the hepatic protein synthesis mechanism and, therefore, accounted
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for less enhancement in hepatic protein synthesis due to L-tryptophan than
when L-tryptophan was administered alone.

6.6.4 Concluding Remarks

In the previous sections, a number of chemicals that cause acute toxic liver
injury have been reviewed in relation to their biochemical actions with or
without tryptophan administration. It is of special interest that tryptophan
was able to improve hepatic protein metabolism when administered before,
simultaneously, or after administering the toxic compound (Table 6.2). Like-
wise, the effects of tryptophan on altered liver function due to the acute
administration of selected drugs are reviewed. Overall, the experimental
findings demonstrate that many of the regulatory effects of tryptophan on
hepatic protein metabolism can occur even during acute liver injury. This
raises many questions as to whether L-tryptophan may possibly have ther-
apeutic applications under certain states of liver injury. Further experimen-
tal studies should establish whether this consideration is valid or not.

6.7 Cancer

6.7.1 Introduction

Relationships between nutrition and cancer have been of concern for many
years and continue to be of great interest. A number of nutrients have been
thought to play a role in the induction of certain tumors. On the basis of
animal experimentation, L-tryptophan has been implicated dating back to
1950.24 Since that time, a number of important developments have occurred
that serve to highlight how L-tryptophan may be related to carcinogenesis.
In 1977, it was first reported that the pyrolysis of tryptophan leads to highly
mutagenic and carcinogenic compounds.?® In 1978, it was reported that
some indole-containing compounds (of which L-tryptophan may be a pre-
cursor) can act under certain circumstances to inhibit chemical carcinogen-
esis in animals;? the action of such compounds was attributed mainly to
their ability to increase the activity of the microsomal mixed-function oxidase
system, leading to inactivation of the carcinogen. The possible significance
of these important developments in relation to L-tryptophan and carcino-
genesis merits consideration.

6.7.2 Experimental Studies on Tryptophan and Carcinogenesis

Attention was initially focused on the possible relationship between the
ingestion of L-tryptophan and the development of tumors of the bladder.
Thus, it may be appropriate to focus attention first on the experimental
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findings relating to L-tryptophan and the bladder. Subsequently, interest has
extended to L-tryptophan and tumorigenesis in the liver and on other organs.

6.7.2.1 Bladder
6.7.2.1.1 Tryptophan and Tumorigenesis

Table 6.3 summarizes the experimental studies dealing with tryptophan and
bladder tumors in experimental animals (rats, mice, and dogs). In 1950,
Dunning and co-workers?4 reported that Fischer female rats fed a purified
diet supplemented with 1.4 or 4.3% DL-tryptophan and 0.06% 2-acetylami-
nofluorene, a potent carcinogen, exhibited a high incidence of bladder car-
cinomas; however, carcinomas did not develop when 2-acetylaminofluorene
was administered without tryptophan. In 1954, Boyland and colleagues?”
confirmed these findings, reporting that 2% DL-tryptophan plus 0.045%
2-acetylaminofluorene induced bladder cancers in Wistar female rats, but
bladder tumors did not develop when DL-tryptophan plus 0.067% 2-naph-
thylamine or 0.017% benzidine were used.

Based upon the report by Dunning and co-workers*** and also on the
knowledge that several primary aromatic amino metabolites, structurally
similar to known environmental human bladder carcinogens, are derived
from tryptophan and are present in human urine,*? it was then hypothesized
that bladder cancer may result from metabolic alterations manifested by
increased urinary concentrations of certain tryptophan metabolites.?** From
1966 to 1969, investigators directed their attention to assaying urinary tryp-
tophan metabolite excretion patterns of patients with bladder cancer?® and
also to inducting bladder tumors in experimental animals by the adminis-
tration of tryptophan or its metabolites.

In 1971, Radomski and colleagues®’ fed female beagle dogs a dog meal
supplemented with DL-tryptophan (6 g/d) for 0.3 to 7 years and reported
marked focal hyperplasia of the transitional cell epithelium of the bladder
but no evidence of cancer. In 1973, Miyakawa and Yoshida®! fed Wistar male
rats a pyridoxine-deficient diet containing 1.4% DL-tryptophan for 56 weeks
and found no bladder tumors or hyperplasia, but autoradiograms of the
bladder revealed increased labeling of [°’H]thymidine in bladder epithelia in
comparison to controls fed a regular pellet diet. Subsequently, in 1977,
Radomski and colleagues®? reported that one of four female beagle dogs
administered a single dose of 4-aminobiphenyl (50 mg/kg) and then fed the
diet described earlier® for 4.5 years developed bladder tumors, although
no tumors occurred in six dogs given 4-aminobiphenyl without supplemen-
tal DL-tryptophan in the diet. Using the same tryptophan-supplemented diet
for 3 years after the administration of 2-naphthylamine (5 mg/kg/d) for 30
days, the authors noted bladder tumors in two of four dogs, although no
tumors occurred in four dogs given 2-naphthylamine alone. Because dogs
fed DL-tryptophan alone developed focal hyperplasia of the bladder epithe-
lium, the authors considered that DL-tryptophan might be a co-carcinogen
or promoter in the induction of bladder cancer.
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TABLE 6.3

Experiments with Tryptophan and Induction of Bladder Tumors

Animals Studied

Experimental Conditions

Species Strain Sex Treatment? Duration, Yrs Bladder Tumor Incidence®
Dogs Beagle F DL-Trp (6 g/d) 0.25-7 Hyperplasia 7/8 (88%)
Dogs Beagle F 4-Aminobiphenyl (50 mg/kg; 1x) + DL-Trp (6 g/d) 45 1/4 (25%)
2-Naphthylamine (5 mg/kg; 30x) + DL-Trp (6 g/d) 3 2/4 (50%)
Controls (0%)
Rats Fischer F 2-AAF (0.06%) + DL-Trp (1.4 or 4.3%) 1 11/11 (100%)
11/12 (92%)
Rats Wistar F 2-AAF (0.045%) + DL-Trp (2%) 0.33-2 8/10 (80%)
Controls 1/10 (10%)
Rats Wistar M B-6-deficient diet + DL-Trp (1.4%) 1 T[*H]thymidine labeling of epithelium
Rats Fischer M FANFT (0.2%; 6 wks) + DL-Trp (2%) 2 10/19 (53%)
Chow diet (6 wks between 2) 10/20 (50%)
Controls (0-20%)
Rats Fischer M FANFT (0.2%; 4 wks) + L-Trp (2%) 2 5/26 (19%)
Controls (0-4%)
Rats Fischer M FANFT (0.02%; 4 wks) + L-Trp (2%) 15 22/38 (29%)
+ B-6-deficient diet 10/36 (28%)
+ B-6-adequate diet alone Controls 16/40 (40%)
+ B-6-deficient diet alone Controls 5/39 (13%)
Rats Fischer M BBN (0.05%; 4 wks) + saccharin (5%) + DL-Trp
(2%) + ascorbate (5%) (each 10 wks sequentially) 0.7 7/25 (28%)
+ saccharin (5%) + DL-Trp (2%) 2/24 (8%)
+ saccharin (5%) 2/25 (8%)
Controls 0/25 (0%)
Mice D-D F FANFT (0.1%; 4 wks) + L-Trp (0.2%) 12 2/30 (7%)
Controls (0%)

2 Abbreviations are as follows: 2-AAF, 2-acetylaminofluorene; Trp, tryptophan; FANFT, N-[4-(5-nitro-2-furyl)-2-thiazolyl]formamide; BBN, N-butyl-N-
(4-hydroxybutyl)nitrosamine.
b Ratio of animals with tumors to animals in experimental group.
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From 1977 to 1987, studies were concerned with two stages in the process
of bladder carcinogenesis using N-[4-(5-nitro-2-furyl)-2-thiazolyl]formamide
(FANFT). Matsushima??® fed female mice (D-D strain) a diet containing 0.1%
FANFT for 4 weeks and then divided the mice into two groups and fed for
56 weeks: one was placed on the basal diet with an additional 0.2% L-tryp-
tophan and the other received the basal diet alone. In the first group, 2 of
30 mice developed bladder tumors; no tumors developed in the second
group. Epithelial hyperplasia and labeling index were evaluated in both
groups and revealed a significant increase in the bladders of the first group
compared with the second group. Cohen and associates?** fed Fischer male
rats a chow diet containing 0.2% FANFT for 6 weeks and then switched to
the chow diet containing 2% DL-tryptophan for 98 weeks; 10 of 19 rats
developed bladder tumors. In another experiment, the FANFT chow diet
was fed for 6 weeks, followed by the chow diet alone for 6 weeks, and then
the high DL-tryptophan diet was fed for 92 weeks; 10 of 20 rats developed
bladder tumors. Fukushima and others?® fed Fischer male weanling rats a
chow diet containing 0.2% FANFT for 4 weeks and then the chow diet alone
containing 2% L-tryptophan for 100 weeks; 5 of 26 rats had bladder tumors
and 7 had epithelial hyperplasia. Among the 25 rats fed the FANFT diet for
4 weeks followed by the chow diet alone for 100 weeks, 1 had a papilloma
and 2 had hyperplasia. Birt and co-workers*® fed Fischer male rats a semi-
purified diet containing 0.2% FANFT for 4 weeks and then the semipurified
diet alone or altered (supplemented and/or deficient) for 80 weeks as fol-
lows: (1) control (basal semipurified diet), (2) 2% L-tryptophan, (3) vitamin
B-6 deficient, or (4) 2% L-tryptophan plus vitamin B-6 deficient. Bladder
tumors developed in rats of each group as follows: (1) 16 of 40 (40%), (2) 11
of 38 (29%), (3) 5 of 39 (13%), and (4) 10 of 36 (28%). Their findings suggested
that L-tryptophan promoted tumor formation only when vitamin B-6 intake
was deficient but not when vitamin B-6 intake was adequate.

Sakata and colleagues,®” using N-butyl-N-(4-hydroxybutyl)nitrosamine
(BBN) as an initiating agent, reported that 4 weeks of BBN (0.05%) treatment
of Fischer male rats followed by sequential administration of promoting
agents, 5% sodium saccharin, 2% DL-tryptophan, and 5% sodium L-ascor-
bate in the diet, each for 10 weeks, induced a higher incidence of bladder
tumors than that observed after using saccharin alone or saccharin followed
by DL-tryptophan. Thus, certain combinations of promoters, including
DL-tryptophan, appear to be capable of working in an additive fashion.

6.7.2.1.2  Tryptophan Metabolites or Related Compounds and Tumorigenesis

In similar studies to those reported earlier,?* Dunning and Curtis?® reported
that indole or indoleacetic acid could be substituted for tryptophan, without
significantly lowering the incidence of bladder carcinoma. Adding indole?
or tryptophan?” to the purified diets containing 2-acetylaminofluorene pro-
longed the lives of the rats, modified liver injury, and increased the incidence
of bladder tumors. After treatment with 2-acetylaminofluorene plus indole,
neonatal rats were more susceptible than weanling or postweanling rats to
bladder cancer.2
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Since urinary bladder tumor induction in experimental animals by tryp-
tophan or tryptophan metabolites alone, administered orally or subcutane-
ously, was generally unsuccessful, direct application of the test agent to the
urinary bladder was investigated. A small pellet containing the test com-
pound was suspended in a suitable vehicle and then surgically implanted
into the lumen of the mouse bladder. The urine bathed the pellet, thereby
eluding the test chemical, which then came in contact with the bladder
mucosa. This approach was utilized by several laboratories in evaluating the
carcinogenicity of test compounds.?#261.262 Bryan?®* summarized their find-
ings as follows: of 15 compounds adequately tested, 9 (L-kynurenine,
acetyl-L-kynurenine, 3-hydroxy-L-kynurenine, 3-hydroxyanthranilic acid,
3-ethoxyanthranilic acid, 8-methyl ether of xanthurenic acid, xanthurenic
acid, 8-hydroxyquinaldic acid, and quinaldic acid) were active and 6 (indi-
can, 0-aminohippuric acid, anthranilic acid, 4,8-quinolinediol, kynurenic
acid, and L-tryptophan) were inactive. The active compounds have been
investigated in a number of studies.?**?** Some, 3-hydroxykynurenine and
3-hydroxyanthranilic acid, have been demonstrated to be mutagenic for
mammalian cells. The major role of urine, including pH and urinary tract
calculi, in bladder carcinogenesis has been stressed as being a direct as well
as an indirect influence.?*

6.7.2.1.3 Tryptophan Pyrolysis Compounds and Bladder Tumors

In 1977, Sugimura and associates?® reported that the charred material on
the surface of broiled fish and meat contained a product that was highly
mutagenic. This product was subsequently found to be the result of the
pyrolysis of DL-tryptophan, which yields the pyrolysis products Trp-P-1
[3-amino-1,4-dimethyl-5H-pyrido-(4,3-b)indole and Trp-P-2 [3-amino-
1-methyl-5H-pyrido(4,3-b)indole]. Although mutagenic compounds have
been isolated from pyrolysates of other amino acids, glutamic acid, phenyl-
alanine, and lysine, the pyrolysis products of tryptophan were found to be
the most mutagenic of the other amino acid pyrolysates.2%®

Using the implantation technique described previously, Hashida and
others?® reported a high incidence of transitional cell carcinomas in the
bladders of female mice with inserted pellets containing crude tryptophan
pyrolysate (47.8%), Trp-P-1 (22.7%), or Trp-P-2 (3.7%) and controls (2.7%) for
40 weeks. Because the crude tryptophan pyrolysate as well as Trp-P-1 and
Trp-P-2 were potent mutagens (which required metabolic activation by liver
microsomes) to Salmonella typhimurium TA98 and TA100 in the Ames test,>2¢
Hashida and others?® concluded that Trp-P-1 and Trp-P-2 from the implanted
pellets were released and then absorbed by the bladder epithelium, where
they were metabolized to carcinogenic metabolites by the epithelial cells.
De Waziers and Decloitre?®® demonstrated that mutagenic derivatives of these
compounds could be formed by rat intestinal enzymes (S9 fraction). Also,
Mita and colleagues?® reported that Trp-P-2 was metabolized by the same
type of monooxygenase system in nuclei (nuclear membranes) as reported
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earlier in microsomes®° of rat liver to the N-hydroxylated form of Trp-P-2
that was nonenzymatically bound to DNA.?! This suggested that the con-
version of Trp-P-2 to N-hydroxy-Trp-P-2 by monooxygenase systems was an
obligatory step for the mutagenicity of Trp-P-2.

6.7.2.2 Liver
6.7.2.2.1 Tryptophan and Tumorigenesis

The early experimental studies (1950-1977) dealing with tryptophan and
liver tumors in experimental animals (rats) are summarized in Table 6.4. In
1950, Dunning and co-workers®** reported a high incidence of liver cancers
in Fischer female rats fed for 1 year a purified diet containing 0.06% 2-acety-
laminofluorene and 1.4 or 4.3% DL-tryptophan (73 and 75%, respectively)
compared with the lower incidence (37%) in rats fed 2-acetylaminofluorene
without added tryptophan. Also, using Wistar female rats, Boyland and
colleagues?” reported a higher incidence (36%) of liver cancers in rats fed
an acid-hydrolyzed casein diet containing 0.07% B-naphthylamine plus 2%
DL-tryptophan than in rats fed the carcinogen-containing diet without added
tryptophan (11%). Subsequently, Kawachi and associates?? demonstrated
that Wistar male rats fed a laboratory meal diet containing 1% L-tryptophan
and receiving water containing diethylnitrosamine (DEN, 20 mg/1) for 6.5
months developed a greater incidence (62%) of liver tumors than rats that
did not receive the added tryptophan (17%).

On the other hand, Okajima and co-workers?? reported that Wistar male
rats receiving N-nitrosodibutylamine (0.05%) in their drinking water and fed
a purified basal diet containing 1.4% DL-tryptophan developed no (0 of 12)
liver tumors after 7 months, but the control rats receiving the carcinogen
with the basal diet without added tryptophan had liver tumors (4 of 12,
33%). Also, in contrast to the findings by Kawachi and associates,””? Evarts
and Brown?* demonstrated that Wistar male rats fed a commercial labora-
tory diet supplemented with 1% L-tryptophan and receiving DEN (0.002%
wt/vol) in the drinking water for 5.5 months developed fewer liver tumors
(59%) than rats not receiving the tryptophan-supplemented diet (88%). The
discrepancy between the results of Kawachi and associates and those of
Evarts and Brown has not been explained. Possibly it may be attributed to
differences in the commercial laboratory diets used, because the liver tumor
incidences in the control rats differed in the two studies, from 17% after
6.5 months in the study by Kawachi and associates to 88% after 5.5 months
in the study by Evarts and Brown. Also, Evarts and Brown found that Wistar
male rats fed a commercial laboratory diet supplemented with 0.05%
3’-methyl-4-N-dimethyl-aminoazobenzeone and 1.0% L-tryptophan for
5.5 months developed fewer liver tumors (40%) than those fed the carcino-
gen-containing diet without added tryptophan (83%).

Sidransky et al.?® investigated whether the ingestion of an elevated level
of L-tryptophan (2%) in a purified diet would influence the induction of
y-glutamyltranspeptidase(GGT)-positive foci in livers of rats exposed to the
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TABLE 6.4
Experiments with Tryptophan and Liver Carcinogenesis
Animals Studied Experimental Conditions
Duration
Strain of Rats Sex Treatment? (Years) Liver Tumor Incidence®
Fischer F 2-AAF (0.06%) + DL-Trp (1.4 or 4.3%) 1 1.4% 8/11 (73%)
4.3% 9/12 (75%)
Controls 6/16 (37%)
Wistar F B-Naphthylamine (0.067%) + DL-Trp (2%) 13-35 4/11 (36%)
Controls 1/9 (11%)
Wistar M DEN (0.002% in water; 140 d) + L-Trp (1%) 0.5 15/21 (62%)
Controls 4/23 (17%)
Wistar M DBN (0.05% in water) + DL-Trp (1.4%) 0.6 0/12 (0%)
Controls 4/12 (33%)
Wistar M DEN (0.02% in water; 128 d) + L-Trp (1%) 0.6 17/29 (59%)
Controls 22/25 (88%)
3-Me-DAB (0.05%; 96 d) + L-Trp (1%) 0.6 12/30 (40%)
Controls 24/29 (83%)
Sprague-Dawley M DEN (30 mg/kg) x 1 after partial hepatectomy 0.2 GGT + foci (% liver)®
L-Trp (2%) + CS or + CD diet Cs 0.06
CS + Trp 0.24
CD 0.42

CD + Trp 0.28
2 Abbreviations are as follows: 2-AAF, 2-acetylaminofluorene; DEN, dimethylnitrosamine; DBN, dibutylnitrosamine; 3’-Me-DAB, 3’-dimethy-
lamino-azobenzene; CD, choline-deficient diet; CS, choline-supplemented diet; GGT, y-glutamyltranspetidase.
b Ratio of animals with tumors over animals in experimental or control group. Percentage in parenthesis.
¢ Presence of GGT + foci as percent of total livers (means) of test groups.
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hepatocarcinogen DEN. The enzyme-altered foci that develop in the livers
of rats treated with a hepatocarcinogen are considered to be precursor lesions
to neoplastic nodules and hepatomas.?”® Using the model established by
others, 6?7 Sprague-Dawley male rats were subjected to subtotal hepatec-
tomy, and, after 18 h, were injected intraperitoneally with DEN (30 mg/kg).
Ten days later, groups of rats were placed on one of four diets: (1) control
(CS) diet,¢ (2) CS + tryptophan diet, (3) choline-deficient (CD) diet, and
(4) CD + tryptophan diet. Rats were then followed for 10 weeks. Rats fed
the CS + tryptophan diet or the CD diet developed more and larger GGT-pos-
itive foci than rats fed the CS diet. Rats fed the CD + tryptophan diet revealed
changes similar to those in rats fed the CD diet (Table 6.4). The findings
based upon the induction of GGT-positive foci in livers of rats exposed to
DEN suggested that increased dietary tryptophan had a promoting effect on
liver carcinogenesis. A potentiating effect of tryptophan on the livers of rats
fed the CD + tryptophan diet over that on the livers of rats fed the CD diet
was not observed, probably because the CD diet itself had a marked pro-
moting effect. In further studies, the levels of dietary fat?”® or dietary
protein?”? in the above diets were not observed to influence or vary the
increased induction of GGT-positive foci in livers of rats exposed to DEN
and dietary tryptophan.

6.7.2.2.2 Tryptophan Pyrolysis Compounds and Tumorigenesis

Matsukura and associates?®’ examined the carcinogenicity of crude pyrolysis
products of tryptophan (the basic fraction of tryptophan pyrolysate) using
Wistar rats of both sexes. They observed neoplastic liver nodules in 2 of 22
males and 5 of 18 females fed the basal diet containing 0.2% tryptophan
pyrolysate. Also, they reported that mice fed a pellet diet containing the
purified mutagens from tryptophan pyrolysis, Trp-P-1 and Trp-P-2 (0.02%),
for up to 621 days developed hepatocellular carcinomas.?®! The incidence for
Trp-P-1 was 21% for males and 62% for females; for Trp-P-2, the incidence
was 16% for males and 92% for females. Subsequently, Hosaka and others??
reported that ACI rats fed a diet containing 0.01% Trp-P-2 developed neo-
plastic nodules of the liver in 6 of 9 female rats, but no tumors developed in
10 males or in 60 controls fed for 666 to 870 days. Thus, Trp-P-1 and Trp-P-2
have been demonstrated to induce cancers in the liver as well as in the urinary
bladder.? Ishikawa and associates?? reported that Trp-P-1 induced fibrosar-
comas locally when injected subcutaneously into rats and hamsters.
Several groups of investigators have described the induction of
enzyme-altered foci in the livers of rats fed diets containing tryptophan
pyrolysis products. Ishikawa and associates?* reported that Sprague-Dawley
male weanling rats injected with Trp-P-1 alone or together with phenobar-
bital compared with controls developed an increased incidence of adenosin-
triphosphatase-deficient foci in the livers after 18 weeks. Also, Tamano and
co-workers? found that Trp-P-1 administered at the initiation or the pro-
motion stage significantly increased the induction of GGT-positive foci in
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the livers of Fischer male rats that had received partial hepatectomies or
CCl, treatment to potentiate the effects.

In a long-term assay (about 500 d), an intake of 2 g of pyrolysates of
tryptophan or arginine—tryptophan per kg of diet containing 12% of protein
appeared to induce a sex-dependent decrease in the growth of rats. Pyroly-
sate withdrawal in accustomed rats (second and third generations) demon-
strated an acquired inurement to these products. Indeed, their removal
caused increased food consumption and growth.?%

The level of these potential carcinogens in some broiled or roasted foods,
such as broiled sardines, is about 10 ng/g. This amount is much lower than
those used in the carcinogenicity assays. The long-term cumulative effect of
the carboline intake may be of great concern. In some experimental studies,
tryptophan itself appears to promote the formation of tumors.?7-2%% Also, a
tryptophan-riboflavin photoinduced adduct may have a role in the patho-
genesis of hepatic dysfunction observed during parenteral nutrition.?

In view of the extremely high mutagenic activity of the heterocyclic amines
derived from browning reactions toward both bacteria (Ames test) and mam-
malian cell lines, the question arises whether such short-term tests of geno-
toxicity are good predictors of carcinogenicity. According to some
investigators,?!->* this is indeed the case. The heterocyclic amines tested
induce multiple tumors in rats and mice. Target organs include breast, colon,
and pancreas, major sites of human cancer throughout the world. The hetero-
cyclic amines derived from tryptophan induced liver cancer.

Sugimura®! estimates that the average person consumes about 100 pg of
heterocyclic amines per day. These compounds have extremely high
mutagenic activities; the possibility exists that the effects in animals and
humans could be cumulative, and the need is stressed to develop new
approaches and strategies to prevent the formation of heterocyclic amines
and other browning products during food processing.?1:292294.295

It is worth noting that a form of cytochrome P-450 responsible for activa-
tion of Trp-1 and Trp-2 in vivo to active carcinogens is inducible by dietary
treatment of mice or rats with these compounds.?® These workers reported
that the amount of both native and inducible cytochrome P-450 is related to
the species, sex, and organ differences in their carcinogenic susceptibility to
the tryptophan derivatives.

6.7.2.3 Breast
6.7.2.3.1 Tryptophan and Tumorigenesis

Dunning and colleagues®* reported that AXC female rats fed a purified diet
containing 25% tryptophan-free casein hydrolysate plus 1.4% DL-tryptophan
compared to those fed a 26% casein diet had an increase in the number (79
vs. 51) and percentage (100 vs. 75%) of induced mammary cancers, as well
as a reduction in the average latent period (316 vs. 363 days). Tumors were
induced by the implantation of cholesterol pellets containing 4 to 6 mg of
diethylstilbestrol subcutaneously in the scapular region. However, rats fed
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the purified diet with 4.3% DL-tryptophan revealed the smallest number
and percentage (60%) of mammary cancers with an increased average latent
period (399 days). The consequent inanition and decrease in body weight
were thought to account for the latter finding.

6.7.2.4 Tryptophan Alone and Tumorigenesis

In addition to the previously cited studies in which dogs were fed elevated
levels of tryptophan alone for long durations and only bladder hyperplasia
developed,®?? in long-term studies, large groups of rats and mice given
elevated amounts of tryptophan without carcinogens in their diets for most
of their lives were reported to have no increased incidence of cancer.?””

6.7.2.5 Consideration of Mechanisms by which Tryptophan Acts
as a Stimulatory or Inhibitory Agent in Chemical Carcinogenesis

In reviewing experimental studies dealing with L-tryptophan and carcino-
genesis, it becomes apparent that L-tryptophan acts in most cases as a
stimulatory agent in chemical carcinogenesis. However, in some cases, it
appears to act in an inhibitory manner. In attempting to possibly explain
each of the above actions of L-tryptophan, the following considerations
should be reviewed.

6.7.2.5.1 Tryptophan as a Stimulatory Agent

In searching for an explanation for how the ingestion of L-tryptophan may
be involved in the process of chemical carcinogenesis in experimental stud-
ies, several studies have concluded that L-tryptophan acts as a co-carcinogen
or promoter.2022275> Some of the following effects or actions of L-tryptophan
may influence such processes in carcinogenesis.

Tryptophan’s effects on enzymes — L-tryptophan administration has been
demonstrated to elevate the activity of many enzyme systems.101:220222,298-301
The mechanisms by which tryptophan acts to affect hepatic enzyme levels
are variable and have been reviewed.?1%220301 ITn most studies, the effect of
L-tryptophan on the overall enhancement of specific enzyme activity was
measured. In some cases, it was shown to be due to a decrease in enzyme
degradation [tryptophan dioxygenase3*3%!]. However, in other cases, it was
shown that L-tryptophan stimulates hepatic protein synthesis (including
enzyme protein synthesis) by acting to influence transcriptional, posttran-
scriptional, and translational controls.??’ Although some of the enzymes
investigated play a role in detoxifying or deactivating chemical carcinogens,
others activate them into ultimate carcinogens. Conceivably, in some cases
the balance may become tilted toward greater levels of ultimate carcinogens
that induce tumors.

Tryptophan’s effect on cell proliferation and ornithine decarboxylase
activity — The role of increased cell proliferation in the process of carcino-
genesis has merited much attention.®> However, whether the presence of
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cell proliferation by itself or by stimulation of cell proliferation in a quiescent
tissue or organ with low mitotic activity is a risk factor for the process of
cancer development has been questioned.’® On the other hand, many have
stressed the overall importance of cell proliferation during the process of
carcinogenesis. Increased cell proliferation has been described in transitional
cell epithelium of bladder of animals fed diets supplemented with tryp-
tophan.0-2% In liver, nodular hyperplasia is observed frequently in the
course of hepatocarcinogenesis.?’® In one experimental study, elevated
dietary tryptophan induced an increase in hyperplastic foci containing
GGT-positive hepatocytes of DEN-pretreated rats.”” In a study with adult
rat hepatocyte cultures, it has been reported that the addition of L-tryp-
tophan stimulates [°’H]thymidine incorporation into DNA.3* Conceptionally,
this proliferative action by L-tryptophan in conjunction with exposure to
carcinogen may be of great importance.

In proliferating tissues, ornithine decarboxylase (ODC) activity is mark-
edly elevated.®® Many investigators have attempted to correlate elevated
ODC activity with the process of promotion in experimental skin®%3%7 or
bladder3® carcinogenesis. L-tryptophan administration stimulated rat
hepatic ODC activity.3® ODC is the rate-controlling enzyme in the biosyn-
thesis of polyamines, and its increased activity correlates with cell
growth 305808310 Aso, increased ODC activity has been found in proliferating
tissues,*® in L1210 leukemia cells,*!! and in experimental hepatomas.?'> ODC
activity is increased in the livers of rats treated with chemical carcino-
gens®9312 or fed a choline-deficient diet.3'* Conceptionally, tryptophan’s abil-
ity to stimulate hepatic ODC activity may be related to promotion in hepa-
tocarcinogenesis.

6.7.2.5.2  Tryptophan as an Inhibitory Agent

Findings in some experimental studies concerned with increased dietary
tryptophan and carcinogenesis related to chemical carcinogenesis indicated
that tryptophan appeared to be protective?’??7¢ rather than stimu-
latory?44247.272275 in the induction of liver tumors. A rational explanation for
the differences in the results is not apparent. However, in searching for a
possible explanation, the following findings may be helpful. A number of
indole-containing compounds present in the diet, such as indole-3-acetoni-
trile, indole-3-carbinol, and 3,3’-diindolylmethane, have been reported to
increase the activity of the microsomal mixed-function oxidase system and
thereby inhibit chemical carcinogenesis in animals.?*¢ Indole itself has been
reported to have a suppressive effect on 2-acetylaminofluorene-induced
hepatocarcinogenesis in animals.?**3!4 Indole-3-carbinol, a naturally occur-
ring component of cruciferous vegetables, has been shown to be an effective
cancer chemopreventive agent in a number of animal models, and its pro-
posed mechanism of action involves binding of indole-3-carbinol acid con-
densation products (formed in the stomach) to the aryl hydrocarbon (Ah)
receptor, with resultant induction of phase I and phase Il enzymes.*> Indeed,

© 2002 by CRC Press LLC



Tryptophan Effects or Influences on Biological Processes 137

bacteria in the gastrointestinal tract are capable of metabolizing tryptophan
to compounds that are able to bind the Ah receptor.®® L-tryptophan, an
important indole-containing indispensable amino acid, has been reported to
have a suppressive effect on dibutylnitrosomine-, DEN-, and 3’-methyl-
4-N-dimethylamino-azobenzene-induced hepatocarcinogenesis.?”3** L-tryp-
tophan enhances the activities of many hepatic enzymes 222298301318 and
examples can be cited. A diet containing 1% L-tryptophan or L-tryptophan
administered alone significantly increased hepatic cytochrome P-450
concentrations?*?*? and also increased dimethylnitrosamine demethylase®'®
and aniline hydroxylase activities?* in rat livers. Such findings suggest that
tryptophan may stimulate enzymes to inactivate certain chemical carcino-
gens, thereby negating their carcinogenic effects. Whether L-tryptophan
itself may interact with the Ah receptor as a ligand has not been determined.
Yet tryptophan metabolites and related compounds clearly do interact with
the Ah receptor.

A number of reports have stressed the importance of antioxidants in pro-
tecting cells from free radical damage, the kind that can lead to an array of
degenerative diseases, including cancer.?**? Therefore, it is appropriate to
mention that a number of tryptophan metabolites have been reported to
have antioxidant activities.?! Under certain conditions, such effects may play
a role in relation to tryptophan and its preventative effect in carcinogenesis.

6.7.2.6 Effects of Tryptophan upon Cancer Tissue
6.7.2.6.1 Liver Cancer

Although the end stage of carcinogenesis, the cancer itself, is probably not
good material to search for clues about the pathogenesis of carcinogenesis,
it has been used in many studies with the hope that it may offer leads
regarding the process as well as possible clues for therapy. Experimental
studies designed to determine whether the response of hepatocellular car-
cinoma to tryptophan administration would be similar to or different from
that of host liver or normal liver have been conducted. Utilizing intrahepat-
ically transplanted hepatomas (H5123 and 19) in Buffalo rats, the response
to administration of L-tryptophan was determined in the host liver as well
as in the hepatoma. The results revealed that the transplantable hepatoma
showed little or no change relative to protein synthesis after tryptophan
administration.?”> On the other hand, host livers of the tumor-bearing rats
revealed mild or moderate stimulatory changes (less than that of livers of
normal rats) in protein synthesis. Table 6.5 summarizes these findings. Also,
in vitro tryptophan-binding affinity to nuclei of rat liver, host liver, and
hepatoma 5123 was investigated.’”® The results, summarized in Table 6.5,
indicate that the binding affinities (total and specific) of L-tryptophan to
nuclei of hepatoma were appreciably less than to nuclei of normal liver or
host liver, and this was attributed mainly to a decrease in the number of
binding sites (B,,,,,). Protein-free tryptophan levels were appreciably higher

max.
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in hepatoma than in host or normal livers. Whether the latter finding had
an effect on the binding affinity in hepatoma is not known.

Another study®* investigated whether tryptophan would influence the
polyribosomes and protein synthesis of host liver and of intrahepatically
transplanted hepatomas of rats that were treated with two hepatotoxic
agents, hypertonic NaCl and CCl,, that had been reported to affect these
parameters adversely in the tumor-bearing rats.3> Although treatment with
hypertonic NaCl or CCl, caused disaggregation of polyribosomes and inhi-
bition of protein synthesis in host liver and in hepatoma, the subsequent
administration of tryptophan caused some improvement in both parameters
in host liver but not in hepatoma. Thus, even after toxic injury to the
hepatoma, it was not able to respond to tryptophan, as were the livers of
normal rats or host livers of tumor-bearing rats.

TABLE 6.5

Effects of Tryptophan on Livers of Normal Rats and on Host Livers and Hepatomas
of Tumor-Bearing Rats?

Transplantable Hepatomas

in Rats
Parameters Assayed Normal Rat Liver Host Liver Hepatoma
Normal State®
[*H]Trp binding to nuclei in vitro
Total binding, % 100 99 25
Specific binding, % 64.4 66.3 57.3
Kp, nM 15.7 18.1 13.3
B,.... fmol/mg protein 2911 1803 281
Protein-free Trp
Tissue, ug/g 3.8 8.2
Nuclei, pug/mg RNA 11.9 212
Response to Tryptophan Administration?
Aggregation of polyribosomes 1+ 0 1-
Protein synthesis (in vitro) 4+ 1+ 0
Poly(A)mRNA synthesis 3+ 3+ 1+
Nuclear efflux of RNA
Nuclear effect 4+ 3+ 1-
Cytosol effect 4+ 0 0
Nuclear enzyme activity changes
Nucleoside triphosphatase 4+ 2+ 0
RNA polymerase I 3+ 2+ 2-
RNA polymerase II 3+ 1+ 0

2 Abbreviations are as follows: Ky, dissociation constant; B,,,, binding capacity.

® Normal state indicates that rats, normal or tumor bearing, were fasted overnight and tube-
fed water in the morning before they were killed (control group).

¢ Experimental groups were the same as controls, except they were tube-fed L-tryptophan
in the morning before they were killed.

4 Changes as increases (+), decreases (-), or little or no change (0): 4+ or 4—, >60%; 3+ or 3—,
40-59%; 2+ or 2—, 20-30%; 1+ or 1-, 10-19%; 0, 0-9%.
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Since hepatoma, because of its rapid cell division and growth, may become
resistant to the effects of tryptophan, investigations of whether regenerating
livers, after partial hepatectomy (1 or 2 days), would respond to the admin-
istration of tryptophan were conducted. The regenerating livers responded
to tryptophan with a shift toward heavier aggregation of polyribosomes and
an increase in protein synthesis,* similar to that observed in livers of normal
animals. Thus, the inhibitory or resistant effect found in the hepatoma prob-
ably rests in the anaplasia of the cells rather than merely in the rapid division
or growth of the cells. Another study dealing with rapidly growing liver
cells under different physiologic conditions, as in fetuses or in pups of rats,
failed to reveal responses to tryptophan as did maternal livers or normal
livers.!> However, the failure to respond under the latter circumstances may
be related to environmental factors (e.g., maternal and lactating amino acid
supplies, hormonal effects) rather than rapid cell growth, as occurs in the
regenerating livers of adult rats.??

6.7.2.6.2 Relating Tryptophan’s Effects on Cellular Regulatory Controls
to Carcinogenesis

Under normal conditions, the administration of L-tryptophan affects the
transcriptional and translational controls involving hepatic protein synthe-
sis.? Earlier studies have reported enhanced outflow of mRNA from hepatic
nuclei in rats treated with chemical carcinogens,®? similar to that described
with the administration of L-tryptophan to normal controls.?® Altered or
uncontrolled release of nuclear RNA has been considered as a potential basis
for the phenotypic expression of chemically induced neoplasms.3?” Possibly
the stimulation of nuclear mRNA efflux induced by L-tryptophan in con-
junction with that induced by the chemical carcinogen may in some cases
potentiate the overall process involved in carcinogenesis.

Information relating to a specific receptor for L-tryptophan in the nuclear
envelope of hepatocytes’” adds a new dimension to the consideration of
how L-tryptophan may act in the process of carcinogenesis. Since L-tryp-
tophan has a specific nuclear receptor in liver,”3” it was important to inves-
tigate whether its receptor was similar or related to other hepatic nuclear
receptors. Much is known about the steroid hormone nuclear receptors, such
as those for glucocorticoids and triiodothyronine, and the complexity of their
actions on a vast number of physiologic and pathologic processes.® Recently,
the hepatic nuclear receptor has been found to be affected by the adminis-
tration of certain hormones.34328-3% Since steroid and thyroid hormones may
exert their effects through fundamentally similar mechanisms,2*! it was
especially important to determine whether L-tryptophan may possibly act
similarly. It has long been established that hormones are vitally linked to or
involved in the process of chemical carcinogenesis.**> Whether L-tryptophan
acts in some cases in a similar manner needs to be determined.

Searches for possible hepatic nuclear and nuclear membrane alterations
during the process of carcinogenesis are ongoing. It is of interest that such
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alterations have been described in studies with animals fed a choline-defi-
cient (CD) diet.3 Although the mechanism(s) by which a CD diet exerts
its carcinogenic®* and/or promotional®® effects are not known, it is con-
ceivable that alterations in hepatic nuclear membranes may play some role.
Hepatic nuclei of rats fed a CD diet revealed a decreased affinity for
[*H]tryptophan binding in vitro. However, the affinity is increased in hepatic
nuclei of rats fed the CD + 2% L-tryptophan diet.””* Also, some of the
functional responses of hepatic nuclei to tryptophan are different in rats
fed the CD diet than in control rats.!”* Whether these alterations were related
in any way to the increased or potentiated induction of GGT-positive foci
(precancerous foci) due to tryptophan in DEN-treated rats after partial
hepatectomy?” is conjectural.

Interesting coincidences have been observed recently. The affinity for
L-tryptophan binding to hepatic nuclei is markedly less in NZBWF; mice
than in Swiss and other strains of mice.”! Likewise, Kurl (personal commu-
nication) reported a diminished affinity for hepatic specific binding for
SH-labeled 2,3,7,8-tetrachlorodilenzo-p-dioxin (TCDD) in NZBWF, mice
compared with C57B/6 mice. Also, because guinea pigs were susceptible to
TCDD and hamsters were resistant to TCDD in relation to TCDD lethality,*¢
the binding affinities for L-tryptophan to hepatic nuclei of guinea pigs and
hamsters were studied, and it was revealed that the binding affinity was low
in the hamsters (as in NZBWF, mice) and high in guinea pigs (as in rats and
other mouse strains).”® Using an acryl hydrocarbon receptor (AHR)-deficient
mouse, Fernandez-Salguerao and co-workers®” reported that such mice were
relatively unaffected by high doses of TCDD that induced severe toxic and
pathologic effects in littermates expressing a functional AHR. The AHR is a
ligand-activated transcription factor that is required in laboratory animals
to mediate the toxic effects of chemicals such as TCDD. Recent data indicate
that genetic differences do exist in relation to L-tryptophan binding and
subsequent metabolic responses. Whether these genetic differences in
response to tryptophan binding and effects may be related to the actions of
TCDD, including the tumor promotion effects mediated through the Ah
receptor, is not known.

6.7.2.7 Concluding Remarks

A literature review of animal experimental studies with tryptophan and
carcinogenesis, particularly involving bladder and liver, indicates that tryp-
tophan alone does not induce tumors but is capable of acting in many cases
as a promoting agent in chemical carcinogenesis. Whether this effect is due
to tryptophan alone or to tryptophan metabolites is not clear. In the induction
of bladder cancer, tryptophan metabolites are clearly implicated.

In some experimental studies, L-tryptophan has been observed to have
a protective or inhibitory effect against chemically induced cancers. A
possible explanation appears to rely on the ability of tryptophan or its
metabolite to enhance the activities of many enzymes, some of which are
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capable of deactivating (detoxifying) the chemical carcinogen. Also,
because L-tryptophan and some metabolites are considered to be antioxi-
dant agents, they may serve as scavengers against chemical carcinogens
that act via free radical injury, speculated events considered to be essential
in chemical carcinogenesis.

Explanations for the promotional (stimulatory) effects or actions of L-tryp-
tophan on carcinogenesis are more complex. In consideration of the process
of enhancing enzyme activities, some enzymes affected by tryptophan may
play a role in activating chemical carcinogens into ultimate carcinogens,
thereby potentiating their effects. Also, tryptophan appears to stimulate ODC
activity and cellular proliferation, a process vital in promotion. Last, L-tryp-
tophan’s action via nuclear receptor binding and its transduction effects
relating to enhanced protein synthesis (in some ways analogous to the effects
of some hormones) suggest that it, along with induced disturbances in
nuclear regulatory mechanism by chemical carcinogens, may contribute by
enhancing the process of carcinogenesis. Genetic alterations in nuclear recep-
tor binding affinity for L-tryptophan have been described in animal studies
and may relate to tryptophan’s ability to affect the process of promotion in
carcinogenesis. Further investigative studies are needed to explore whether
such alterations affecting the transduction effects of L-tryptophan may be
involved in the process of carcinogenesis.

Reports that the pyrolysate of L-tryptophan forms products that are potent
carcinogens in animals merit caution and raise important questions. With
regard to humans, the recent occurrence of a new human disease, eosino-
philia-myalgia syndrome, related to L-tryptophan and contaminants/impu-
rities from a Japanese manufacturer, clearly demonstrates that tryptophan
together with other agents can induce chronic disease in some susceptible
individuals. A better understanding of the pathogenesis of this disease and
its consequences is needed. Such information may offer clues as to the actions
of L-tryptophan and contaminants in the process of carcinogenesis.

6.8 Immunomodular Effects: Interferon and Tryptophan

Interferons represent a class of proteins with various biological proper-
ties.33% These include the ability to inhibit intracellular replication of
viruses and certain parasites,? the ability to inhibit replication of certain
types of tumor cells in vitro,*! and the ability to modulate immune responses
in vitro and in vivo in a positive or negative manner.3* Of the interferons,
interferon-y (IFN-y) is thought to be a more effective immunomodulary
agent and a more effective inhibitor of division of certain tumor cells in vitro
than other interferons.’® One mechanism of IFN-y-mediated growth inhi-
bition is the stimulation of cellular oxidation of tryptophan by indoleamine
2,3-dioxygenase 342343
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Aune and Pogue®* presented data indicating that at least two distinct
mechanisms, (1) stimulation of cellular catabolism of tryptophan and
(2) stimulation of cellular catabolism of nicotinamide adenine dinucleotide
(NAD) by adenosine diphosphate-ritosyl transferase (ADP-RT), can account
for IFN-y-mediated inhibition of tumor cell growth. Both mechanisms
appear to be sensitive to oxygen tension and to changes in intracellular
glutathione concentrations, and both mechanisms lead to loss of intracellu-
lar NAD.

Werner-Felmayer et al. 3% studied IFN-y-induced tryptophan metabolism
of human macrophage and compared this to 10 human neoplastic cell lines
of various tissue origin. Tryptophan and metabolites were determined. Most
(8 out of 10) cell lines revealed that tryptophan degradation was induced by
IFN-y. Five of the ten formed only kynurenine, and three formed kynurenine
and anthranilic acid. Only one line showed the same pattern of metabolites
as macrophages (kynurenine, anthranilic acid, and 3-hydroxyanthranilic
acid). IFN-y regulated only the activity of indoleamine 2,3-dioxygenase, and
other enzyme activities were independent of IFN-y. Increasing the extracel-
lular L-tryptophan concentration resulted in a marked induction of tryp-
tophan degradation by macrophages but a significant decrease of tryptophan
degrading activity with tumor cell lines. Their study demonstrated that the
induction of indoleamine 2,3-dioxygenase was a common feature of IFN-y
action and that the extent of this induction was influenced by extracellular
L-tryptophan concentration.

Rubin et al.3¥ reported the cloning and characterization of a cDNA, rep-
resenting a gene where expression is upregulated in INF-treated cells. This
gene encodes a protein that has sequence homology with and the biological
activity of a tryptophanyl-tRNA synthetase.

Feng and Taylor®” reported that the human cell line ME 180 undergoes
cell death very rapidly following treatment with IFN-y. This cell death
appears to be the result of starvation for tryptophan due to the induction of
IDO.3#334 In ME 180 mutants resistant to the antiproliferative effects of IFN-y,
there was no induction of IDO.3¥ Moreover, the antiproliferative response to
IFN-y could be reversed by addition of tryptophan back to the medium 34734
More recently, Taylor etal**® and Konan and Taylor®* reported that the
antiproliferative response to IFN-y results in apoptosis of treated cells and
tryptophan starvation by itself appears to be sufficient to drive the cell to
apoptosis through the same or similar mechanisms. Also, apoptosis was
prevented on adding back tryptophan to IFN-y-treated cells or those induced
by removing tryptophan from the medium in the absence of IFN-y.

The influence of IFN-y on tryptophan metabolism of cells (macrophages
and tumor cell lines) via stimulation of IDO appears to be an important
process. It may affect cell proliferation as well as apoptosis. The preceding
cited findings that the levels of L-tryptophan in a medium containing cul-
tured cells is important in inducing apoptosis deserve further investigation.
In vivo experimental studies directed toward similar effects are needed. This
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important field should be pursued to clarify a possibly important feature of
cellular tryptophan levels as influenced by IFN-y.

In Chapter 5, the relationship of tryptophan and IFN-y in a few disease
states was reviewed. These diseases involve disturbances in the patient’s
immune system.

6.9 Concluding Comments

This chapter reviewed the possible involvement of L-tryptophan in a number
of conditions or diseases. It reviewed the state-of-the-art developments per-
taining to L-tryptophan and its possible relationship with each of a number
of important conditions or disease states.

Since most of the diseases are chronic, it is important to consider certain
aspects relating to chronic diseases themselves. First, it is generally thought
that most or all chronic diseases have a genetic component. Genes are con-
sidered to define susceptibility to disease with nutrition considered an envi-
ronmental factor that may influence which susceptible individuals may
develop disease. L-tryptophan, a vital and unique amino acid, is a nutritional
component that may play an important role in influencing the development
of certain chronic diseases in susceptible individuals.

Using the tools of molecular biology and genetics, research should define
the mechanisms by which genes influence nutrient (L-tryptophan) absorp-
tion, metabolism, excretion, and other actions and also the mechanisms by
which the nutrient (L-tryptophan) influences gene expression. Such studies
should be productive and will clarify whether and how L-tryptophan may
be primarily or secondarily involved in and during the pathogenesis of a
variety of important chronic diseases.
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7.1 Central Nervous System

The effects of L-tryptophan on the central nervous system have been inves-
tigated mainly in studies with acute tryptophan depletion. This approach
has been utilized on a wide variety of neuropsychiatric conditions in humans
and also in experimental models in animals. The rationale is that the rapid
decrease in L-tryptophan levels in the circulation leads to a decrease in brain
serotonin levels.

This section describes the rationale for the utilization of dietary tryptophan
depletion. Also, it reviews a number of studies designed to determine the
consequences of acute tryptophan depletion upon a variety of disorders in
humans and conditions in animals. The literature contains a plethora of
reports utilizing acute tryptophan depletion. Selected examples have been
chosen to illustrate the effects or influences of L-tryptophan levels on a
variety of behavioral and psychiatric states.

7.1.1 Rationale for Utilization of Acute Tryptophan Depletion
to Decrease Circulating Tryptophan Levels

Gessa et al.! were the first to demonstrate that the acute administration of an
amino acid mixture containing all of the essential amino acids, except tryp-
tophan, caused a rapid fall in plasma free and total tryptophan in rats.
Furthermore, this effect was associated with a parallel depletion in brain
tryptophan, serotonin, and 5-hydroxyindole acetic acid in rats.> These early
studies opened the way for subsequent studies, using acute tryptophan
depletion by feeding a tryptophan-free amino acid mixture, a simple, specific,
and nontoxic method, to delete brain serotonin and thus provide a tool for
clarifying the physiological role of serotonin in the central nervous system.

In considering the mechanism for the observed fall in serum tryptophan
in acute tryptophan depletion studies, Gessa et al.,* as well as others,* have
attributed the fall to a rapid renewal of endogenous tryptophan from the
circulation, secondary to an increased incorporation of tryptophan into pro-
teins in liver and other organs. Support for this hypothesis came from studies
on the effect of the ingestion of the tryptophan-free diet in rats that had been
treated with cycloheximide, a protein synthesis inhibitor, 1 or 2 h prior to
food ingestion.>* Under these conditions, the tryptophan-free diet failed to
decrease the tryptophan concentrations in serum and in the central nervous
system. However, Moja et al.* reported that the control (saline) group that
received cycloheximide alone showed an elevation of plasma and brain
tryptophan levels. This suggests that cycloheximide alone, probably via
inhibition of protein synthesis, may cause a rise in plasma tryptophan by a
protein catabolism.

The interpretation of the data based upon the administration of cyclohex-
imide merits caution in regard to identifying its principal effect as the
inhibition of protein synthesis. For example, it may have other actions.
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Sidransky and Verney® reported that cycloheximide added in vitro dimin-
ished *H-tryptophan binding to hepatic nuclei, probably related to its struc-
tural effect on the nuclear receptor. This effect may also occur in vivo, in
addition to cycloheximide’s action in inhibiting tissue and organ protein
synthesis, and may possibly contribute in a minor way to the alteration in
tryptophan level in serum.

A number of experimental studies have revealed that responses relating
to hepatic protein synthesis are variable depending upon the experimental
conditions. For example, the acute administration of one feeding of a com-
plete amino acid mixture or of L-tryptophan alone has a stimulatory effect
on hepatic protein synthesis compared to that of a tryptophan-free amino
acid mixture which does not.® This occurs in fasted® or fed rats.” On the
other hand, multiple tube feedings of a complete diet devoid of tryptophan
compared to that of a complete diet for 1 day stimulated hepatic protein
synthesis.® Also, in other experiments where rats were tube-fed for 1 to
7 days complete diets devoid of other single essential amino acids compared
to those of rats tube-fed complete diets, they revealed enhanced hepatic
protein synthesis.*'® Thus, experimental conditions relating to route of feed-
ing, dosage, timing, and other variable-controlled conditions may influence
the response of hepatic protein synthesis. Such may be the case in studies
with cycloheximide.

Many studies have described how L-tryptophan itself may be an important
regulator of hepatic protein synthesis under normal or abnormal condi-
tions.!*1¢ Based upon these reports, the hypothesis of Gessa et al.® that the
primary effect of administering a tryptophan-free amino acid mixture that
lowers endogenous tryptophan serum levels via increased incorporation of
tryptophan into hepatic and other proteins must be viewed with caution.
Possibly, the overall decrease in serum tryptophan that occurs is due to
decreased ingestion of tryptophan along with adequate intake of other amino
acids which may stimulate muscle protein catabolism. This may liberate
tryptophan and other amino acids into the circulation, which may rapidly
enhance hepatic protein synthesis and thereby deplete plasma tryptophan
levels. This mechanism was proposed earlier in studies with dietary tryp-
tophan deficiency.!”

7.1.2 Experimental Studies with Acute Tryptophan Depletion

Acute tryptophan depletion has been a research strategy that rapidly reduces
the availability of tryptophan, especially as it relates to being the precursor
to serotonin, and thus provides a useful tool for studying the behavioral
consequences of low brain serotonin.

7.1.2.1 Human Studies

Subjects were given a mixture of amino acids devoid of tryptophan. This led
to a rapid (5 h) and substantial (80 to 90%) lowering of tryptophan in plasma
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and tissues.!®2! This decline in tryptophan is considered to reduce the rate
of brain serotonin synthesis. Resulting changes in mood or behavior are
believed to be a consequence of the effects of the tryptophan-deficient amino
acid mixture and, thereby, to result from a lowering of central nervous system
serotonin. Also, the behavioral effects may be related in part to alterations
in brain levels of other potentially psychoactive metabolites of tryptophan,
such as tryptamine, melatonin, quinolinic acid, or kynurenic acid, and even
to alterations in brain protein synthesis.

A unique aspect of acute tryptophan depletion is that it reduces brain
serotonin with a specificity that most pharmacological probes are unable to
achieve due to their simultaneous effects on multiple synaptic systems. For
example, in healthy subjects, tryptophan depletion causes an acute, but brief,
lowering of mood."9#-2

In attempting to evaluate mood changes, studies of normal male volun-
teers on acute tryptophan depletion have resulted in significant lowering of
mood in some subject groups!®?2?* but not in others.?/?2¢ This discrepancy
was considered to be due to differences in the baseline mood state among
studies. Also, in depressed patients taking antidepressant medications, tryp-
tophan depletion caused a return of depressive symptoms, with peak effects
at 5 to 7 h after the tryptophan-free amino acid drink had been ingested 027,28

The literature contains many studies relating to tryptophan depletion and
various psychiatric diseases. Before beginning a discussion of human con-
ditions in which decreased availability of L-tryptophan may play a role in
the symptomatology of the disorder, one must mention pellagra, which is
caused by a deficiency of niacin. Pellagra was described as being associated
with poverty and diets that relied heavily on corn, which is low in both
niacin and its precursor, tryptophan.?3 Nonetheless, since it is not due
per se to tryptophan deficiency itself, this condition is not included in the
diseases reviewed in this chapter.

7.1.2.1.1 Mood Disorders (General)

Young et al.? reported that normal male human subjects who ingested an
amino acid mixture that was tryptophan-free revealed a marked depletion
of plasma tryptophan at 5h and revealed a rapid mood-lowering effect.
These subjects had significantly elevated scores on the depression scale of
the Multiple Affect Adjective Checklist and performed scores in a proofread-
ing task carried out while listening to a tape with themes of hopelessness
and helplessness (dysphoric distractor) compared with controls (fed a bal-
anced amino acid mixture or one with excess tryptophan).

Ellenbogen et al.3! studied the mood response to acute tryptophan deple-
tion in healthy euthymic women devoid of any personal or familial history
of psychiatric illness. Like the males, the women exhibited a significant
lowering of mood.

Leyton et al.*? fed a tryptophan-free amino acid mixture to fully remitted,
medication-free, former patients with major depression and observed no
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significant effect on mood. These results suggested that a previous report®
that acute tryptophan depletion substantially lowered mood in pharmaco-
logically treated patients probably reflected a mechanism involved in the
therapeutic effects of antidepressants.

The involvement of the central nervous system serotonin function in the
pathogenesis and treatment of affective disorders has been a subject of inten-
sive research during the past 30 years.3>%¢ Studies using serotonin precursors
and agonists as pharmacologic probes and measurements of cerebrospinal
fluid monoamine metabolite levels indicated that alterations in central ner-
vous system serotonin function may be involved in the pathophysiology of
depression. Since the synthesis of serotonin depends on dietary intake of the
precursor tryptophan, many studies have utilized tryptophan depletion
techniques by which patients were fed a tryptophan-free diet for various
time intervals.

Delgado et al.® studied the behavioral effects of rapid (24 h) tryptophan
depletion in patients in antidepressant-induced remission. Patients receiving
antidepressants leading to remission were then given a tryptophan-free
amino acid drink, and they experienced a depressive relapse. Free plasma
tryptophan level was negatively correlated with the depression score during
acute tryptophan depletion. A number of other studies on the effects of
tryptophan depletion on relapse of depression after treatment confirmed the
previous findings.37!

In view of the interest in low serotonin levels in the etiology of depression,
several groups have looked at tryptophan levels or the plasma ratio of
tryptophan to other large neutral amino acids in depressed patients. Values
are often found to be low in depression.**¢ 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, the low plasma tryp-
tophan ratio is capable of predicting the response to a variety of different
antidepressant drugs.*’

The consensus of the antidepressant effect of tryptophan is that it is not
as effective as a standard antidepressant in severely depressed inpatients.*$->
However, one clinical trial of tryptophan in depression conducted on mild
to moderately depressed outpatients concluded that tryptophan (3 g/d) was
more effective than placebo and was as effective as amitriptyline.>® Tryp-
tophan produced no more side effects than placebo and significantly fewer
side effects than amitriptyline.

Several early studies suggest that tryptophan can potentiate the anti-
depressant effect of monoamine oxidase inhibitors. However, since it also
tends to potentiate the side effects of these drugs, the combination is usually
used only in treatment-resistant patients. Even though tryptophan potenti-
ates the action of monoamine oxidase inhibitors, it does not seem to poten-
tiate the action of other antidepressant treatments such as tricyclic
antidepressant and electroconvulsive therapy.®
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Seasonal affective disorder (SAD), or winter depression, is a subtype of
mood disorder characterized by recurrent major depressive episodes that
occur regularly in the fall and winter months, with spontaneous remission
in the spring and summer. It appears to respond to exposure to bright light,
termed light therapy. However, the mechanism of action of light therapy, as
well as the pathophysiology of SAD, is still poorly understood. Several lines
of research suggest that the serotonin mechanisms may be important. Lam
et al.®® examined the effects of rapid tryptophan depletion using a low tryp-
tophan diet in patients with SAD who were in remission with light therapy.
Indeed, this rapid tryptophan depletion appeared to reverse the antidepres-
sant effect of bright light therapy in patients with SAD. They interpreted
their findings to suggest that the therapeutic effect of bright light in SAD
may involve a serotonergic mechanism. These findings were substantiated
by Neumeister etal.’* who found that short-term tryptophan depletion,
which induced a significant decrease in plasma free and total tryptophan
levels, led to a transient depressive relapse.

In 1990, McGrath et al.*® in a small study used tryptophan treatment of
seasonal affective disorder and reported that the response was significantly
better than with placebo.

7.1.2.1.2  Specific Conditions

7.1.2.1.2.1 Aggression — The putative role of serotonin in aggressive
behavior has been the subject of much varied research. Using tryptophan
depletion or enhancement as a mechanism for altering brain levels of sero-
tonin acutely, selected studies have been conducted. Cleare and Bond*
reported on a study that used an amino acid mixture drink without or with
tryptophan on patients with high trait aggression or with low trait aggres-
sion. The former group on the tryptophan-free mixture became more angry,
aggressive, annoyed, hostile, and quarrelsome, whereas those given the tryp-
tophan-containing mixture responded in the opposite way. In the latter
group, no consistent effects were found. In other studies using healthy male
subjects given a tryptophan-free amino acid mixture, the findings indicated
that such subjects demonstrated increased aggressive responses.5*’

Reilly et al.®® reviewed the literature for the period from 1980 through 1996
which covered 44 double-blind studies in humans and 3 clinical case reports,
covering a range of psychiatric disorders including mood disorders and
aggression. They suggested that the mood change induced by tryptophan
depletion might predict those likely to respond to serotonin-specific drugs.
Rapid tryptophan depletion has been reported by many studies to exacerbate
aggression in vulnerable individuals.

Dougherty and co-workers®® reported in 1999 that, in male subjects fol-
lowing the ingestion of a tryptophan-depleted beverage, laboratory aggres-
sion increased but not after ingestion of a tryptophan-containing beverage.
The increases in aggression under tryptophan-depleted conditions were spe-
cific to men who scored the highest on the Buss-Perry Aggressive Question-
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naire. They concluded that hostile men, compared to nonhostile men, might
be more prone to behavior change induced by the perturbation of the sero-
tonin neurotransmitter system. In another report,® they concluded from their
studies with males that (1) subsets of individuals (e.g., persons self-rating
high on aggressive or hostility scales) may differ in their susceptibility to
aggression produced through plasma tryptophan depletion, and (2) alcohol
in combination with tryptophan depletion has an addictive effect on aggres-
sion.

In a recent report, Bjork et al.®> measured laboratory aggression in men
selected for presence or absence of aggressive histories. Testing occurred
before and after tryptophan depletion, tryptophan loading, and under a food-
restricted control condition. Subjects were provoked by subtractions of
money, and aggression was measured as the responses the subject made to
ostensibly subtract money from the instigator of the subtractions. When sub-
jects were highly provoked, there was a significant tryptophan condition to
aggression history interaction effect on aggressive responding. In particular,
laboratory aggression in aggressive men was elevated under tryptophan-
depleted conditions relative to tryptophan-loaded conditions, whereas the
opposite occurred in nonaggressive men. Moreover, plasma total tryptophan
levels after tryptophan loading were significantly higher in nonaggressive
men, and plasma-free (but not total) tryptophan levels after tryptophan load-
ing correlated negatively with aggressive responses in the aggressive men.
These data corroborated earlier findings that aggressive men may be more
prone to aggression induced by reductions in plasma tryptophan.

In view of clinical studies that suggested that aggressive patients have low
levels of the serotonin metabolite 5-hydroxyindoleacetic acid in their cere-
brospinal fluid,**#* two studies investigated the possible effect of tryptophan
in pathologically aggressive patients. In the first, Morand et al.,®® using
aggressive schizophrenics, reported that tryptophan caused a significant
reduction in uncontrolled behavior relative to placebo. In the second study,
Volavka et al.,% using aggressive psychiatric inpatients, reported that tryp-
tophan did not decrease aggressive acts relative to placebo. However, the
patients required significantly less neuroleptic medication to control their
aggression when they were on tryptophan.

7.1.2.1.2.2  Schizophrenia — In 1958, Lauer et al.” reported the first study
using tryptophan to affect mood. Using seven schizophrenic patients receiv-
ing a monoamine oxidase inhibitor, they treated them with L-tryptophan
(20 mg/kg/d for 6 weeks). They reported “the patients exhibited an increase
in energy level and motor activity and improvement in the ability to accept
interpersonal relationships, and displayed more affect.”

Rosse et al.,*® in an open-labeled treatment trial, utilized a low tryptophan
diet as an adjunctive approach to conventional antipsychotic pharmacother-
apy over several days in patients with schizophrenia. They found statistically
(but not clinically) significant improvement in behavioral ratings and empha-
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sized that the low tryptophan diet enhanced performance on the Stroop
Color and Word test.

Sharma et al.* utilized the acute tryptophan depletion paradigm to eval-
uate patients with schizophrenia under controlled conditions. They observed
no clinical or statistically significant improvement in symptoms compared
to baseline when tryptophan depletion was imposed. The authors considered
that their findings with schizophrenic or schizoaffective patients (treated but
still symptomatic) may differ from those in untreated symptomatic patients.
Other studies with the effects of tryptophan depletion differ markedly in
treated remitted vs. untreated symptomatic depressed patients.?07

7.1.2.1.2.3  Obsessive-Compulsive Disorder — Barr et al.”! investigated the
effects of short-term tryptophan depletion on patients with obsessive-com-
pulsive disorder who demonstrated symptom reduction following treat-
ments with serotonin reuptake inhibitors. Such low tryptophan diets did not
significantly change mean ratings of obsessions and compulsions but, in
contrast, mean depression ratings were significantly increased with tryp-
tophan depletion compared with controls (tryptophan-supplemented diet).

Smeraldi et al.”? likewise reported that mean ratings of obsessions and
compulsions, measured by Visual Analogue Scales ratings, did not worsen
with patients fed the tryptophan-devoid amino acid mixture. However, tryp-
tophan depletion also failed to alter mood in contrast to findings by others.

Huwig-Poppe et al.” studied the effects of tryptophan depletion in 12
patients with obsessive-compulsive disorder and in 12 healthy subjects. They
reported that tryptophan depletion led to more pronounced disturbances of
sleep continuity in the patients than in healthy subjects, in terms of an
increase of wake time and a decrease of total sleep time.

7.1.2.1.2.4  Autistic Disorder — Autistic disorder is characterized by a dis-
turbance in social relatedness often accompanied by obsessive-compulsive
symptoms and aggressive/impulsive behavior. A number of lines of evi-
dence suggest that abnormalities in the serotonin system may contribute to
the pathophysiology of autism. Since dietary tryptophan depletion may
specifically reduce brain serotonin function,”* investigations using this
dietary regime (low-tryptophan diet or a tryptophan-free amino acid mix-
ture) on autistic patients were undertaken.”>”® The results of these studies
revealed that such a dietary regime resulted in an acute worsening of some
symptoms characteristic of autism.

D’Eufemia et al.”” reported that there was a significantly lower serum
tryptophan to large neutral amino acids ratio in children with idiopathic
infantile autism than in control children. Their findings suggest that a low
brain tryptophan availability due to a low serum tryptophan to large neutral
amino acids ratio could be one of the possible mechanisms involved in the
alteration of serotonergic function in autism.

Croonenberghs et al.”® examined serotonergic and noradrenergic markers
in a study group of 13 male, post-pubertal, Caucasian autistic patients (ages
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12 to 28 years) and 13 matched volunteers. Plasma concentrations of tryp-
tophan were significantly lower in autistic patients than in healthy volunteers.
There were no significant differences between autistic and normal children
in the serum concentrations of serotonin or the 24-h urinary excretion of
5-hydroxy-indoleacetic acid, adrenaline, noradrenaline, and dopamine. There
were highly significantly positive correlations between age and 24-h urinary
excretion of 5-hydroxy-indoleacetic acid and serum tryptophan. The results
suggested that (1) serotonergic disturbances, such as defects in the serotonin
transporter system and lower plasma tryptophan, may play a role in the
pathophysiology of autism; (2) autism is not associated with alterations in
the noradrenergic system; and (3) the metabolism of serotonin in humans
undergoes significant changes between the ages of 12 and 18 years.

7.1.2.1.2.5 Tourette’s Syndrome — Tourette’s syndrome is a chronic, neuro-
psychiatric disorder of childhood onset characterized by motor and phonic
ties that wax and wane in severity, as well as by symptoms of obsessive-
compulsive disorder. Comings” measured blood tryptophan and serotonin
levels in Tourette’s syndrome patients The mean level of tryptophan in 315
patients was 1.48 mg/dl (1.93 mg/dl for controls) and mean level of seroto-
nin in 359 patients was 71.6 ng/ml (98.1 ng/ml for controls). The author
attributed the wide range of behavioral disorders in Tourette’s syndrome to
the low blood tryptophan and serotonin levels and suggested tryptophan
oxygenase as a possible candidate gene. Rasmusson et al.% studied the effects
of acute tryptophan depletion in a group of patients with Tourette’s syn-
drome and found no worsening of tic, obsessive-compulsive, or mood symp-
toms. It is of interest that Chandler et al.8! reported the successful treatment
of stimulant-induced tics with oral tryptophan.

Richards et al. measured fasting plasma levels of tryptophan, kynure-
nine and the pteridines, neopterin, and tetrahydrobiopterin in seven
patients with Tourette’s syndrome and ten healthy controls. Plasma kynure-
nine was significantly elevated in the patients. The lowest patient value was
higher than the highest control value. Values for tryptophan, neopterin, and
tetrahydrobiopterin were similar in patients and controls. However, in
patients only, there was a significant negative correlation between tryp-
tophan and neopterin and a significant positive correlation between kynure-
nine and neopterin when controlling for tryptophan. This finding suggested
that activation of cellular immune processes is a possible explanation for
the rise in plasma kynurenine.

7.1.2.1.2.6  Panic Disorder — Goddard et al.®* conducted studies in which
the effects of tryptophan depletion were evaluated in panic disorder patients.
In this study, tryptophan depletion was not found to be anxiogenic in
unmedicated panic disorder patients. They concluded that tryptophan
depletion alone is not particularly panicogenic.
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7.1.2.1.2.7 Miscellaneous Findings — In a review concerned with tryp-
tophan in neuropsychiatric disorders, Sandyk® reviewed the evidence that
abnormalities of serotonin functions are related to the pathophysiology of
diverse neurological conditions, including Parkinson’s disease, tardive dys-
kinesia, akathisia, dystonia, Huntington’s disease, familial tremor, restless
legs syndrome, myoclonus, Tourette’s syndrome, multiple sclerosis, sleep
disorders, and dementia. The psychiatric disorders of schizophrenia, mania,
depression, aggressive and self-injurious behavior, obsessive-compulsive
disorder, seasonal affective disorder, substance abuse, hypersexuality, anxi-
ety disorders, bulimia, childhood hyperactivity, and behavioral disorders in
geriatric patients have been linked to impaired central serotonin functions.
Since tryptophan is a natural constituent of the diet and is the precursor of
serotonin, dietary tryptophan supplementation has been used in the man-
agement of neuropsychiatric disorders with variable success. Clinical use of
tryptophan supplementation in a variety of neuropsychiatric disorders has
been described.

Park et al.® investigated the effect of tryptophan depletion during a single
day upon learning and memory in normal subjects. This produced selective
impairments in learning and memory in the normal volunteers.

7.1.2.2  Animal Studies
7.1.2.2.1 Grooming Chain Completion

Grooming behavior may be a useful model to study some of the motor
disturbances associated with both obsessive-compulsive disorders and
motor sterotypies. Serotonin has been implicated in the magnitude of nov-
elty-induced grooming behavior. Therefore, del Angel-Meza et al.3 investi-
gated the effect of a tryptophan-deficient diet on grooming chain completion
in rats. They found that the tryptophan-deficient diet produced fewer chain-
associated face washings, more face washings alone, fewer number of chains
as well as elementary units into chains. They concluded that an apparent
lower threshold for emotional responsiveness also took place.

7.1.2.2.2  Spontaneous Alternation

Spontaneous alternation is controlled by septal cholinergic terminals in the
hippocampus. Serotoninergic terminals end on cholinergic nerve endings in
the hippocampus. Gonzalez-Burgos et al.¥” investigated the effects of a tryp-
tophan-deficient diet on spontaneous alternation in rats (weaning to 60 days
of age). Using a T-maze as the test, they observed that, at age 40 days, an
increase in spontaneous alternation occurred in the rats fed the tryptophan-
deficient diet, although this effect disappeared by 60 days of age.

7.1.2.2.3 Rat-Mouse Aggressive Behavior

Giammanco et al.® reported that alimentation of rats for 4 days with a diet
composed of precooked cornmeal (tryptophan < 0.025%) induced the
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appearance of aggressive-cidal or aggressive noncidal behavior toward the
mouse in more than half of the Wistar rats. They attributed this behavior to
a decrease in brain serotonin.

7.1.2.2.4 Sexual Performance

Chronic dietary restriction of tryptophan has been reported to be associated
with clear-cut changes in behavior, including increased sexual performance
(mounting behavior) in male rats and rabbits,%*° presumably by attenuating
serotonergic function.

Female rats, receiving estradiol valerate after ovariectomy, were given a
tryptophan-free amino acid mixture, and sexual contact was followed. The
tryptophan-free amino acid mixture in the female rats, unlike in male rats,
failed to modify sexual motivation.?!

7.1.3 Concluding Remarks

Experimental tryptophan depletion studies in humans and in animals have
been utilized to determine the effects of reduced serotonin levels in the brain.
Since acute tryptophan depletion leads to diminished serotonin levels, it has
been considered a desirable and specific way to study effects or influences
of serotonin. In general, it appears that alterations in serotonin levels influ-
ence a variety of mood disorders and neuropsychiatric conditions. This raises
the question of whether the administration of tryptophan may prove to be
beneficial in treating some patients. This aspect is considered further in
Chapter 8.

7.2 Liver and Hepatic Coma

The many effects of L-tryptophan (deficiency or excess) on the liver have
been considered in detail in earlier chapters (Chapters 2, 4, and 6). The liver
is the organ that is intimately involved in the metabolism of ingested L-tryp-
tophan and determines the pathways available and rates of formation of the
various metabolites (see Chapter 4, Figure 4.1). Thus, alterations in the
metabolism of L-tryptophan in the liver can have consequences throughout
the body. Other than the brain, where the effects of L-tryptophan and its
product, serotonin, have been extensively investigated, the liver is probably
the second most investigated organ in regard to the effects or influence of
L-tryptophan. How the liver in disease states is affected by L-tryptophan
has been of much interest.

Chapter 6 reviewed tryptophan and toxic liver disease. This section deals
with the effects or influences of tryptophan on chronic liver disease in asso-
ciation with hepatic coma. Chronic liver disease in humans is often associ-
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ation with hepatic encephalopathy, a neuropsychiatric syndrome usually
beginning with changes in mood and signs of intellectual impairment, lead-
ing to confusion, slurred speech, drowsiness, hypersomnia, stupor, and coma
as the condition worsens. Liver dysfunction is characterized by a known
number of metabolic abnormalities, including increased concentrations of
aromatic amino acids in plasma and cerebrospinal fluid.”> These changes
include an increase in plasma free tryptophan and are associated with raised
CSF levels of tryptophan and 5-hydroxyindoleacetic acid, a precursor and
the terminal metabolite of serotonin. Indeed, many workers®* have con-
sidered tryptophan to be implicated in the pathogenesis of hepatic coma.
However, overall, an elevation of plasma tryptophan is not generally con-
sidered to be pathognomonic of hepatic encephalopathy.”

A study by Rao et al.” measured the levels of amino acids using in vivo
cerebral microdialysis in the frontal cortex of portacaval-shunted rats admin-
istered ammonium acetate to precipitate severe portal-systemic encephalo-
pathy. In comparison to sham-operated control rats, tryptophan levels
increased by 63% along with those of other amino acids. However, the
experimental animals did not have a significant increase in extracellular fluid
concentration of tryptophan, suggesting that increased spontaneous release
of tryptophan in cerebral cortex is not implicated in the pathogenesis of
hepatic coma.

The involvement of tryptophan in hepatic coma may be explained by the
action of one of its metabolites, serotonin, which is known to exert profound
effects on the central nervous system.!® Although it is generally agreed that
the turnover of brain serotonin is related directly to the concentration of
brain tryptophan, questions remain regarding the regulation of brain tryp-
tophan levels. The apparent increased turnover of brain serotonin in patients
with hepatic encephalopathy and coma cannot be explained by correspond-
ing increases in plasma total tryptophan levels because the reported values
in these patients range from low, normal, to mildly elevated.?*68101 How-
ever, all reports seem to agree that plasma-free tryptophan levels become
increased. The raised free tryptophan concentration is important because it
is this fraction that is available for transport into the brain and that plays a
key role in regulating the entry of tryptophan into the brain.1021% In attempt-
ing to explain the elevation in plasma-free tryptophan levels, there are a few
probable mechanisms that operate singly or in combination: (1) a rise in
plasma concentration of unesterified fatty acids occurs,!® which releases
tryptophan from plasma protein,'®® thus increasing its availability to the
brain, and (2) the drop in plasma albumin in chronic liver disease may
account for some of the increase in the free-to-bound tryptophan ratio. Also,
brain tryptophan concentration is influenced by the ratio of its plasma con-
centration to the sum of the concentrations of five other amino acids
(tyrosine, phenylalanine, leucine, isoleucine, and valine), which compete
with tryptophan for uptake into the brain.1%107

An altered plasma amino acid pattern is observed in patients with liver
cirrhosis and hepatic encephalopathy: low concentrations of the branched-
chain amino acids (leucine, valine, and isoleucine) and high levels of
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the aromatic amino acids (tryptophan, tyrosine, and phenylalanine) and
methionine.!%-110 These changes, together with an increased blood-brain
barrier permeability,''112 may augment the influx of aromatic amino acids
into the brain, causing an imbalance in the synthesis of neurotransmitters,
which may in turn contribute to the disturbed brain function. An increased
concentration of the branched-chain amino acids in the blood has been
proposed to normalize these reactions.!®> Experimental studies have indeed
demonstrated that the administration of branched-chain amino acids to
patients with liver cirrhosis is accompanied by reduced arterial blood levels
and diminished brain uptake of aromatic amino acids.!'? Although some case
reports have suggested that intravenous or oral administration of branched-
chain amino acids may be beneficial in patients with liver cirrhosis and
hepatic encephalopathy,!%114115 a multicenter study with 50 patients reported
that such therapy, while reducing the concentration of plasma aromatic
amino acids, did not appear to improve cerebral function or decrease mor-
tality in patients with hepatic encephalopathy.!® Thus, the possible patho-
genetic importance of the observed derangements of plasma amino acid
levels is still in doubt. Kienzl et al.!'” reviewed changes in and modulation
of receptor activity in hepatic encephalopathy. They reported that in hepatic
encephalopathy brain, uptake of large neutral amino acids is impaired, with
tryptophan crossing the blood-brain barrier to a much larger extent than all
other competing amino acids. The disturbance in the steady-state of trans-
mitter was paralleled to the change of their kinetic data. This was reflected
by an increase in serotonin synthesis and turnover; while the number of
postsynaptic serotonin 1-binding sites was decreased, serotonin 2-receptor
activity was dropping to a much smaller extent. On the other hand, presyn-
aptic dopaminergic activity remained unchanged, with no change in
D2-receptor activity. Valine improved the postsynaptic serotonin function
via modulating activity due to a regulatory mechanism at the membranal
level in vitro and ex vivo. Furthermore, valine led to a significant reduction
of serum ammonia (NH,*) and brain NH,* concentration. Valine was able to
antagonize the binding density, diminishing effects of NH,* on 5-HT binding
sites. In attempting to propose a unified hypothesis of hepatic encephalo-
pathy, Fischer and Bower!!® have considered ammonia, plasma amino acid
imbalance, deranged hormonal profile, and a deranged plasma amino acid
pattern as all contributing to the deranged brain amino acid profile, resulting
in distortion of the aminergic neurotransmitter profile within the central and
peripheral nervous system.

Although there is much evidence relating to the association between
changes in plasma and brain tryptophan levels with hepatic coma, the under-
lying cause of the coma is still not clear. In experimental animals, it has been
established that tryptophan is a very toxic amino acid in terms of lethality.!?
In fact, the ingestion of high levels of tryptophan by humans is able to induce
significant central nervous system signs and symptoms.'* However, these
manifestations are different from but have been confused with hepatic
coma.” In humans, a tryptophan dose of 100 mg/kg body weight per os is
usually well tolerated with the exception of some minor gastric disturbances

© 2002 by CRC Press LLC



176 Tryptophan: Biochemistry and Health Implications

(vomiting, etc.).!?! A simple toxicity of tryptophan itself can hardly be respon-
sible, as up to 15 g/d of DL-tryptophan has been given by mouth in the
treatment of depression,'?> and plasma free tryptophan of human subjects
has been raised almost 100-fold by tryptophan infusion without grossly
apparent effect.'” In normal rats, injection of a lethal dose of tryptophan
(510 to 775 mg per 100-g body weight) produced dyspnea, dehydration,
prostration, and death, with an intervening phase of coma, while the plasma
and brain concentrations increased more than 300-fold.”> However, it is con-
ceivable that raised serotonin levels in the brain might enhance the toxicity
in the central nervous system of other substances accumulating in subjects
with liver disease. Moroni et al.?* proposed that quinolinic acid, an excito-
toxic tryptophan metabolite, should be added to the list of compounds
possibly involved in the pathogenesis and symptomatology of brain disor-
ders associated with liver failure. They based this on the increased concen-
tration of quinolinic acid in the CSF in patients during coma compared to
controls as well as in the frontal cortex of patients who died after episodes
of hepatic encephalopathy. Thus, tryptophan may certainly be implicated in
hepatic coma, but the true extent of its effects or actions on the brain awaits
further clarification.

7.3 Protein Synthesis in Various Organs

In considering how L-tryptophan can affect various organs, it is appropriate
to review how it affects protein synthesis in specific organs. In addition to
reports that tryptophan stimulates hepatic and plasma protein synthesis as
described in Chapter 4, it has also been reported that tryptophan stimulates
protein synthesis in other organs. These studies, other than in liver, are cited
in this section.

7.3.1 Brain

Jorgensen and Majumdar!® reported that a single tube-feeding of L-tryp-
tophan to well-fed adrenalectomized rats stimulated in vivo incorporation
of [*H]leucine into brain proteins as well as liver proteins. Also, Nakhla
and Majumdar!? reported that tube-feeding tryptophan to well-fed adrena-
lectomized rats induced an increase in the activity of cerebral acetylcho-
linesterase, which could be prevented when the animals were pretreated
with actinomycin D. Whether or not the enhanced protein synthesis in the
brain following tryptophan administration may be related to a rise in brain
serotonin level caused by increased plasma tryptophan concentration is
not known.

Blazek and Shaw'? studied the effects of tryptophan availability on brain
protein synthesis in male rats. Using o-methyltryptophan acutely (6 h) to
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decrease plasma and brain tryptophan concentrations, they measured the
rate of protein synthesis in plasma and brain and observed that the o-methyl-
tryptophan-treated rats revealed a significant decrease (65 and 45%, respect-
fully) in both, which they attributed to the tryptophan depletion.

Although the report by Cosgrove et al.'?® was not concerned per se with
rat brain protein synthesis, it investigated tryptophan binding in vitro to
whole rat brain nuclei. On Scatchard analysis, brain nuclei appeared to
contain one binding site for *H-tryptophan and the K, was 263 nM. This
was similar to the liver nuclear binding for tryptophan reported earlier. Kurl
et al.'?1% suggested that the nuclear binding in liver may likewise be impli-
cated in affecting protein synthesis in brain tissue.

7.3.2 Gastrointestinal Tract

Since starvation lowers protein synthesis in a number of organs or tissues
and refeeding reverses the situation, Majumdar'® investigated the impor-
tance of tryptophan in regulating protein synthesis in one such tissue, the
gastric mucosa. He reported that refeeding a nutritionally complete diet to
fasted rats stimulated the ability of gastric mucosal polyribosomes to syn-
thesize protein in a cell-free system. In contrast, a tryptophan-free diet (oth-
erwise nutritionally complete) was ineffective. Also, Majumdar!3?
demonstrated that tube-feeding tryptophan to well-fed adrenalectomized
rats stimulated in vivo amino acid incorporation into gastric total proteins.
Thinking that tryptophan may influence enzymes of the gastrointestinal
tract, specifically the stomach and small intestine, Majumdar reported that
tube feeding tryptophan to adrenalectomized rats increased the activities of
gastric mucosal pepsin'®> and disaccharidases (lactase and maltase) in the
jejunum and ileum.'®® Also, Majumdar reported that, using fasted (2 d) rats,
refeeding of a complete diet, but not a tryptophan-free diet, increased the
activities of small-intestinal alkaline phosphatase and disaccharidases (mal-
tase and sucrase) to normal levels.!3*

Ponter et al.'*> reported that in piglets the fractional protein synthesis rates
were generally not increased in duodenal or jejunal mucosa by adequate or
excess tryptophan in high carbohydrate or high fat diets, although in stom-
ach small increases occurred. Also, the fractional protein synthesis rate was
increased with adequate or excess tryptophan diets compared to inadequate
tryptophan diets (controls).

7.3.3 Kidney

Jorgensen and Majumdar'® reported that a single tube-feeding of L-tryp-
tophan to well-fed adrenalectomized rats stimulated in vivo incorporation of
[*H]leucine into kidney proteins.
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7.3.4 Lungs

Gacad et al.’® reported that tryptophan administration to food-deprived
rabbits at 45 min before killing induced an increase in protein synthesis
([**C]leucine incorporation into protein) by lung slices.

7.3.5 Skin

Ponter et al.3° reported an increase in fractional protein synthesis rate in the
skin of piglets tube-fed adequate or excess tryptophan diets compared to
controls (tryptophan-inadequate diet).

7.3.6 Bone (Femur)

Ponter et al.!®® reported that the fractional protein synthesis rate was
increased with tryptophan-adequate or -excess diets high in fat compared
to the control group (inadequate tryptophan, high fat diet).

7.3.7 Muscle

Lin et al.’¥” reported that there was a depressive effect of tryptophan defi-
ciency on the protein synthesis rate in pig muscle. Also, Cortamira et al.!*
reported that the fractional protein synthesis rates in piglet muscle (longis-
simus dorsi and semitendinosus) were increased in animals fed tryptophan-
adequate diets compared to controls (tryptophan-inadequate diets). This was
confirmed in a later study by Ponter et al.’3®

7.3.8 Conclusion

Based upon data of many experimental studies, it appears that L-tryptophan
has the ability to stimulate protein synthesis in a number of organs. Many
of the findings are based upon adding tryptophan to a diet inadequate in
tryptophan. However, other studies indicate that intake of elevated levels of
tryptophan can likewise stimulate protein synthesis in many organs. Spec-
ulation as to the mechanism of tryptophan’s actions on stimulating protein
synthesis is based mainly on studies with the liver (Chapter 4). However, it
is likely that similar mechanisms may be involved in other organs. However,
further investigative studies are needed to confirm whether other organs
respond by similar mechanisms as occur in liver.
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8.1 Introduction

The use of L-tryptophan as a therapeutic agent probably began in the 1970s
and early 1980s when reports in the medical literature suggested that it
might be useful for the treatment of depression.! Since then, its efficacy
for a variety of other conditions has been examined; these include chronic
pain, insomnia, premenstrual syndrome, schizophrenia, affective disorders,
and behavioral disorders.*'¢ The rationale for its therapeutic use in treat-
ment of psychiatric and behavioral disorders came mainly from the obser-
vation that brain serotonin content could be altered by changes in plasma
tryptophan levels."”
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During the 1980s, consumers or customers were encouraged by the pop-
ular press to use L-tryptophan for therapeutic purposes for a variety of
problems.!8 L-tryptophan was available without prescription, as an over-the-
counter remedy, at natural food stores and drug stores. L-tryptophan was
manufactured as a nutritional supplement and regulated as a foodstuff, yet
it was sold and used as a drug. Although L-tryptophan was removed from
the GRAS (Generally Regarded As Safe) list many years ago (1977)," it
remained widely available and largely unregulated. Thus, popularity and
sales of L-tryptophan increased in the 1980 to 1990 period. For example, a
1990 survey of tryptophan use in the Minneapolis-St. Paul area revealed that
4% of households had at least one person who had used tryptophan between
1980 and 1989.% The overall prevalence of use was not known, but its man-
ufacture and distribution were a multimillion dollar industry with increasing
sales, particularly between 1985 and 1989. Then, the eosinophilia myalgia
syndrome was reported in 1989, and the FDA discontinued sales of L-tryp-
tophan (see Chapter 11).

The rationale for the therapeutic uses of tryptophan depends mainly on
the knowledge that alterations in brain tryptophan levels influence serotonin
synthesis. In humans,* as in rats,'” brain tryptophan hydroxylase is normally
only about half saturated with its substrate. Therefore, increases in availabil-
ity of tryptophan can double the rate of serotonin synthesis.?! Although it is
clear that serotonin synthesis increases with tryptophan ingestion, the extent
of its release and, therefore, its function is unclear.

A number of reviews have described the important role that serotonin, a
derivative of tryptophan, plays within the central nervous system.?>* Also,
Chapter 7 reviewed the importance of serotonin in selected diseases of the
central nervous system. Serotonin neurons participate in a wide range of
behaviors, including sleep, feeding, aggression, locomotor activity, and pain
sensitivity.? Dietary manipulations that alter brain tryptophan levels can, in
animals and in humans, affect many of these behaviors. Several examples
of these effects are cited.

8.2 Actions Related to Serotonin
8.2.1 Pain

One of the early therapeutic uses of L-tryptophan was for pain. Pain,
particularly chronic pain, is a frequent and important complaint for which
relief is sought by millions of individuals. The search for relief of pain
opens a Pandora’s box for agents that may offer relief. In the 1980s, L-tryp-
tophan, which was widely available, gained popularity as an agent for pain
relief. Although this was based mainly on press releases and advertise-
ments to increase sales, it did have some support from experimental and
clinical studies.
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Early behavioral and neurochemical studies suggested the involvement of
L-tryptophan in the mechanisms of analgesia. These studies were followed
by many experiments on the possible involvement of serotonin in this phe-
nomenon. At present, the physiological role of serotonin in pain and anal-
gesia still remains to be fully explained. During the last decade, a number
of studies have suggested that another route of metabolism of tryptophan,
the kynurenine pathway, was involved in the control of neuronal activity.
Some of the experimental studies are cited here.

Increased sensitivity to painful stimuli has been reported in animals sub-
jected to dietary deprivation of tryptophan.?6-2® Rats maintained on a tryp-
tophan-deficient diet showed increased sensitivity to painful electric foot
shock.?” Also, some studies have revealed that in humans tryptophan causes
decreased pain perception.

A number of studies have investigated the efficacy of tryptophan in reliev-
ing clinical pain. King® reported that tryptophan relieved the pain of patients
in whom chronic pain had recurred after successful treatment by rhizotomy
or cordotomy. In a controlled trial, Seltzer et al® found that tryptophan
decreased clinical pain in patients with chronic maxillofacial pain. Tryp-
tophan has also been reported to reduce pain 24 h after endodontic surgery.3!
Lieberman et al.*? reviewed studies on the effect of L-tryptophan in decreas-
ing human pain sensitivity and thought that it acted in a more specific
manner than certain analgesic drugs.

On the other hand, other clinical studies have failed to report therapeutic
effects on certain patients in pain. Some examples follow:

1. In patients with spinal disc disease, no effect of tryptophan was
found.®

2. In patients with fibrositis syndrome, tryptophan was also ineffec-
tive when given at bedtime.3*

3. Tryptophan given pre- and post-operatively did not affect pain
development or analgesic consumption after third molar surgery.*®

4. For pain after abdominal surgery, intravenous tryptophan infu-
sions failed to decrease pain or morphine requirements.3-7

The varying results obtained with tryptophan in different types of clinical
pain probably reflect the fact that pain includes many physiological phe-
nomena, which act through many different mechanisms. Tryptophan has
been shown to have a therapeutic effect most frequently with chronic pain
associated with deafferentation or neural damage.

For a number of years, the management of chronic pain in patients using
dietary metabolic precursors to neurotransmitters has received much atten-
tion. As pain evolves from acute to chronic, different neuronal pathways are
used, and diverse areas of the brain become involved in the perception and
modulation of pain. The serotonergic system serves as a useful model for
understanding the effect of metabolic precursors. L-tryptophan given orally
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often decreases the perception of pain and appears to act synergistically with
the endorphins and enkephalins. Drugs that increase the serotonin level cause
decreased pain perception with increased pain threshold. Ingestion of dietary
tryptophan from a therapeutic standpoint merits serious consideration.®®

Weil-Fugazza® reviewed some endogenous kynurenine derivatives (e.g.,
kynurenic acid and quinolinic acid) and their association with pain. They
concluded that kynurenine derivatives may play an important role in the
mechanisms of the transmission of nociceptive messages at the level of the
spinal cord. They speculated that pharmacologic studies of drugs modulat-
ing the kynurenine metabolism initiated for the treatment of neurologic
dysfunctions could also be useful for therapy of pain. Specifically, a number
of studies support the hypothesis that the kynurenine pathway is involved
in the modulation of the activity of the excitatory amino acid transmitters
in the CNS.#041

8.2.2 Sleep and Insomnia

Administration of L-tryptophan to humans has been reported to reduce sleep
latency and waking time.*=#* Similar results in reduction of sleep latency
also have been observed in rats.* Since tryptophan is a precursor of seroto-
nin, which has been implicated in the mediation of sleep,* it was assumed
that tryptophan produces these effects by increasing the availability of sero-
tonin at sites where serotonin naturally occurs in the brain. However, in
addition to its action on brain serotonin, it was suggested that tryptophan
may produce its hypnotic effects via a nonserotonergic mechanism.*> The
reduction in concentration of both dopamine and norepinephrine induced
in various brain regions by the administration of L-tryptophan also correlates
with reduction in sleep latency.#

Moja et al.*® studied the effects of an acute administration of a tryptophan-
free amino acid mixture on rats. They reported a decrease in REM sleep and
an increase in non-REM sleep time. Also, Moja et al.®® reported that the
polygraphic sleep pattern of healthy volunteers following the ingestion of
an amino acid mixture containing all essential amino acids compared to that
of ingestion of a tryptophan-free mixture was different. The latter group had
a decrease in stage 4 sleep latency and an increase in stage 4 sleep during
the first 3 h of sleep compared with the control group.

Other more recent studies have also investigated the effects of tryptophan
depletion (using a tryptophan-devoid amino acid mixture) on sleep electro-
encephalograms in healthy humans.>%! Using 11 healthy males, Bhatti et al.>°
reported a significantly decreased REM latency in treated subjects compared
to baseline. Voderholzer et al.,”! using 12 healthy subjects, reported signifi-
cant effects on sleep EEG in terms of decreased nonrapid eye movement
(non-REM) stage 2, increase of wake percentage, and increase of rapid eye
movement (REM) density due to a tryptophan-devoid mixture compared
with baseline. A placebo group did not show effects. These studies support

© 2002 by CRC Press LLC



Pharmacology and Selected Therapeutic Uses 193

the involvement of serotonin deficiency, induced by a tryptophan-devoid
amino acid mixture, in EEG sleep maintenance and on REM sleep.

Since the 1960s, L-tryptophan has been used to treat sleep disorders as
well as depression. L-tryptophan can help re-establish a physiological sleep
pattern in patients with chronic sleep problems. Demisch et al.>? treated 39
subjects with chronic insomnia with L-tryptophan in a double-blind, cross-
over study and concluded that, on the basis of subjective ratings, L-tryp-
tophan was effective in promoting sleep in cases of chronic insomnia.
Schneider-Helmert and Spinweber> reviewed sleep laboratory and out-
patient studies of the hypnotic efficacy of L-tryptophan, with particular
emphasis on evaluating therapeutic effectiveness in the treatment of insom-
nia. They concluded that L-tryptophan was an effective therapeutic agent
for insomnia. Also, they stressed the absence of side effects and lack of
development of tolerance in long-term use of L-tryptophan.

Many studies have tested tryptophan as a hypnotic agent. While the results
have been variable, the consensus of reviews is that under certain conditions
tryptophan can be an effective hypnotic.>* Although in severe insomnia
tryptophan is not as effective as standard hypnotics, in mild insomnia it is
able to decrease sleep latency by about one half. It can be useful at low doses
(<4 g) without altering sleep architecture.®®

8.2.3 Feeding Behavior and Bulimia

Experimentally, it has been demonstrated that injections of L-tryptophan can
have an effect upon the feeding behavior of rats. In freely feeding rats,
injections of L-tryptophan brought about a significant diminution in the 24-h
food intake and significantly reduced meal size.* Also, in food-deprived
rats, tryptophan reduced the size of the first large meal taken after the
deprivation period and markedly extended the duration of the postmeal
interval.® The latter findings differ from those of other investigators,®¢! who
reported that tryptophan administered to 18- to 24-h food-deprived rats
failed to demonstrate a significant depression of food consumption during
the first 2 h after injection. The differences have been attributed to method-
ological differences in experimental designs.> Although the action of tryp-
tophan is generally considered to be via its effect on brain serotonin, the
mechanisms by which the short-term administration of tryptophan leads to
subtle adjustments in meal parameters are still unclear. Relative to the effect
of tryptophan on reducing meal size in rats, Stephens et al.®>% have described
a specific tryptophan receptor for inhibition of gastric emptying in the dog.
As in the dog, tryptophan inhibited gastric emptying, which was indepen-
dent of stimulation of acid secretion, in the cat.* Thus, this effect by tryp-
tophan on the stomach may influence the quantity of diet consumed. In
humans, tryptophan has been utilized to decrease appetite.®®

Tryptophan, given for several weeks, has been tested against placebo in
two clinical studies to determine whether it would decrease total calorie or
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carbohydrate intake of obese and/or carbohydrate-craving subjects.t6¢” 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-
craving subjects.®® However, the open design and the mixture of compounds
given make the results of this study difficult to interpret.

Bulimia nervosa is the most common eating disorder that occurs in women
with eating disorders who maintain normal weight. The symptomology
includes disturbances in appetite modulation, abnormal body image, dys-
phoric mood, and neuroendocrine abnormalities.

Although the pathophysiology of bulimia is poorly understood, one
hypothesis holds that bingeing behavior is precipitated by a reduction in
serotonin activity in the brain.®*” Experimental evidence for this view is
based upon studies:

1. Reducing transmission across brain serotonin synapses by drugs
is known to stimulate food intake.”7

2. Several studies suggest that normal weight bulimic women have
reduced serotonin activity.”>7*

3. Drugs that enhance serotonin transmission are useful in controlling
bingeing in bulimic patients.”

However, others have not found a clear link between serotonin function
and bulimia.”s””

Weltzin et al.”® investigated whether acute tryptophan depletion would
affect bulimic patients. For bulimic women, the tryptophan-devoid amino
acid mixture produced a significant increase in fatigue and a trend toward
increased anxiety and indecisiveness in comparison to the findings with
controls (patients or normal women receiving tryptophan-containing amino
acid mixture). The tryptophan-deficient amino acid mixture produced a
rapid and substantial reduction in plasma tryptophan-to-LNAA ratio in all
subjects, which suggested that the treatment reduced brain tryptophan
uptake and serotonin synthesis.

8.2.4 Premenstrual Syndrome (PMS)

The symptoms of premenstrual syndrome (PMS), also called premenstrual
dysphoric disorder, include depressed mood, anxiety, affective lability, and
anger or irritability.” Since low serotonin levels are thought to be involved
in the etiology of depression, aggression, and impulsivity,® specific serotonin
reuptake inhibitors have been tested in PMS. The SSRI fluoxetine was found
to be better than placebo.®! Since chronic treatment with SSRIs can influence
many neuron systems other than serotonin,® Steinberg et al.®® designed a
study using tryptophan, relatively specific for its effect on serotonin, on the
effects of symptoms of PMS. In a randomized controlled clinical trial, 37
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patients with premenstrual dysphoric disorder were treated with L-tryp-
tophan 6 g/day, and 34 were given placebo. The treatments were given under
double-blind conditions for 17 days, from the time of ovulation to the third
day of menstruation, during three consecutive cycles. Visual Analog Mood
Scales revealed a significant therapeutic effect of L-tryptophan relative to
placebo for the cluster of mood symptoms comprising the items of dyspho-
ria, mood swings, tension, and irritability. These results suggest that increas-
ing serotonin synthesis during the late luteal phase of the menstrual cycle
is therapeutic in patients with premenstrual dysphoric disorder.

In general, the results of experimental studies in patients with PMS have
given mixed results on whether there is lowered serotonin function in these
patients. Menkes et al.3 reported that acute tryptophan depletion aggravated
symptoms, particularly irritability, for women with PMS compared to con-
trols. Ellenbogen et al.® reported that tryptophan depletion caused a modest
lowering of mood in healthy women without PMS and with no family
history of depression. On the other hand, Benkelfat et al.® reported no low-
ering of mood in healthy male subjects with no history of depression.

Sundblad et al.¥ reported that both L-tryptophan and other antidepres-
sants are effective when given during the luteal phase of the cycle. L-tryp-
tophan has benefits over antidepressants in that it does not require a period
of toleration for efficacy.®® Also, L-tryptophan can be used at the time of peak
presentation of PMS and need not be used in each cycle.

8.2.5 Hyperactivity and Attention Deficit Disorder

Many reports have linked childhood hyperactivity to impaired central sero-
tonin functions.® In animals, the occurrence of a behavioral syndrome con-
sisting of hyperactivity, stereotyped movements, and increase of temperature
has been induced by L-tryptophan, as a serotonin precursor, by serotonin
reuptake inhibitors, and by MAOIs.*®* Most of these manifestations can be
blocked specifically by pretreatment with an inhibitor of serotonin synthesis.
In humans, the association of myoclonus, diarrhea, confusion, hypomania,
agitation, hyperreflexia, shivering, incoordination, fever, and diaphoresis,
when patients are treated with serotoninergic agents, could constitute a
“serotonin syndrome.” Such cases of serotonin syndrome were reported after
treatments with L-tryptophan, MAOIs, serotonin reuptake inhibitors, and
tricyclics, alone or in association.

In recent years, much interest has been directed toward the increasing
incidence in attention deficit disorder (ADD). This disorder affects children
with symptoms consisting of distractibility, short attention span, hyperac-
tivity, emotional lability, and impulsivity. A number of investigators have
researched whether this disorder may be related to differences in the sero-
tonin metabolism in children with ADD.

Early studies by Gibson et al.?! indicated tryptophan decreases locomotor
activity in rats. However, in 1985 Hoshino et al.”? reported that while the
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mean plasma total tryptophan levels in children with ADD was not signif-
icantly different from that of normal children, the mean plasma free tryp-
tophan level in ADD children was significantly higher. A positive correlation
between plasma free tryptophan levels and the Werry-Weiss-Peters Activity
Scale in children with ADD seemed to exist, suggesting that the more severe
the hyperactivity of ADD, the higher the plasma free tryptophan levels.
These results suggested that there might be some disturbance in the tryp-
tophan-serotonin metabolism in the brain of a child with ADD.

Bornstein et al.”® examined the levels of plasma amino acids (phenyl-
alanine, tyrosine, tryptophan, histidine, and isoleucine) in 28 patients with
ADD and in 20 controls. Lower levels were found in the ADD subjects, which
suggested a general deficit in amino acid transport, absorption, or both.
Specifically, plasma tryptophan levels (umol/1) were 58.1 in ADD group and
104.2 in control group. These findings are consistent with the findings by
Coleman®® and Bhagavan et al.”® that reported decreased levels of serotonin
in serum or whole blood in ADD subjects.

Though many studies indicate that elevated tryptophan levels, particularly
free tryptophan levels, are observed in hyperactivity states, some studies
have not verified such findings. Ferguson et al.®® reported no differences in
total and free plasma tryptophan levels between hyperactive children and
age-matched controls. Actually, the literature contains conflicting data as to
whether high or low levels of serotonin are involved in ADD.?6-%

Nemzer et al.” conducted a double-blind study in which they compared
the effects of tryptophan (100 mg/kg/day) or placebo on 14 children with
ADD with hyperactivity of 1-week trials. Tryptophan, while not significantly
different from placebo on teachers’ ratings, was significantly better by par-
ents” ratings. This suggested that tryptophan may have some benefit in
selected cases of ADD, primarily with home behavior problems.

In conclusion, the results of the effects of L-tryptophan on ADD are vari-
able and confusing. At present, whether or not L-tryptophan may have a
therapeutic role is questionable.

8.2.6 Fatigue

Since L-tryptophan is the precursor for serotonin, which is involved in
fatigue, many studies have been directed toward an attempt to understand
the relationship between L-tryptophan levels and fatigue. It has been con-
sidered that increases of plasma free tryptophan lead to an increased rate of
entry of tryptophan into the brain, leading to higher levels of serotonin,
which may cause central fatigue. Central fatigue is implicated in clinical
conditions such as chronic fatigue syndrome and postoperative fatigue.
Increased plasma free tryptophan leads to an increase in the plasma con-
centration ratio of free tryptophan to the branched-chain amino acids
(BCAA), which compete with tryptophan for entry into the brain through
the blood-brain barrier. Therefore, the plasma concentrations of these amino
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acids were measured in chronic fatigue patients before and after exercise!®
and in patients undergoing major surgery.!® In chronic fatigue patients, the
pre-exercise concentration of plasma free tryptophan was higher than in
controls but did not change during or after exercise. In controls, plasma free
tryptophan became increased after maximal exercise and returned toward
baseline levels 60 min later. The apparent failure of the chronic fatigue
patients to change the plasma free tryptophan concentration or the free
tryptophan to BCAA ratio during exercise may indicate increased sensitivity
of brain serotonin receptors, as has been reported in other studies.!®

After major surgery, the postoperative recovery plasma free tryptophan
concentrations were markedly increased over baseline levels, and the
plasma free tryptophan to BCAA concentration ratio was also increased
after surgery.!! Since plasma albumin concentrations were decreased after
surgery, it was considered that this may account for the rise in plasma free
tryptophan levels.

Blomstrand et al.1%1% reported that provision of BCAA improved mental
performance in athletes after endurance exercise, which could be attributed
to counteracting the effects of the increase in plasma free tryptophan levels
due to the exercise. However, the plasma concentration ratio of free tryp-
tophan to BCAA remained unchanged or even decreased when BCAAs
were ingested.

Cunliffe et al.’®® reported on the effect of L-tryptophan administration
(30 mg/kg) on subjective and objective measures of fatigue in six healthy
volunteers. Subjects were tested for central and peripheral fatigue using a
visual analog scale, flicker fusion frequency, grip strength, reaction time, and
wrist ergometry. They concluded that tryptophan ingestion led to increased
subjective and central fatigue. Increases in work output observed following
tryptophan were considered to be the result of a reduced perception of
discomfort during ergometry.

Yamamoto and Newsholme!® used Nagase genetically analbuminemic
rats (NAR) that were run to fatigue. Administration of BCAA before exhaus-
tive exercise resulted in a postfatigue decreased tryptophan uptake and 5-
hydroxytryptophan (5-HTP) uptake into the synaptosomes isolated from the
striatum when compared with saline-administered controls. At the same
time, rats who received either BCAA or 2-aminobicyclo[2,2,1]heptane-2-car-
boxylic acid (BCH, a specific inhibitor for the L-system transporter) had a
considerably prolonged run time to exhaustion (by two-fold), compared to
those who received saline treatment. When classified by run time, it was of
interest that, when the data for BCAA and BCH treatments for the longer
run time NAR were combined, it gave rise to a significant decrease in syn-
aptosomal tryptophan and 5-HTP of a similar magnitude to that observed
with BCAA alone. These levels were lower than those observed in rats in
the shorter run time group for all treatments. These results support the view
that an activated serotonergic function may be involved in central fatigue,
which can be diminished by inhibition of the L-system transporter.
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8.2.7 Other Conditions

A single case report suggests a therapeutic effect of tryptophan in nonketotic
hyperglycemia,'” a rare genetic disorder. Tryptophan increased the levels of
the tryptophan metabolite kynurenic acid in the CSE. 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.

In Chapter 7, attention was directed toward a number of psychiatric con-
ditions where serotonin plays a role. Experimentation with acute tryptophan
depletion has been a valuable source for correlating the connection between
specific psychiatric abnormalities and serotonin misfunction. The usefulness
of L-tryptophan treatment has been raised in a number of these conditions.

8.3 Antioxidant Activities

Much attention has been paid recently to the action of dietary antioxidants
in health and disease.!®11Y Many dietary components have been investigated
for their antioxidation actions. It has been speculated that these actions have
great biologic significance.

8.3.1 L-Tryptophan

A number of small molecules, such as certain vitamins and metabolites, are
known to contribute to the defenses that higher organisms possess against
oxidating damage.!''!12 The antioxidant activities of L-tryptophan and some
of its oxidative metabolites have been investigated and reported.!'314 Of
interest is that some of the oxidative tryptophan metabolites of the kynure-
nine pathway are powerful antioxidants.!!3> Christen et al.'*> measured how
efficiently the antioxidant activities of tryptophan and some of its oxidative
metabolites inhibited peroxyl radical-mediated oxidation of phosphatidyl-
choline liposomes and B-phycoerythrin. Low micromolar concentrations of
5-hydoxytryptophan, 3-hydroxykynurenine, xanthurenic acid, or 3-hydroxy-
anthranilic acid, but not their corresponding nonhydroxylated metabolic
precursors, scavenged peroxyl radicals with high efficiency. 3-Hydrox-
ykynurenine and 3-hydroxyanthranilic acid particularly protected B-phyco-
erythrin from peroxyl radical-mediated oxidative damage more effectively
than equimolar amounts of either ascorbate or Trolox (a water-soluble analog
of vitamin E). In another report, Cadenas et al.!'> described the antioxidant
properties of 5-hydroxytryptophan.

Since it is well recognized that reactive oxygen species produced by acti-
vated phagocytes are involved in inflammatory processes and can contribute
to cell and tissue damage either directly or through activation of proteases,!*®
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Christen et al."'3 studied tissues of mice suffering from acute viral pneumo-
nia, where the viruses directly activate appropriate cells to produce reactive
oxygen species,'” and measured enzyme activities involved or related to
oxidation of tryptophan metabolism, as well as endogenous concentrations
of tryptophan and its metabolites. Infection resulted in a 100-fold induction
of pulmonary indoleamine 2,3-dioxygenase. Increases in the levels of lung
kynurenine (16-fold) and 3-hydroxykynurenine (3-fold) occurred. In con-
trast, endogenous concentrations of tryptophan and xanthurenic acid did
not increase, and 3-hydroxyanthranilic acid could not be detected. Their
results, plus the known requirement of indoleamine 2,3-dioxygenase for
superoxide anion for catalytic activation, suggested that viral pneumonia
was accompanied by oxidative stress, and that the induction of indoleamine
2,3-dioxygenase probably represented a local antioxidant defense against
viral pneumonia and possibly other types of inflammatory diseases.

Thomas and Stocker!® recently reported on studies supporting the pro-
posal that induction of tryptophan degradation along the kynurenine path-
way in human monocytes and macrophages by interferon-y represents a
novel extracellular antioxidant defense that acts to prevent inadvertent oxi-
dative damage to host tissue during inflammation.

In consideration of the mechanism of antioxidant activity of tryptophan
metabolites, the importance of the phenolic moiety as the active entity should
be stressed. The findings that all phenolic metabolites, but not their nonhy-
droxylated metabolic precursors, show antioxidant activities are consistent
with this interpretation.

8.3.2 Indoles and Indole-3-Pyruvic Acid

Indole compounds constitute one of the most important classes of substances
interacting with toxic oxygen derivatives. Due to their widespread presence
in living cells, they may be thought of as the first defense systems developed
during evolution.

Indole-3-pyruvic acid (IPA), the keto-analog of tryptophan, can be readily
obtained from the amino acid by means of several aromatic aminotrans-
ferases or amino acid oxidases. It is being considered as a pre-eminent indole
in living organisms since it replenishes cells with important biochemicals
and behaves like a strong antioxidant.!'” As a strong free-radical scavenger,
IPA has been found to inhibit radical damages in abiotic systems as well as
in organ homogenates.!?

Since IPA has been recognized for its strong antioxidant properties, it has
been studied extensively in mice, rats, and humans. Review of some of its
pharmacologic effects’® include sedation and increased sleep, antidepres-
sant, antialcohol analgesia, antistress, and anorectic.

IPA has a pivotal role in liver reducing tryptophan-2,3-dioxygenase and
thereby increases free tryptophan availability to the brain. In brain, it can
detoxify cells from free-radicals, reducing activity of excitatory amino acids
and stimulating biosynthesis of melatonin.
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8.3.3 Concluding Comments

Currently, the therapeutic use of L-tryptophan for its antioxidative ability
has received little attention. Yet the antioxidative actions of L-tryptophan
and its metabolites merit recognition and need to be viewed as one of many
dietary components which may come into play in body defenses against
cellular and tissue damage in disease states. Further studies on the direct
effects of L-tryptophan as an antioxidant need to be conducted.

8.4 Concluding Remarks
8.4.1 General Remarks

Many of the therapeutic uses of L-tryptophan are directed toward its effect
on neurotransmission. Actually, diet itself clearly influences neurotransmis-
sion. This can best be illustrated in grossly undernourished children. Inves-
tigations have reported that starvation can impair neuronal maturation and
can have lasting effects upon intellectual and behavior performance. When
gross malnutrition does not exist, subtle changes in diet may modulate brain
function. L-tryptophan, as well as tyrosine and choline, in the diet are pre-
cursors for neuronal synthesis of serotonin, dopamine, and norepinephrine,
and acetycholine, respectively. Thus, L-tryptophan may be useful under
certain circumstances as a drug in treatment of humans.'?! On the other hand,
in states of undernutrition, L-tryptophan therapy in itself is not curative,
while proper nutrition may be the therapy of choice.

8.4.2 Specific Remarks

Young and Teff'?2 have stressed that altered tryptophan levels will be more
likely to influence brain function at higher levels of behavioral arousal.
Their rationale is that tryptophan increases serotonin synthesis. However,
the extent that tryptophan increases serotonin release and, therefore, sero-
tonin function is not clear. They consider the possibility that increased
serotonin levels will lead to increased serotonin release as enhanced when
serotonin neurons are firing at higher rates. The rate of firing of serotonin
neurons is generally increased as the level of behavioral arousal increases.
This concept appears to apply in some cases of aggression, sleep, and pain.
Thus, the effects of altered tryptophan levels depend greatly upon the
circumstances or conditions in which it is administered.

Many experimental studies with the effects of L-tryptophan on metabolic
events, mainly in liver, have suggested that the administration of L-tryp-
tophan can have a beneficial effect during tissue or organ injury. For example,
the enhancement of protein synthesis due to the administration of L-tryp-
tophan in experimental animal studies may have beneficial effects in some
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conditions, as L-tryptophan reverses the ethanol-induced depression of albu-
min synthesis in rabbits'? and also reverses some of the cirrhotic changes
in the livers of rats treated intermittently with carbon tetrachloride.'? These
experimental studies have been reviewed in Chapter 6. It suffices to con-
clude, based upon these investigative studies, that L-tryptophan may prove
to have a beneficial effect on certain disease states in humans. Indeed, there
is need for investigative studies to determine whether L-tryptophan may
have a beneficial effect on certain diseases in man, especially in liver diseases.
Here the effects of L-tryptophan may be direct, involving protein synthesis,
and not secondary to serotonin. Thus far, the pharmacologic actions ascribed
to L-tryptophan have been monolithic in that it was mainly attributed to its
increase of serotonin. Some recent studies have suggested that the kynure-
nine pathway and its metabolites may be important in control of neuronal
activity. Further studies are needed. Newer, important actions of L-tryp-
tophan merit investigation and clarification.
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9.1 Humans

In humans, few adverse effects have been reported with L-tryptophan, even
when taken in large doses (up to 9 g/day) for extended periods of time. The
few adverse effects that have been reported include ataxia, tremor, diaphore-
sis, blurred vision, dry mouth, muscle stiffness, palpitations, and urticaria.!
Overall, tryptophan was considered to be quite safe in clinical use prior to
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late 1989 when the epidemic of eosinophilia myalgia syndrome (EMS)
occurred.*

Even though tryptophan was used clinically for over 20 years, the literature
had few reports of adverse effects when pure tryptophan supplements were
given to humans.> Thomson et al.® reported that tryptophan alone (3 g/day)
produced no more side effects than did placebos. In studies using higher
doses of tryptophan (9.6 g/day) in affective disorder patients” and 20 g/day
in schizophrenic patients,® no side effects were reported. In other studies
where side effects were found, they were mild (most common being nausea
and lightheadedness).

The most common adverse effect reported when tryptophan is given to
humans is the serotonin syndrome. Two reviews*!® describe such cases
(most were associated with a combination of tryptophan and a monoamine
oxidase inhibitor). The main symptoms reported were changes in mental
status, including confusion and hypomania, restlessness, myoclonus, hyper-
reflexia, diaphoresis, shivering, and tremor. Although the incidence of the
serotonin syndrome in patients is unknown, Sternbach’ believes that it is
probably underreported because it is not recognized. The serotonin syn-
drome usually resolves within 24 h of cessation of tryptophan treatment,
with no residual syndromes.

9.2 Animals
9.2.1 Rats

9.2.1.1 LD,

In rats, tryptophan has the lowest LD5; of any amino acid. Its LD5jis 1.6 g/kg
IP.! There was a 7-fold difference in toxicity between the least toxic amino
acid, L-isoleucine, and the most toxic amino acid, L-tryptophan. Symptoms
of toxicity appeared between 10 min and 2 h after ingestion of L-tryptophan;
these consisted of dyspnea, hypothermia, and extreme prostration. Deaths
occurred between 5 h and 3 days. Surviving rats (10 days after LDs, dose)
when autopsied revealed no gross or microscopic abnormalities. Equating
this LD5, dose of 1.6 g/kg in the rat to humans, a 70-kg man would need to
ingest over 100 g tryptophan. Since lower doses when taken orally induce
vomiting in humans, it is unlikely that tryptophan ingestion could be used
for suicide attempts.

A drastic increase in acute toxicity due to L-tryptophan occurred when
rats were subjected to adrenalectomy or after a blockade of corticosteroid
production by metyrapone, causing a 50% decrease in plasma corticosterone
level. The LDs, was reduced to 11.4 mg/kg after adrenalectomy and to
249 mg/kg after metyrapone administration.’*!* The cause of the high
lethality was considered to be due to excessive formation of tryptamine with
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an increase in blood pressure and cardiovascular dysfunction due to loss of
tryptophan 2,3-dioxygenase activity.

9.2.1.2 Effect on Food Intake and Growth

Using levels of L-tryptophan below the LD, levels, fed long-term to rats,
led to reduced food intake and growth of rats. However, such effects have
been described with many diets in which there is an imbalance of any amino
acid; therefore, the effects cannot be attributed specifically to tryptophan.

9.2.1.3 Fatty liver

Hirata et al.'* and Ramakrishna Rao et al.? first reported that the adminis-
tration of high levels (0.5 to 2 g/kg) of L-tryptophan to fasted (20 h) rats
induced a fatty liver within 2.5 to 4 h. However, Sakurai et al.'®!” and Fears
and Murrell,'8 using lower doses of L-tryptophan (0.05 to 0.5 g/kg), reported
no changes in hepatic total lipids. Trulson and Sampson' reported fatty liver
and ultrastructural hepatic changes due to tryptophan, but Matthies and
Jacobs? did not find a fatty liver after tryptophan administration.

In consideration of an explanation for the fatty liver due to tryptophan
observed by some workers, it has been attributed to an increased mobiliza-
tion of free fatty acids as reflected in the elevated levels of plasma free fatty
acids and to increased hepatic fatty acid synthesis.!> A number of
investigators!>171821 have reported that hepatic fatty acid synthesis is
increased following low (5 mg per 100 g body weight) or high (75 mg per
100 g body weight) doses of L-tryptophan in both fasted and fed rats. In
attempting to explain the enhanced hepatic fatty acid synthesis, the follow-
ing mechanisms have been considered: Miyazawa et al.?! proposed the acti-
vation of the lipogenic enzyme acetyl-CoA carboxylase (EC 6.4.1.2) by citrate,
and Fears and Murrell’® proposed that the stimulation of insulin secretion
by tryptophan increases the activities of hepatic fatty acid synthetase and
adipose tissue lipoprotein lipase.

Concerning the fatty livers due to tryptophan described by some investi-
gators, Hirata et al.!* reported a decrease in the level of adenosine triphos-
phate (ATP) in the liver caused by tryptophan administration that they
considered to play a role in the induction of the fatty liver. However, Sakurai
et al.'” failed to observe a change in the hepatic ATP level caused by tryp-
tophan. Dianzani?? speculated that the fatty liver provoked by treatment
with tryptophan was due to impaired synthesis of apolipoprotein, possibly
related to a diversion of synthesis directed to other proteins. Aviram et al.?
reported enhancement of plasma lipid peroxidation in rats due to tryp-
tophan.? Thus, currently, the mechanism whereby tryptophan affects lipid
metabolism in the liver is not clear. The need for very high doses of L-tryp-
tophan to induce fatty liver in the rat suggests that it may be related to
toxicity. Indeed, Gullino et al.!! reported that the LDj, level for L-tryptophan
in the rat is 162 mg per 100 g body weight.
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9.2.1.4 Muscle and Lung Fibrosis

In general, animal studies regarding the effects of increased L-tryptophan
ingestion and tissue fibrosis have been controversial. Ronen et al.?® reported
that excessive dietary tryptophan (1%) (casein at 10% in diet for 3 weeks)
resulted in the appearance of increased fibrosis of muscle, of lungs, and an
increase in tumor necrosis factor-o. (TNFo)-positive cells of female rats. How-
ever, these pathologic changes were described only in a few rats and in only
those that received 1% tryptophan plus injections of p-chlorophenylalanine,
an inhibitor of tryptophan hydroxylase. No mention is made of pathologic
findings in rats fed the 1% tryptophan added to diet alone.

Gross et al.? fed female rats for 3, 6, and 12 weeks on a diet containing
20% casein with added 1, 2, or 5% L-tryptophan. The results based upon a
small number of rats in each group revealed that in gastrocremius muscle
there were mild inflammatory infiltration and moderate hyperplasia of fibro-
blasts in endomysial septa of some rats, especially in rats fed the 5% tryp-
tophan diet for 12 weeks. In lungs, focal areas of inflammation accompanied
by increased fibrosis were reported in the experimental groups. However,
documentation in the paper was poor, and the number of rats involved was
not given. Especially in light of many other experimental rat studies dealing
with experimental eosinophilia myalgia syndrome where implicated L-tryp-
tophan was used, the question of whether tryptophan provoked myofascial
fibrosis in rats is questionable (see Chapter 11).

9.2.1.5 Pancreatic Changes

Love et al.?” reported fibrosis and acinar changes in the pancreas due to high
levels of administered tryptophan. Whether this may be related to high levels
of tryptophan in the pancreas is not known, but Sainio et al.?® reported that
tryptophan levels in the pancreas were five times higher than in mouse liver.

9.2.1.6  Serotonin Syndrome

As mentioned earlier, the most common adverse effect reported when tryp-
tophan is given to humans is the serotonin syndrome. However, this syndrome
was first described in rats. When rats were given tryptophan plus a monoam-
ine oxidase inhibitor, or various other drugs such as high doses of 5-hydroxy-
tryptophan with a peripheral decarboxylase inhibitor, or serotonin receptor
agonists, the rats show tremor, hypertonicity, rigidity, rigidly arched tail, lateral
head shaking, hind-limb abduction, hyperreactivity, myoclonus, treading
movements of the forelimbs, and even generalized seizures.”” Such animal
model studies suggested that serotonin antagonists may be a useful treatment.

9.2.2 Mice and Rabbits

Reports on LDj, of L-tryptophan in mice and rabbits and by different routes
of administration have been reviewed.* By L.V. or L.P,, the dose in all animals
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was about 2 g/kg, while by oral route it was 5 to 16 g/kg. Thus, in the rat,
mouse, or rabbit, tryptophan is generally considered to be of low acute
toxicity or to be essentially nontoxic.

9.2.3 Hamsters

Madara and Carlson® reported that high levels of tryptophan elicited cyto-
skeletal and macromolecular permeability alterations in hamster small intes-
tinal epithelium in vitro.

9.2.4 Ponies

Acute hemolytic anemia has been reported in ponies by Paradis et al.> by
oral administration of tryptophan.

9.2.5 Ruminants (Cattle, Goats)

Oral tryptophan causes marked pulmonary edema and emphysema. This
appears to be due to the bacterial conversion of tryptophan to skatole
(3-methylindole), which causes the same type of lung lesion.®

9.2.6 Species Differences

Badawy and Evans® speculated that certain species of animals were more
sensitive to tryptophan toxicity than were others. This speculation was
based upon studies on liver tryptophan 2,3-dioxygenase activity in different
species: Group 1 (rat, mouse, pig, turkey, and chicken) and Group 2 (cat,
frog, guinea pigs, hamster, gerbil, ox, sheep, and rabbit). Group 2 species
lacked the apoenzyme or the hormonal induction mechanism and have a
deficient kynurenine pathway. Some of the species of Group 2 showed a far
more sensitive toxicity reaction than those of Group 1 in that they displayed
marked lethality at doses to which the species of Group 1 were resistant.
Humans behaved like the Group 1 species. Human liver tryptophan
2,3-dioxygenase most likely exists in both forms, holoenzyme and apo-
enzyme, and can be induced by cortisol administration.*® Humans are able
to survive repeated high doses of tryptophan during treatment for neuro-
psychiatric diseases. Using male adult animals, some species of Group 2
(frog and hamster) showed deaths and signs of toxicity symptoms due to
tryptophan administration, which suggested that others of Group 2 also
have increased toxicity effects due to tryptophan.® Indeed, consistent find-
ings have been reported in earlier studies with guinea pigs,* gerbil,¥ and
bovines (steer).® In general, Group 1 species appeared to be much less
sensitive to tryptophan toxicity. Herbst® reviewed L-tryptophan toxicity in
rats, mice, and rabbits. The above information is important for anyone
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planning experiments relating to tryptophan toxicity and in attempting to
extrapolate the findings to humans.

9.2.7 Overview

Review of the literature appears to indicate that L-tryptophan itself is gen-
erally not toxic in humans, or if it is toxic, very high levels are needed.
However, it does appear that under certain conditions, as with certain con-
taminants or impurities (as in eosinophilia myalgia syndrome), it may con-
tribute to the toxicity of the toxic compounds.

9.3 Toxicity of Tryptophan in Food

The chemistry of tryptophan in food was considered to some extent in an
earlier chapter (Chapter 4). Friedman and Cuq® have reviewed the topic
of toxicity of tryptophan in food in detail. Here attention focuses on toxicity
derived from breakdown products of tryptophan present in food proteins.

9.3.1 Toxicity of Derivatives

Among oxidation products resulting from photooxidation or from the oxi-
dation of tryptophan by strong oxidizing agents such as hydrogen peroxide
or peroxidizing lipids are N-formylkyrurenine, kynurenine, dioxindole-3-
alanine, B-carboline, quinazoline, and hexahydropyrroloindole deriva-
tives.%0-% These compounds do not possess any nutritional value, and some
exhibit toxicity for bacteria, isolated mammalian cells, and animals.*4

When protein reacts with oxidizing lipids, extensive loss of available tryp-
tophan is observed. This loss is due to the destruction of this amino acid
and to the general decrease in protein digestibility.#648

9.3.2 Toxicology of Carbolines

Carboline formation occurs when free or bound tryptophan is heated at
high temperature. These derivatives also have been found in foods such as
commercial beef extracts and fried hamburger,*° heated milk,* and beer
and wine.> Among these compounds, two y-carbolines (Trp-P-1, Trp-P-2)
and two o-carbolines (A-0-C, Me-A-0-C) show significant mutagenic activ-
ity in Salmonella tryphimurium tester strains after metabolic activation.
Although not mutagenic themselves, the B-carbolines (harmane and norhar-
mane) enhance the activity of the mutagenic o- or y-carbolines. There is an
abundance of scientific information on the Salmonella mutagenicity of these
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compounds, and some important reviews by Sugimura have been written
on this topic.3>* Feeding mice a diet containing Trp-P-1, Trp-P-2, or other
carbolines demonstrated the hepatocarcinogenicity of these compounds.
This was discussed in Chapter 6.

9.3.3 Comment

The occurrence of heat- and chemical-induced transformations of tryptophan
and the nutritional and toxicologic consequences suggest a need for addi-
tional research to define possible approaches to prevent or minimize the
formation of antinutritional and toxic tryptophan condensation and oxida-
tion products in foods. The possible beneficial effects of antioxidants such
as vitamins C and E, carotenes, flavonoids, indole derivatives, selenium
compounds, and sulfur amino acids in enhancing the stability of tryptophan
in foods need to be investigated.

9.4 Conclusions

Much information is available about the toxicity of L-tryptophan in humans
and in animals. Generally, in humans the toxicity of L-tryptophan alone
appears to be minimal. In animals, certain species appear to be more sensitive
than others to L-tryptophan toxicity. Overall, these differences appear to be
related to the animal’s ability to metabolize tryptophan via tryptophan 2,3-
dioxygenase; species with high enzyme levels are less toxic in response to
L-tryptophan administration.

In relation to food intake, pyrolysis products of L-tryptophan in which
highly mutagenic y-carboline, tryptophan-P-1 (3-amino-1, 4-dimethyl-5H-
pyrido[4,3-b] indole and tryptophan-P-2 (3-amino-1-methyl-5H-pyrido[4,3-
b] indole are formed and can be activated to mutagens in liver. Implications
of such events in liver carcinogenesis are discussed in Chapter 6.

Because of the high increase in toxicity of L-tryptophan in animals with
adrenalectomy or induced adrenal insufficiency, administration of high
doses must be avoided in certain humans, patients with adrenal insufficiency,
in neonates, and in pregnant women.

The occurrence of the eosinophilia myalgia syndrome discussed in
Chapter 11 suggests that L-tryptophan containing minute amounts of impu-
rities or contaminants may be causative of a disease state in certain individ-
uals. The role of L-tryptophan itself in this syndrome is not defined.
Conceivably, it plays a supportive role to toxic contaminants in selected,
susceptible individuals to induce the syndrome.
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10.1 Introduction

This book is primarily concerned with L-tryptophan. However, two major
derivatives of tryptophan, serotonin and melatonin, have gained prominence
in recent years and appear to have overshadowed L-tryptophan. For exam-
ple, during the last 35 years (1965 to 2000) the total citations on the Medline
database were as follows: tryptophan, 17,106; serotonin, 44,841; and melato-
nin, 8,130. In Medline literature citations, serotonin has by far (2- to 3.5-fold)
outnumbered L-tryptophan continuously from 1961 until the present time
(Figure 10.1). Also, it is interesting to note that melatonin citations have
gradually climbed from 1961 to the present and now equal those of tryp-
tophan (Figure 10.1). The citations refer to total citations, which include all
subcategories of each of the three categories.

In this chapter, a brief review of serotonin and melatonin is included.
However, detailed coverage of these two important topics is beyond the
scope of this book. Nonetheless, a number of reviews on these topics are
cited in this brief, limited review.
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FIGURE 10.1
Total citations on Medline for 5-year periods from 1961 to 2000. L-tryptophan = ®; serotonin =
¢; and melatonin = A.

10.2 Serotonin

Whenever the actions or effects of L-tryptophan are considered or evaluated,
it is usual that serotonin, an important derivative of L-tryptophan, is brought
into the picture. Throughout the earlier chapters, many of the effects of
L-tryptophan depletion or excess by dietary means have been explained in
terms of actions of serotonin, which is synthesized directly from L-tryp-
tophan. The formation of serotonin and its dependency upon L-tryptophan
is a vital process that has gained recognition and attention over many years.
The literature involving serotonin is extensive and is often cited in earlier
chapters where serotonin has been considered to come into play in explain-
ing certain actions of L-tryptophan. A number of reviews have described the
role that serotonin plays within the central nervous system.!*

The neurotransmitter serotonin has been implicated in many physiologic
functions and in pathophysiological disorders. Hydroxylation of tryptophan
is rate-limiting in the synthesis of serotonin, and the rate-limiting enzyme,
tryptophan hydroxylase (TPH), determines the in vivo concentration of sero-
tonin. Relative concentrations of serotonin are important in neural transmis-
sion. The low levels of TPH in tissues and its instability have hindered
identification of the mechanisms regulating TPH activity. New avenues of
research for identifying TPH regulatory mechanisms have been developed;
these involve recombinant DNA technology, enabling synthesis of TPH dele-
tions, chimeras, and point mutations that have served as tools for identifying
structural and functional domains within TPH. New findings have also
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revealed regulation of TPH activity by post-translational phosphorylation,
kinetic inhibitions, and covalent modification. These approaches have been
reviewed by Mockus and Vrana.®

Serotonin has been reported to function as a local antioxidant. The anti-
oxidative properties of serotonin as well as of melatonin have been well
documented.®!? A discussion of the antioxidative actions of L-tryptophan
and its metabolites is included in Chapter 9.

10.3 Melatonin

Although serotonin has gained much recognition over the years, more
recently another tryptophan-related compound, melatonin, has been gaining
notoriety. L-tryptophan is the precursor and serotonin an intermediary prod-
uct for melatonin synthesis in the pineal gland.!! In the following section on
melatonin, a brief review of its actions and relationships to L-tryptophan
and melatonin is given.

Melatonin, a molecule widely produced in both the plant and animal
kingdom, has been considered for many years to function exclusively as a
synchronizer of seasonal reproductions, i.e., that it adjusts the biological
clock, and is a sleep-inducing agent and immune system stimulator. Some
of these roles are briefly described in the following sections. In recent years,
melatonin has also been found to be a free-radical scavenger and antioxidant.
Many recent studies have stressed the possible significance of this important
property.®

Melatonin is a hormone secreted mainly by the pineal gland but also by
the retina. It is synthesized from L-tryptophan. Its characteristic circadian
rhythm is ruled by light through the control of two limiting enzymatic
activities of N-acetyl-transferase and hydroxyindole-O-methyl-transferase.
In all species studied including humans, its maximal plasma concentration
occurs at night. It is considered as a signal transducing information on solar
light in the organism and provides a temporal framework upon which
metabolic pathways are organized. It has been implicated as being involved
in aging'? and has been considered to have a role in the treatment of circa-
dian rhythm-associated sleep disorders, in jet lag, in immunological func-
tions, etc.1?

The ability of melatonin to cross biological (lipid membrane) barriers and
to diffuse into compartments within cells is probably related to its lipophilic
ability in nature. The rhythm in melatonin secretion is generated endoge-
nously by the circadian pacemaker(s) in the suprachiasmatic nuclei (SCN)
and is regulated by the environmental light-to-dark cycle. Melatonin,
through its action in the SCN, synchronizes disrupted or free-running circa-
dian rhythms and regulates a variety of daily and seasonal changes in the
physiology and behavior of animals.
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10.3.1 Specific Actions of Melatonin
10.3.1.1 Reproduction

In photoperiodic nonhuman mammals, the secretion of melatonin from the
pineal gland plays a major role in regulating reproductive physiology. Unfor-
tunately, in humans these relationships are less clear. The melatonin rhythm
has been reported to change throughout life, with the first substantial change
in nocturnal melatonin secretion occurring with puberty. Sexual maturation
is considered to be associated with a reduction in nocturnal melatonin levels,
but cause-and-effect relativity still needs to be established. At high latitudes,
the amount of melatonin produced by the pineal gland varies with the season
(light-dark cycle changes), which suggests that this changes reproductive
efficiency. In humans, correlations between melatonin and the status of the
reproductive system have been observed, but whether they are functionally
related needs to be established. This subject has been reviewed by Reiter.!*

10.3.1.2 Immune System Stimulator

Recent evidence suggests that melatonin has an immuno-hematopoetic
role.”® In studies with animals, it has been reported to prevent stress-induced
immunodepression, provide protection against Gram-negative septic shock,
and restore immune functions after hemorrhage shock. In studies with
humans, it amplified the antihumoral activity of interleukin-2.

10.3.1.3 Rhythm Disorders

One of the most popular uses of melatonin has been in the treatment of rhythm
disorders, such as those occurring with jet lag, shift work, or blindness.

10.3.1.4  Sleep

It has been known for years that L-tryptophan plays a role in certain sleep
disorders.’® Acute tryptophan depletion can lead to impairment of sleep
continuity. In certain patients with chronic sleep problems, tryptophan can
help reestablish a physiological sleep pattern.

The role that melatonin may play as a consequence of tryptophan intake
in sleep merits consideration. Improvement in sleep latency, increasing sleep
efficiency, and raising sleep quality scores in elderly, melatonin-deficient
insomniacs occur with low doses of melatonin.

10.3.1.5 Antioxidant and Radical Scavengers

Melatonin has a variety of seemingly unrelated functions in organisms.
Recently, it was found to be an effective antioxidant.?1”!8 It detoxifies a variety
of free radicals and reactive oxygen intermediates, including hydroxyl radi-
cal, peroxynitrite anion, singlet oxygen, and nitric oxide. Also, it reportedly
stimulates several antioxidative enzymes, including glutathione peroxidase,
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glutathione reductase, glucose-6-phosphate dehydrogenase, and superoxide
dimutase, and conversely it inhibits a proxidative enzyme, nitric oxide syn-
thase. Since it crosses many morphologic and physiologic barriers
(blood-brain barrier, placenta) and distributes throughout cells, the increased
efficacy of melatonin as an antioxidant is evident. The importance of this
property has been stressed as potentially protective in a variety of age-
associated degenerative diseases where toxic free radicals have been impli-
cated.?20

10.3.2 Concluding Remarks

Melatonin has been conserved evolutionarily in almost all groups of organ-
isms from plants to protozoa to humans. It is derived from dietary sources
of the amino acid tryptophan in vertebrates. It has numerous actions and
functions. Increased interest in this hormone molecule has occurred in recent
years, and it has been described as a master hormone and candidate for
universal panacea.’* However, caution should be exercised before going
overboard in regard to the overall significance of the many important activ-
ities and actions attributed to melatonin. In observing its overall and specific
importance, further studies and documentation are needed. Often, such
detailed analyses temper early overenthusiasm.
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11.1 Introduction

Since tryptophan was first described some 100 years ago, continuous
progress has been made in our understanding of the importance and actions
of this vital amino acid. Therefore, it was most disturbing that in the winter
of 1989 an incident occurred that flagged L-tryptophan as possibly being a
hazardous substance. This occurrence identified L-tryptophan as being
responsible for a new disease entity, the eosinophilia myalgia syndrome
(EMS). Thus, L-tryptophan, an important nutrient, which was considered to
be indispensable and also beneficial in many ways, became implicated in a
tragic event. This chapter reviews how L-tryptophan became accused of
causing a disease entity, EMS. Also, it reviews the current state of knowledge
about EMS and considers the complex lesson that may be learned in regard
to its occurrence. Such a lesson may be of value in alerting scientists (nutri-
tionists, biochemists, molecular biologists, pathologists, clinicians, epidemi-
ologists, and geneticists) to become aware of the potential threat of new
diseases or syndromes similar to EMS that may appear in years to come.
The tryptophan tragedy may offer information that may be utilized to
become better prepared to confront new challenging diseases or syndromes.

Since EMS is the only disease that has been attributed directly to or related
to the ingestion of L-tryptophan, it merits a detailed review. Extensive data
have been collected about EMS, yet its cause and pathogenesis remain a
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puzzle. However, this syndrome has disclosed how limited or deficient our
knowledge has been about how L-tryptophan acts normally or may act
abnormally under certain circumstances. In searching for answers relating
to this interesting and intriguing syndrome, much additional basic informa-
tion concerning L-tryptophan has been gained, and the need for further
probing and investigations has become apparent.

11.2 Etiology

Based upon epidemiological data, it was concluded rapidly that EMS was
related directly to the ingestion of L-tryptophan. This indispensable amino
acid has been used widely for many years as a readily obtainable natural
agent for relieving depression, pain, insomnia, hyperactivity, and eating
disorders. It was available over the counter in drug stores and in natural
food stores. In November 1989, the Food and Drug Administration termi-
nated the distribution and availability of L-tryptophan in response to the
epidemiological evidence gathered that related the amino acid to the onset
of EMS. The incidence of new cases of EMS rapidly diminished thereafter.

Epidemiological investigations revealed that EMS was related to the inges-
tion of L-tryptophan from a single manufacturer in Japan.'** Further probes
revealed that the manufacturer had modified some of its manufacturing
processes during the time before its product became implicated in the onset
of EMS. High-performance liquid chromatography (HPLC) analysis revealed
that the manufacturer’s L-tryptophan was highly pure (99.6%), with only
some minor contaminants or impurities (ranging from 50 to 200 ppm). Three
HPLC peaks, peak 97 (or peak E), peak UV-5, and peak 200, have been
considered as possibly having etiological significance.>!* On chemical anal-
ysis, peak 97 (or peak E) has been determined to be 1,1’-ethylidenebis(L-tryp-
tophan; EBT);5¢ peak UV-5 is 3-anilino-L-alanine (PAA);”® and peak 200 is
2(3-indolymethyl)-L-tryptophan.!® A brief review of studies relating to these
contaminants follows.

11.2.1 Contaminants

11.2.1.1  1,1’-Ethylidenebis(Tryptophan) (EBT)

The first contaminant identified in L-tryptophan implicated in EMS was EBT.
Based upon HPLC analysis, preparations of such L-tryptophan revealed a
distinct peak, initially called peak E*1° or peak 97,'21* that is a dimeric form
of L-tryptophan.>!3 Thus, early on, the presence of EBT became associated
with EMS.2¢ Ito et al.!* studied EBT, purified by using HPLC, for its behavior
in an acid environment. EBT is unstable in such an environment and decom-
poses to form L-tryptophan and compounds that were named peak X/X’
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substances. Peak Y/Y’ substances were observed as intermediary products
between EBT and peak X/X'. Investigations designed to determine how EBT
may be involved in EMS are described in Section 11.10.

11.2.1.2  3-Phenylamino-L-Alanine (PAA)

The presence of another contaminant peak in L-tryptophan implicated in
EMS was detected upon HPLC with both UV and FL analyses by Toyo’oka
et al.’ and was characterized as PAA by Goda et al.” Adachi et al.® studied
the metabolism of PAA in rats and described four metabolites of PAA in the
urine (N-(hydroxyphenyl)glycine, N-phenylglycine, 3-(phenylamino)lactic
acid, and 3-(thydroxy-phenylamino)-lactic acid). The results suggested that
the degradation pathway of PAA was similar to that of phenylalanine. Other
studies with PAA are described in Section 11.10.

11.2.1.3  2(3-Indolymethyl)-L-Tryptophan (Peak 200)

Peak 200 is one of the four HPLC peaks that marks lots produced by Showa
Denko KK. Its structure has been determined by Muller et al.!¢ as 2(3-indoly-
methyl)-L-tryptophan.!® It has not been tested on animals.

11.2.1.4 Other Contaminants

Detailed analyses by HPLC revealed that there were more than 60 minor
contaminants in the implicated L-tryptophan from Showa Denko.!? Of these
contaminants, six were considered to be associated with EMS. The structures
of the three contaminants are known and have been described previously,
but the full identities of the other three contaminants are unknown. Simat
et al.'” used single reversed-phase high-performance liquid chromatography
run using UV and fluorescence detection on implicated L-tryptophan and
observed 17 contaminants. Most of these contaminants were classified as
tryptophan metabolites, nonphysiological oxidation, or carbonyl condensa-
tion compounds of tryptophan.

Using the powerful structural elucidation technique of tandem mass spec-
trometry coupled with on-line HPLC (LC-ESI-MS/MS), the structural char-
acterization of a number of additional contaminants of L-tryptophan
associated with EMS has been performed.!® The identity of the contaminants
were as follows. Peaks UV-5 included 3-phenylamino-L-alanine (PAA);
1,1’-ethylidenebis(tryptophan) (EBT); 2-(3-indolymethyl)-L-tryptophan
(200) (all identified as case related). Peaks 1,3-carboxyl-1,2,3,4-tetrahydro-B-
carboline; 2,3-carboxy-1-methyl-1,2,3 4-tetrahydro-B-carboline; 2-(2,3 dihy-
droxy-1-[3-indolyl]-propyl)-L-tryptophan (100); and diastereomers of 3-car-
boxy-1-[3-indolyl-methyl]-1,2,3,4 tetrahydro-B-carboline (300 and 400),
were confirmed by this technique. Peak P31, previously unresolved from
peak 200, a case-related compound, has been tentatively identified as 2-(3-
indolyl)-L-tryptophan. Thus, progress on structural analyses of contami-
nants has progressed far beyond studies evaluating their toxicologic and
physiologic potentials.
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Although much data have been derived about contaminants in implicated
L-tryptophan, the causative etiologic agent, if there is only one, of EMS is
still unknown.” Epidemiologic studies thus far indicate a lack of statistical
significance for the association of EMS with the single peaks of EBT, PAA,
or Peak 200.1011

11.3 Incidence and Prevalence

In the United States, more than 1500 cases of EMS have been reported since
November 1989, of which some 38 were fatal. 22! Based upon a 1990 survey
of use of L-tryptophan in the Minneapolis-St. Paul area, 4% of households
had at least one person who had used L-tryptophan between 1980 and 1989.1
The prevalence of use increased markedly between 1985 and 1989 and was
highest in women. Overall, the incidence of EMS in the general population
was low. Even among frequent users of L-tryptophan, the attack rate was
estimated to be probably less than 2 per 1000.12222

Certain residents of the western United States (white, non-Hispanic
women predominantly with a median age of 48 years) were primarily
afflicted.#22¢ Reports abroad also were documented. Germany ranked sec-
ond in the number of cases of EMS (105 cases).”> As for the United States,
all cases of EMS were associated with implicated L-tryptophan obtained
from Showa Denko of Japan.

Overall, the exact incidence and prevalence of EMS were difficult to eval-
uate and characterize. These were dependent upon the criteria used for
diagnosis of the disease. The two major types of criteria were classification
criteria and diagnostic criteria.? Classification criteria were designed to
ascertain a group of patients who were the same from series to series, regard-
less of location or country. They assisted in differentiating one disorder from
another. However, they were not designed to diagnose individual cases.
Diagnostic criteria were formulated to identify individual cases specifically.
In retrospect, the EMS case definition developed early by the Centers for
Disease Control (CDC) was deficient in that their criteria lacked sufficient
sensitivity. Therefore, much confusion has arisen relating to the true inci-
dence and prevalence of EMS.

11.4 Clinical Features of Eosinophilia Myalgia Syndrome

The clinical signs and symptoms of EMS have been described and established
based upon review of many clinical reports in the literature.??® In general,
the clinical course of EMS may be divided into two phases. The acute phase
(weeks or months) was characterized by signs and symptoms of intense
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myalgia, cough and dypsnea, paresthesia, and peripheral blood eosinophilia.
The chronic phase followed and was characterized by varying degrees of
sclerosis (dermal and subcutaneous), persistent myalgia, and muscle cramps,
neuropathy, and neurocognitive symptoms.?

Though most information about the clinical course of patients with EMS
comes from reports in the United States, it is of interest that cases have also
been reported abroad. Cases with similar findings to those in the United
States have been reported from Japan,®?! Germany,® and Italy.>?

11.4.1 Acute Phase

The onset of EMS is typically explosive, being swift and severe, and causing
great anguish.?” Frequent findings at onset (within the first 2 to 3 months)
include generalized, severe myalgias; a “flu-like” illness with malaise and
fatigue; cutaneous involvement (generalized pruritis, nonspecific erythema);
and respiratory symptoms or pneumonitis. The most significant laboratory
finding is eosinophilia.

11.4.2 Chronic Phase

The most common objective clinical components of the chronic phase of EMS
involve the skin, muscle, and nerves.? Several reports have focused attention
on long-term follow-up studies of EMS.*-% Most of the patients continued
to have symptomatic disease with the following clinical manifestations:
fatigue, myalgia, paresthesias, articular symptoms, scleroderma-like skin
changes, and muscle weakness.*® Cognitive symptoms were new findings
that were observed frequently.35%738

11.4.3 Intermediate Stage

Some investigators have described an intermediate stage (approximately
2 months after onset).” Additional clinical manifestations in this stage are
edema (extremities and torso) in half of cases. Following diuresis, the edem-
atous soft tissue becomes rock hard and becomes bound to underlying struc-
tures, changes typical of eosinophilia fasciitis. Neurologic dysfunction,
which evolve primarily from subjective paresthesias and dysesthesias to
frank sensorimotor peripheral neuropathies, are present in about one third
of the cases. Myopathy with proximal weakness is commonplace.

11.5 Pathology

The pathologic lesions in patients with EMS consist primarily of widespread
inflammatory cells (monocytes, lymphocytes, macrophages, plasma cells),
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mainly scattered in skin, muscle, and connective tissue. Endothelial cells
reveal swelling, degeneration, and necrosis. Fibroblast proliferation and
fibrosis are frequent findings. In many patients, the condition becomes a
chronic process.*

The pathologic lesions described in the literature are derived from numer-
ous case report findings.?’4%4! Detailed reports describing the pathologic
lesions in specific organs are available.

11.5.1 Skin and Subcutaneous Tissue

The pathologic changes in skin and subcutaneous tissue are similar to those
of scleroderma.®? Skin biopsy specimens show infiltration of inflammatory
cells, extensive collagen deposition, and collagen-encased ectatic sweat
glands. The inflammatory infiltrates (mainly lymphocytes and monocytes,
with some eosinophils and plasma cells) are located around small blood
vessels, hair follicles, eccrine glands, and nerves. The subcutaneous connective
tissue shows replacement of fat cells by collagen and thickened and fibrotic
septa. The superficial fascia also reveal inflammatory infiltrates.*

11.5.2 Fascia

In addition to pathologic changes involving skin and subcutaneous tissue,
a number of reports describe pathologic changes of deeper involvement of
the fascia.*>#* The inflammatory changes are often seen in the superficial
fascia and in the epimysial-fascial areas.*>43

11.5.3 Muscles and Nerves

Among the pathologic lesions of skeletal muscle and peripheral nerves of
patients with EMS, the following changes are frequently described: peri-
myositis (with eosinophils, T-helper cells, mast cells, and activated macro-
phages), type 2 myofiber atrophy, epineural inflammation, and fasciitis.*
Histoenzymatic features in muscle biopsies of patients with EMS reveal a
preferential epimysial-perimysial noneosinophilia infiltration characterized
by acid phosphatase reactive histiocytosis, non-necrotizing venulitis, peri-
neural inflammation within dermis and perimysium, type II fiber atrophy
with superimposed denervation features, and perifascicular alkaline phos-
phatase reactivity representing early neofibroplasia.*?

According to Verity et al.,** the described pathologic changes in skin, fascia,
and muscle, along with the defined clinical syndrome of EMS, allow for an
accurate differentiation from related syndromes, including eosinophilia
polymyositis, scleroderma, idiopathic polymyositic/dermatomyositis, poly-
arteritis nodosa, and toxic oil syndrome.* A few reports have considered
the comparison of the histopathologic features of Shulman’s syndrome (dif-
fuse fasciitis with eosinophilia) and the fasciitis associated with EMS.#
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Feldman et al.# described that in both cases inflammatory changes were
present in the subcutaneous fat, septa, and fascia, but the cutaneous changes
were more prominent in EMS. In general, Shulman’s syndrome tends to
involve the subcutis alone, and EMS tends to be a pancutaneous-subcutane-
ous process.®

11.5.4 Lungs

Lung tissue of patients with EMS reveals interstitial pneumonitis, small-to-
medium vessel mixed-cell (primarily lymphocytes and eosinophils), vascu-
litis, and alveolar exudates of histiocytes and eosinophils.* Others have also
reported on similar pathologic findings in the lungs of EMS patients.*4

11.5.5 Heart

Pathologic findings in the heart have been described.**° Pathologic lesions
are present in the coronary arteries, neural structures, and conduction system
of the heart.®® James et al.>! reported that the cardiac abnormalities in the
toxic oil syndrome resemble those described in EMS.

11.6 Treatment

Although there have been many reports describing how patients with EMS
have been treated, results were not successful in the majority of patients.
Basically, the treatment of EMS has consisted of discontinuation of L-tryp-
tophan and administration of corticosteroids, nonsteroidal anti-inflamma-
tory drugs, and several other drugs, such as D-penicillamine and colchicine,
cyclophosphamide, AZA (azathioprine), methotrexate, amitriptyline, ace-
taminophen, aspirin, naproxen, diphenhydramine, cyclobenzaprine, and
fluoxetine 1525 In general, it was concluded that prednisone was helpful in
the acute phase of the disease. Slow improvement was reported in 79% of
the 193 patients. However, no treatment was clearly valuable in the man-
agement of the later phase of the syndrome.*®

11.7 Pathophysiology of EMS

As is the case with most rheumatic and connective tissue diseases, the patho-
physiology of EMS has been highly speculative. Therefore, one can only offer
speculation regarding the pathophysiology of EMS. The pathophysiology of

© 2002 by CRC Press LLC



The Eosinophilia Myalgia Syndrome: A Tryptophan Tragedy 233

the nonspecific constitutional symptoms of EMS is uncertain. However, they
have been considered probably to be related to immunologic and inflamma-
tory events that occur during the acute phase of EMS. Cytokines capable of
inducing many of the relevant signs and symptoms have been thought to
play a role, but available data have not been conclusive. Some evidence
reveals that certain cytokines are present in increased amounts in the serum
of some patients with EMS,? and a few findings merit description. IFN-y and
neopterin, a surrogate marker for IFN-y, were elevated in patients with active
disease.*>*”28 Elevated serum and CSF levels of kynurenine and quinolinic
acid were probably due to IFN-y induction of the rate-limiting enzyme,
indoleamine-2,3-dioxygenase. Serum-soluble IL-2 receptor levels are re-
ported to be elevated in patients with EMS.* Also, serum IL-4 has been
reported to be increased in some patients with EMS.%0 Serum IL-5 activity is
reported to be increased in some patients with EMS.¢! Transforming growth
factor-B (TGF-), a fibrogenic cytokine, has been found to show increased
expression in the epidermis, dermis, fascia, and fibrous tissue in and around
muscle and nerve tissue in EMS.6263

Overall, much evidence suggests that a cell-mediated immune response
occurs in patients with EMS that culminates in fibrosis of connective tissue
in muscles, nerves, and other organs and of the skin. Possibly chemical
contaminants may form protein adducts or may be incorporated into host
proteins and thereby induce an immune response. A few experimental stud-
ies with EBT, one important contaminant of implicated L-tryptophan, have
reported that EBT becomes incorporated into proteins of liver and blood
(reticulocytes).¢+%5 EBT has also been reported to enhance IL-5 production
by splenic T lymphocytes.®

The immune response occurring in EMS is thought to induce considerable
microangiopathy and cytokine production. Fibrogenic cytokines stimulate
fibroblasts to proliferate and make extracellular proteins in dermis, subcu-
taneous tissue, and many organs. These changes may induce many signs
and symptoms associated with EMS.

11.8 Factors Modifying Risk

The following factors have been considered in modifying the risk of devel-
oping EMS.

11.8.1 Dose

The dose of implicated L-tryptophan ingested strongly affects the risk of
illness. The findings from a study of patients in a South Carolina psychi-
atric practice® clearly indicated that an increasing dose-response curve
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was evident (range of doses from 0.250 to 4.0 or more g). These findings
(statistically significant) strongly suggested that the severity of illness
depended on the amount of contaminated L-tryptophan ingested. Another
study from New York confirmed the dose-response relationship.” In these
studies, it was considered that the L-tryptophan dose may serve as a
surrogate measure of the amount of the contaminant ingested. L-tryp-
tophan itself may have been a necessary cofactor, required along with the
contaminant(s), for EMS to develop. Other experimental studies have
indicated that the dose of the L-tryptophan vehicle ingested was an impor-
tant factor contributing to EMS risk and perhaps also was related to
disease severity.

11.8.2 Age

Older age increased the risk of developing EMS, with persons > 50 years
of age being about twice as likely to have developed EMS as were younger
persons.®’

11.8.3 Sex

Initially, a predominance of female patients was reported.? However, other
later studies have not established that the female sex was an independent
factor for the development of EMS.% The increased rate of EMS reported for
women may have been due to greater use of L-tryptophan.?® Furthermore,
only women used L-tryptophan for treatment of premenstrual syndrome, a
frequently cited indication for usage. Also, women used benzodiazepines
more than men to treat anxiety and/or insomnia.

11.8.4 Concurrent Use of Other Medications

Many attempts have been made to determine whether medications were
influential as a risk factor. Although use of a prescription or nonprescription
medication did not differ substantially between case patients and controls,
it appeared that the use of an antidepressant or psychotropic medication
(any antipsychotic, antidepressant, benzodiazepines, and/or other anxi-
olytic) could increase the risk of developing EMS.22¢7

It is of interest that a number of medications, such as corticosteroids, oral
contraceptives, and estrogen, which can alter tryptophan metabolism, have
not been determined to have an effect on the development of EMS. Actually,
some clinicians have postulated that EMS itself may be caused by or related
to abnormal tryptophan metabolism.4%8
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11.9 Possible Relationship between Eosiniophilia Myalgia
Syndrome and Toxic Oil Syndrome

In 1981, another poorly understood epidemic, the toxic oil syndrome (TOS),
occurred in Spain.®7! It was associated with ingestion of adulterated rapeseed
0il.1% The pathology of TOS has been described.” It is of interest that many
of the clinical and histopathologic features of TOS resemble those of EMS.3673

Anumber of reports have attempted to investigate whether the similarities
between the two syndromes may be related to common features:

1. Possible similarities in contaminants associated with EMS and TOS;
3-(phenylamino)alanine (PAA) was found to be one of a number
of contaminants in L-tryptophan implicated in EMS. PAA is chem-
ically similar to 3-phenylamino-1,2-propanediol, an aniline deriv-
ative that was isolated from samples of denatured rapeseed oil that
had been consumed by persons in whom TOS developed.” Mayeno
et al.8 first raised the issue that the above evidence could possibly
link EMS with TOS. Whether this speculation is valid has not been
confirmed.

2. Silver et al.”® considered whether patients with EMS and TOS might
share similar alterations in L-tryptophan metabolism, i.e., elevated
levels of L-kynurenine and quinolinic acid, which might mediate
some of the clinical and pathophysiological features of each of the
syndromes. They reported that patients with EMS or TOS had
significantly higher levels of L-kynurenine and quinolinic acid than
control subjects. Likewise, neopterin, a product of cell-mediated
immune activation and marker of interferon-gamma (IFN-y), a
potent inducer of indoleamino-2,3-dioxygenase, the rate-limiting
enzyme in the kynurenine pathway of L-tryptophan metabolism,
was elevated in blood of EMS and TOS patients.

3. In searching for other similarities, Carreira etal”® reported on
antiphospholipid antibodies in patients with EMS and TOS and
found that such antibodies with a different specificity than in con-
trols were present in a high percentage of EMS and TOS patients.
Kaufman et al.®® studied whether growth factors of potential patho-
genetic significance were deposited in the skin, muscle, and periph-
eral nerve lesions of EMS and TOS.

These studies implicated transforming growth factor-p and platelet growth
factor as potential important cytokines in EMS and suggested that the patho-
genesis of tissue fibrosis in EMS and TOS may be dependent on different
growth factors.
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11.10 Experimental Models of Eosinophilia Myalgia
Syndrome

11.10.1 In Vivo Studies

Shortly after the establishment of the EMS as a disease entity in humans
who had ingested L-tryptophan from a Japanese manufacturer, Showa
Denko, animal studies were undertaken in an attempt to establish the precise
etiologic agent responsible for EMS. Scores of studies were undertaken,”
but only a few have been published.”®3! A brief review of the published
studies follows.

Crofford et al.”® were the first to report a potential animal model of EMS.
Using female Lewis rats, they tube administered implicated (Showa Denko)
or control L-tryptophan (1600 mg/kg per day) for 38 days. Their findings in
rats fed the implicated L-tryptophan revealed increased thickness of the
fascia and inflammatory foci in the perimycial region. The gastrointestinal
tract of these animals revealed increased perivascular inflammation (mast
cells, eosinophils, and monocytes) in the lamina propria.’? Love et al.®
expanded on the preceding findings by also using EBT alone or together
with nonimplicated L-tryptophan. Lewis rats were used and were lavaged
daily with test compounds. At 6 weeks, all groups treated with either form
of L-tryptophan (implicated or nonimplicated) or EBT showed increased
fascial thickness, which was most marked in animals treated with implicated
L-tryptophan or EBT.

Emslie-Smith et al.?! treated female Lewis rats with EBT and nonimplicated
L-tryptophan intraperitoneally and studied muscle. They reported based
upon only a few rats that EBT-treated rats had a few necrotic muscle fibers
and some revealed thickened perimysium and fascia with inflammation
(lymphocytes, macrophages, and sparse eosinophils).

Silver et al.” studied female C57B1/6 mice that received intraperitoneal injec-
tions of saline, nonimplicated L-tryptophan without or with EBT, or EBT alone.
The doses used were much lower than in the preceding rat studies. Their
principal findings were that mice treated with EBT developed inflammation
(mononuclear and mast cells) of the fascia as well as fascial thickening and
fibrosis. These developed by 3 days and progressed at 6 and 21 days. Mice
receiving L-tryptophan alone showed some increases in fascial thickening. Con-
current administration of L-tryptophan and EBT had less effect than EBT alone.

In view of these four reported experimental animal studies, it became
apparent that a useful or acceptable experimental model of EMS had not
been established. Also, a detailed review of other animal studies, which
remains unpublished or only in abstracts, stressed negative data or data
which refuted earlier observations.”” Also, in an attempt to conduct a com-
parative evaluation and review of the histopathologic findings in experimen-
tal studies with mice from four different laboratories, Brown® reported that
the findings were inconsistent, nonreproducible, and did not support a
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conclusion that implicated L-tryptophan, EBT, PAA, or combinations thereof,
under the conditions of the studies, induced lesions of skin or muscle in
C57Black, Ball/c, SJL, or B10.s strains of mice.

In view of the inability to develop or establish a satisfactory experimental
model in animals of the EMS, other studies have focused on selected specific
aspects of the actions of implication L-tryptophan or its contaminants. The
following studies were directed in this manner.

11.10.2 In Vitro Studies

In view of the complexity of the variables in experimental animals studies
concerned with establishing models of EMS, a number of investigators have
attempted to gain some insight into the pathogenesis of EMS by conducting
defined in vitro studies. Some of these studies are reviewed below.

11.10.2.1 In Vitro *H-Tryptophan Binding Assay with Nuclei
and Nuclear Envelopes

Utilizing an in vitro 3H-tryptophan binding assay with rat hepatic nuclei or
nuclear envelopes developed for other studies 8 Sidransky et al.? inves-
tigated whether EMS-implicated L-tryptophan from Showa Denko would
affect such binding differently than that obtained using nonimplicated
L-tryptophan from another source. Using equimolar concentrations of
excess, unlabeled L-tryptophan, the implicated L-tryptophan revealed sig-
nificantly less SH-tryptophan binding to hepatic nuclear envelopes than did
the nonimplicated L-tryptophan. This suggested that there may be abnor-
malities (contaminants or impurities) in the implicated L-tryptophan which
could be responsible for the differences in binding. Next, in vitro binding
assay studies revealed that the addition of PAA but not of EBT to nonim-
plicated L-tryptophan revealed effects similar to those detected with impli-
cated L-tryptophan.t*8¢ These studies indicated that the implicated
L-tryptophan and a contaminant (PAA) affected a biological system as deter-
mined by assaying in vitro *H-tryptophan binding to hepatic nuclei. The
possible significance of such an altered response is unknown and, indeed,
may or may not have any direct relationship to the pathogenesis of EMS.
Nonetheless, the in vitro assay system was utilized in other experimental
studies. By utilizing information or association(s) obtained from clinical
observations of patients with EMS, studies were designed to probe for the
effects of selected variables.

Since the use of antidepressant or psychotropic medications along with
implicated L-tryptophan was often reported in patients with EMS, these
drugs were considered as possible risk factors.??¢” Therefore, studies were
conducted to determine whether drugs, such as benzodiazepines®#® or
metyrapone, an inhibitor of endogenous adrenal corticoid synthesis,®
would affect in vitro 3H-tryptophan binding to rat hepatic nuclei or nuclear
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envelopes. The drugs alone did not appear to influence tryptophan receptor
binding. However, each drug demonstrated an interactive effect with
unlabeled L-tryptophan to diminish specific binding when compared to the
effect of excess unlabeled L-tryptophan alone. Experiments using implicated
L-tryptophan instead of nonimplicated L-tryptophan revealed similar
responses to each drug as indicated above.

Based upon the above-cited experimental studies with benzodiazepines, it
appeared that they could bind to certain nuclear receptors. Therefore, this raised
the question whether L-tryptophan might interfere with benzodiazepine (BDZ)
receptors.”® Using a peripheral benzodiazepine(PBDZ) receptor ligand,
PK11195 (1-(2-chlorophenyl)-N-methyl-N-(1-methyl-propyl)-3-isoquinoline-
carboxamide), it was determined that a receptor existed for PBDZ in nuclei
of rat hepatocytes and macrophages (WLGS). Using [*H]-PK11195 and
assaying in vitro for specific binding to rat liver and WLGS nuclei, studies
revealed that nuclei incubated with known PBDZ; (mixed) ligands, diaz-
epam, and demoxepam revealed marked inhibition of binding, but no inhi-
bition was observed on incubation with the central benzodiazepine ligand,
flumazenil. Using the above in vitro assay system with added L-tryptophan
revealed that nonimplicated L-tryptophan had little effect on in vitro [*H]-
PK11195 binding to nuclear (rat liver, murine macrophages) preparations,
but that the addition of implicated L-tryptophan did have an appreciable
inhibitory effect on binding.?*! Also, the addition of PAA alone, but not of
EBT alone, appeared to act as did implicated L-tryptophan when added to
the in vitro assay system.> The above findings with liver cells and macroph-
ages suggested that peripheral-type benzodiazepine receptors may become
affected by implicated L-tryptophan, or even by a contaminant such as PAA.
One might, thereby, speculate that such alterations possibly involving leuko-
cytes could affect immunologic responses as suggested by others,”** who
have stressed the possible importance of peripheral benzodiazepine receptors
on leukocytes in relation to immunological responses. Conceivably, impli-
cated L-tryptophan alone or with benzodiazepines (frequently used by
patients with EMS) might induce disturbances in immunomodulary actions
that may be involved in the pathogenesis of EMS.

11.10.3  Studies Relating to Possible Immunological Responses
in Eosinophilia Myalgia Syndrome

It has been suggested that contaminants of implicated L-tryptophan form
abnormal proteins.

11.10.3.1 EBT

In vitro studies with EBT revealed that EBT did not affect *C-leucine incor-
poration into hepatic proteins.®* Also, EBT addition to an in vitro system for
hepatic protein synthesis, in which 3H-tryptophan incorporation into proteins
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(acid-precipitable) was measured, revealed that EBT competed in a manner
similar to that observed with equimolar concentrations of unlabeled L-tryp-
tophan.® #C-EBT became incorporated in vitro into proteins (acid-precipita-
ble), and this incorporation was diminished in the presence of equimolar
concentrations of unlabeled EBT or L-tryptophan.®* This latter finding with
14C-EBT has been confirmed by others.®

Kurihara et al.? reported that polyclonal anti-EBT antibodies were gener-
ated by immunizing rabbits with EBT alone or as EBT-BSA conjugate.
Yamaoka et al.”” raised the possibility that EBT induces T cells to produce
IL-5. Subsequently, Yamaoka et al.®¢ showed that EBT but not nonimplicated
L-tryptophan elicited the release of excessive amounts of eosinophil cationic
protein from normo-dense eosinophils and upregulated IL-5 receptor (IL-5R)
levels in normo-dense eosinophils.

11.70.3.2 PAA

Addition of PAA to an in vitro system for protein synthesis, in which
[*H]-tryptophan or [*H]alanine incorporation into acid-precipitable hepatic
proteins was measured, revealed that PAA competed similarly, but some-
what less, than did equimolar concentrations of unlabeled L-tryptophan or
L-alanine.”® These findings suggested that PAA or a breakdown compound
may become incorporated into proteins.

11.10.4 Other Experimental Studies

11.10.4.1 EBT

Takagi et al.,*” using fibroblast (human dermal) cultures, studied the effects
of EBT on fibroblast-DNA and collagen synthesis. They reported that EBT
was a potent stimulant for fibroblast activation and collagen synthesis and
may possibly provide a mechanism for the development of fibrosis in EMS.

Zangrilli et al.'® investigated the effects of EBT on normal human fibro-
blast function in vitro. Incubation of confluent fibroblasts with EBT, but not
its hydrolysis product 1-methyl-tetrahydro-B-carboline-3-carboxylic acid,
caused a dose-dependent increase in collagen synthesis and in type I collagen
mRNA levels independent of its effect on proliferation. In contrast, expres-
sion mRNA for fibrorectin was not affected. Takagi et al.!! also reported
results similar to the above. In regard to these findings, it is of interest that
Li et al.' have reported that L-tryptophan alone induces expression of col-
lagenase gene in human fibroblasts. Thus, it appears the L-tryptophan alone,
as well as EBT, can affect fibroblast responses.

11.10.4.2 PAA

Adachi et al.1® studied the distribution and elimination of PAA in Lewis rats
after a single tube-feeding of PAA. PAA concentrations in blood, brain,
kidney, and liver were substantial after 5 h and decreased after 16 h. Also,
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administration for 4 days or feeding in diet for 6 weeks revealed appreciable
accumulation of PAA in all of the above organs. PAA tissue levels declined
to trace concentrations within 3 days after discontinuing administration but
were still detectable for at least 12 days.

Mayeno et al.® reported that PAA could become metabolized to 3-phenyl-
amino-1,2-propane-diol (PAP), a compound that was found to be contami-
nating the rapeseed oil consumed by individuals who developed the toxic
oil syndrome in Spain in 1981.74

11.11 Overview

In considering the discovery and pathogenesis of a new disease entity, the
EMS, many basic and interesting questions have arisen. Although the etiol-
ogy of the disease has focused on the ingestion of L-tryptophan containing
impurities or contaminants supplied from a single manufacturer, its signif-
icance is not entirely clear. Although many individuals ingested the impli-
cated L-tryptophan, only a few developed the syndrome. Thus, host
susceptibility must play an important and vital role. In reviewing series of
patients who developed EMS, other complex and confusing points became
apparent. Among them were as follows:

1. Many patients were on medications that may have played an influ-
ential role on their altered host susceptibility, as well as the under-
lying condition that existed for which the medications were taken.

2. Some studies have attempted to evaluate whether the levels of
L-tryptophan intake would be of importance. Increasing dosage of
implicated L-tryptophan did seem to influence the severity of EMS.

3. Women more than men developed EMS, possibly because women
more than men took L-tryptophan.

Subsequently, a number of questions have been raised which cast many
doubts about EMS. Some epidemiologists have questioned the etiology of
EMS in regard to epidemiologic evidence alone.l1% Others have raised
questions about the criteria for disease classification and diagnostic criteria,
for case definition of EMS.1” Failure of reproducible or definitive findings
with experimental models of EMS” cast doubt on the toxicity of the impu-
rities or contaminants within the implicated L-tryptophan in EMS. Some of
these cautious views appear to be rational. Yet a critical review of the pros
and cons appears to justify the establishment of EMS as a new important
clinical syndrome.1® Although other forms of eosinophilia and fibromyalgia
have existed for years and do have overlapping clinical manifestations, EMS
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merits its own designation as a new clinical entity, one which is related to
the ingestion of implicated L-tryptophan manufactured by Showa Denko of
Japan. However, the pathogenesis of the disease remains unclear. Its cause
or etiology appears to be multifactorial'® and, therefore, efforts to clarify the
process have been elusive.

Review of the current understanding of some of the multifactorial aspects
involved in EMS is appropriate. A brief consideration of some of these
aspects follows.

11.11.1  Host Susceptibility

It is clear that only a few individuals who ingested implicated L-tryptophan
from Showa Denko developed EMS. Most consumers did not. Attempts thus
far to categorize susceptible individuals have failed. Yet, some leads have
developed that merit further investigation. Some of these are as follows.

11.11.1.1  Altered Metabolism of L-Tryptophan

Silver et al.® have reported that during the active phase of EMS tryptophan
metabolism via the kynurenine pathway was accentuated, probably second-
ary to induction of the enzyme indoleamine-2,3-dioxygenase. Indeed,
patients with EMS generally have low plasma L-tryptophan and high plasma
L-kynurenine and quinolinic acid levels.

11.11.1.2 Altered Xenobiotic Metabolism

Flockhart et al.!'? reported a study that tested the hypothesis that patterns
of xenobiotic metabolism in patients with EMS may differ from healthy
control subjects. In studies for the cytochrome P450 CYP2D6 polymorphism,
they studied metabolic phenotypes of patients with EMS for 5-mephenytoin
hydroxylation and dapsome acetylation and compared these with healthy
control subjects. The incidence of the CYP2D6 post-metabolizer genotype
(mutant/mutant) was 0.185 in patients with EMS and 0.061 in control sub-
jects. The mephenytoin S:R ratios were 0.39 with EMS vs. 0.18 in controls,
with no difference in dapsome acetylation between the two groups. The
significance of the differences of xenobiotic metabolism in the pathogenesis
of EMS remains unclear.

Whether the altered metabolic parameters described above are related to
cause or effect in EMS is not clear. However, based upon animal studies
where species and strain differences in response to L-tryptophan have been
reported,!'-113 such differences probably also exist in humans. Thus, it is
important to establish whether differences in tryptophan metabolism exist
in humans and then possibly to relate the changes to altered host suscepti-
bility to diseases.
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11.11.1.3 Autoimmune Response

Individuals who are prone to develop autoimmune responses may be sus-
ceptible to the development of EMS due to implicated L-tryptophan. Many
investigators who reviewed cases of EMS have suggested that an autoim-
mune mechanism was involved in EMS.50114-116 Some experimental studies
with contaminants or impurities of implicated L-tryptophan have proposed
mechanisms whereby abnormal proteins may be formed that may elicit an
autoimmune response, with major consequences thereof.*+% Patients with
EMS have increased levels of plasma neopterin, a marker of immune acti-
vation.%

11.11.2  Toxicity of L-Tryptophan Itself or of Related Compounds

Whether very high levels of L-tryptophan intake may be toxic to humans is
not known. However, in animal studies, ingestion of high levels of nonim-
plicated L-tryptophan can be lethal. The LD;; level of L-tryptophan for rats
is 1.62 g/kg.l1” Similar levels are effective in mice and rabbits. Guidelines for
the upper limits of L-tryptophan ingestion in humans need to be established.

11.11.3  Variability (Species and Strains) in Response to L-Tryptophan

A number of studies have revealed that differences exist in the response
of different species or strains of animals to the administration of
L-tryptophan.!13 Such variations may also exist in humans and may be
of importance as to how certain individuals handle high, ingested levels
of L-tryptophan alone or together with related impurities or contaminants,
as occurs with intake of implicated Showa Denko L-tryptophan.

Animal studies with different species have revealed differences in hepatic
tryptophan 2-3 dioxygenase activities which affect tryptophan metabolism
(see Chapter 4).

11.11.4 Intake of Other Medications and Interaction
with Ingested Drugs

The use of antidepressant or psychotropic medications has been reported
to be common among many of the patients who developed EMS. This has
been considered as a possible risk factor for the development of the syn-
drome.?2¢” Although certain drugs used simultaneously with the ingestion
of implicated L-tryptophan have been described in the case of EMS, no
definitive correlation between the two has been unraveled based upon
epidemiologic studies. Yet, based upon experimental studies with selected
drugs, it appears that certain drugs, especially benzodiazepines, may influ-
ence the effects of L-tryptophan, such as dealing with nuclear L-tryptophan
receptor binding.%#® Findings with liver cells and macrophages suggest
that peripheral-type benzodiazepine receptors may become affected by

© 2002 by CRC Press LLC



The Eosinophilia Myalgia Syndrome: A Tryptophan Tragedy 243

implicated L-tryptophan or by a contaminant such as PAA. Such alterations,
possibly involving leukocytes, could affect immunologic responses as sug-
gested by others.”*% Investigation into this possible relationship is merited.

Whether the experimental findings reported earlier offer any insight into
the pathogenesis of EMS is speculative and problematic. Yet they stress that
the interactions with or within cells and tissues of L-tryptophan alone or
together with other selected compounds (i.e., medications) need elucidation
and clarification. As a detailed (basic and fundamental) understanding of
how L-tryptophan acts normally becomes unraveled, a better understanding
of the pathogenesis of the tryptophan-related disease, EMS, may then
become available.

It is generally considered that most or even all chronic diseases have a
genetic component. Genes define susceptibility to disease, and environmen-
tal factors determine those among the susceptible individuals who might
develop disease. Nutrition is considered to be one of the most important
environmental factors. Thus, it is vital to gain knowledge of gene differences
relating to susceptibility of certain humans to EMS. Such knowledge will
help identify those who were at higher risk for the disease, as well as their
response to high intake of L-tryptophan alone or plus contaminants.

11.11.5 Concluding Comments

It is important to acknowledge that the occurrence of new diseases or syn-
dromes such as EMS may first be detected in patients, and only thereafter
may searches, epidemiological and otherwise, be undertaken. As for EMS,
credit must be given to primary physicians who, by practicing high-quality
medicine that includes good history taking, were able to trigger epidemio-
logic investigation. This led to clear evidence of the involvement of the
crucial factor, L-tryptophan and its specific source, and then to the prompt
halting by the FDA of the sale of L-tryptophan. The rapid detective action
prevented the occurrence of additional cases of EMS, alleviated much pain
and debility, and saved lives. Thus, vigilance at many levels is necessary for
the early detection of new diseases or syndromes. When a new disease arises,
it is necessary to mobilize whatever expertise exists in an attempt to deter-
mine its pathogenesis. New challenges lie ahead, and scientists must be
prepared to recognize diseases or syndromes as they arise and attempt to
contribute to a comprehensive understanding.

References

1. Belongia, E. A., Hedberg, C. W,, Gleich, G. J., White, K. E., Mayeno, A.N,,
Loegering, D. A, Dunnette, S. L., Pirie, P. L., MacDonald, K. L., and Osterholm,
M. T, An investigation of the cause of the eosinophilia-myalgia syndrome
associated with tryptophan use, N. Engl. |. Med., 323, 357, 1990.

© 2002 by CRC Press LLC



244

10.

11.

12.

13.

14.

15.

16.

17.

Tryptophan: Biochemistry and Health Implications

Slutsker, L., Hoesly, F. C., Miller, L., Williams, L. P., Watson, J. C., and Fleming,
D. W, Eosinophilia-myalgia syndrome associated with exposure to tryptophan
from a single manufacturer, JAMA, 264, 213, 1990.

Varga, J., Uitto, J., and Jimenez, S. A., The cause and pathogenesis of the
eosinophilia-myalgia syndrome, Ann. Int. Med., 116, 140, 1992.

Belongia, E. A., Mayeno, A. N., and Osterholm, M. T., The eosinophilia-myalgia
syndrome and tryptophan, Annu. Rev. Nutr., 12, 235, 1992.

Mayeno, A. N., Lin, F, Foote, C. S., Loegering, D. A., Ames, M. M., Hedberg,
C. W, and Gleich, G.]., Characterization of “peak E,” a novel amino acid
associated with eosinophilia-myalgia syndrome, Science, 250, 1707, 1990.
Smith, M. J., Mazzola, E. P, Farrell, T. J., Page, S. W., Ashley, D., Sirimanne,
S.R., and Hill, R. H., 1,1"-ethylideenebis(tryptophan) structure determination
of contaminant “97”-implicated in the eosinophilia-myalgia syndrome (EMS),
Tetrahedron Lett., 32, 991, 1991.

Goda, Y., Suzuki, J., Maitani, T., Yoshihira, K., Takeda, M., and Uchiyama, M.,
3-anilino-L-alanine, structural determination of UV-5, a contaminant in EMS-
associated L-tryptophan samples, Chem. Pharm. Bull., 40, 2236, 1992.

Mayeno, A. N., Belongia, E. A., Lin, F, Lundy, S. K., and Gleich, G. J., 3-(Phenyl-
amino)alanine, a novel aniline-derived amino acid associated with the eosino-
philia-myalgia syndrome: A link to the toxic oil syndrome? Mayo Clin. Proc.,
67, 1134, 1992.

Toyo'oka, T., Yamazaki, T., Tanimoto, T., Sato, K., Sato, M., Toyoda, M.,
Ishibashi, M., Yoshihira, K., and Uchiyama, M., Characterization of contami-
nants in EMS-associated L-tryptophan samples by high-performance liquid
chromatography, Chem. Pharm. Bull., 39, 820, 1991.

Hill, R. H., Caudill, S. P, Philen, R. M., Bailey, S. L., Flanders, W. D., Driskell,
W.].,Kamb, M. L., Needham, L. L., and Sampson, E. ]., Contaminants in L-tryp-
tophan associated with eosinophilia myalgia syndrome, Arch. Environ. Contam-
ination Toxicol., 25, 134, 1993.

Philen, R. M., Hill, R. H., Flanders, W. D., Caudill, S. P., Needham, L., Sewell,
L., Sampson, E. J., Falk, H., and Kilbourne, E. M., Tryptophan contaminants
associated with eosinophilia-myalgia syndrome. The Eosinophilia-Myalgia
Studies of Oregon, New York and New Mexico, Am. ]. Epidemiol., 138, 154, 1993.
Centers for Disease Control, Analysis of L-tryptophan for the etiology of eosi-
nophilia-myalgia syndrome, Morb. Mort. Wkly. Rep., 39, 589, 1990.

Centers for Disease Control. Update: Analysis of L-tryptophan for the etiology
of eosinophilia-myalgia syndrome, Morb. Mort. Wkly. Rep., 39, 789, 1990.

Ito, J., Hosaki, Y., Torigoe, Y., and Sakimoto, K., Identification of substances
formed by decomposition of peak E substance in tryptophan, Food Chem. Tox-
icol., 30, 71, 1992.

Adachi, J., Mio, T., Ueno, Y., Naito, T., Nishimura, A., Fujiwara, S., Sumino, K.,
and Tatsuno, Y., Identification of four metabolites of 3-(phenylamino)alanine,
a constituent in L-tryptophan products implicated in eosinophilia-myalgia syn-
drome, in rats, Arch. Toxicol., 68, 500, 1994.

Muller, A., Busker, E., Gunther, K., and Hoppe, B., Characterization of byprod-
ucts in L-tryptophan, Bioforum, 14, 350, 1991.

Simat, T., van Wickern, B., Eulitz, K., and Steinhart, E. H., Contaminants in
biotechnologically manufactured L-tryptophan, J. Chromatogr. B Biomed. Appl.,
685, 41, 1996.

© 2002 by CRC Press LLC



The Eosinophilia Myalgia Syndrome: A Tryptophan Tragedy 245

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Williamson, B. L., Benson, L. M., Tomlinson, A. J., Mayeno, A. N., Gleich, G. .,
and Naylor, S., On-line HPLC-tandem mass spectrometry analysis of contam-
inants of L-tryptophan associated with the onset of the eosinophilia-myalgia
syndrome, Toxicol. Lett., 92, 139, 1997.

Mayeno, A. N. and Gleich, G. J., Eosinophilia-myalgia syndrome and tryp-
tophan production: A cautionary tale, Trends Biotechnol., 12, 346, 1994.
Swygert, L. A., Maes, E. F, Sewell, L. E., Miller, L., Falk, H., and Kilbourne,
E. M., Eosinophilia-myalgia syndrome. Results of national surveillance, JAMA,
264, 1698, 1990.

Kilbourne, E. M., Eosinophilia-myalgia syndrome: Coming to grips with a new
illness, Epidemiol. Rev., 14, 16, 1992.

Henning, K. J., Jean-Baptiste, E., Singh, T., Hill, R. H., and Friedman, S. M.,
Eosinophilia-myalgia syndrome in patients ingesting a single source of L-tryp-
tophan, J. Rheumatol., 20, 273, 1993.

Kamb, M. L., Murphy, J. J., Jones, J. L., Caston, J. C., Nederlof, K., Horney, L. E,
Swygert, L. A., Falk, H., and Kilbourne, E. M., Eosinophilia-myalgia syndrome
in L-tryptophan-exposed patients, JAMA, 267, 77, 1992.

Centers for Disease Control. Eosinophilia-myalgia syndrome and L-tryp-
tophan-containing products — New Mexico, Minnesota, Oregon, and New
York, Morb. Mort. Wkly. Rep., 38, 785, 1989.

Carr, L., Ruther, E., Berg, P. A., and Lehnert, H., Eosinophilia-myalgia syndrome
in Germany: An epidemiologic review, Mayo Clin. Proc., 69, 620, 1994.
Medsger, T. A., Clinical issues in eosinophilia-myalgia syndrome, . Rheumatol.,
23(Suppl. 46), 1, 1996.

Duffy, J., The lessons of eosinophilia-myalgia syndrome, Hosp. Pract., 27,
65, 1901.

Martin, R. W,, Duffy, J., Engel, A. G,, Lie, J. T., Bowles, C. A., Moyer, T. P,, and
Gleich, G.]., The clinical spectrum of the eosinophilia-myalgia syndrome as-
sociated with L-tryptophan ingestion. Clinical features in 20 patients and as-
pects of pathophysiology, Ann. Int. Med., 113, 124, 1990.

Silver, R. M., Pathophysiology of the eosinophilia-myalgia syndrome, . Rheu-
matol. Suppl., 46, 26, 1996.

Tsutsui, K., Taniuchi, K., Mori, T., and Takehara, K., Eosinophilia-myalgia syn-
drome: A report of two cases in Japan, Eur. |. Dermatol., 6, 113, 1996.
Mizutani, T., Mizutani, H., Hashimoto, K., Nakamura, Y., Kishida, M.,
Taniguchi, H., Murata, M., Kuzuhara, S., and Shimizu, M., Simultaneous de-
velopment of two cases of eosinophilia-myalgia syndrome with the same lot
of L-tryptophan in Japan, ]. Am. Acad. Dermatol., 25, 512, 1991.

Priori, R., Conti, F.,, Luan, F. L., Arpino, C., and Valesini, G., Chronic fatigue:
A peculiar evolution of eosinophilia myalgia syndrome following treatment
with L-tryptophan in four Italian adolescents, Eur. . Pediatr., 153, 344, 1994.
Hertzman, P, Falk, H., Kilbourne, E. M., Page, S., and Shulman, L. E., The
eosinophilia-myalgia syndrome: The Los Alamos Conference, J. Rheumatol., 18,
867, 1991.

Campbell, D. S., Morris, P. D., and Silver, R. M., Eosinophilia-myalgia syn-
drome: A long-term follow-up study, Southern Med. ]., 88, 953, 1995.
Kaufman, L. D., Chronicity of the eosinophilia-myalgia syndrome. A reassess-
ment after three years, Arthritis Rheum., 37, 84, 1994.

Sack, K. E. and Criswell, L. A., Eosinophilia-myalgia syndrome: The aftermath,
Southern Med. |., 85, 878, 1992.

© 2002 by CRC Press LLC



246

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tryptophan: Biochemistry and Health Implications

Krupp, L. B., Masur, D. M., and Kaufman, L. D., Neurocognitive dysfunction
in the eosinophilia-myalgia syndrome, Neurology, 43, 931, 1993.

Armstrong, C., Lewis, T., D’Esposito, M., and Freundlich, B., Eosinophilia-
myalgia syndrome: Selective cognitive impairment, longitudinal effects, and
neuroimaging findings, J. Neurol. Neurosurg. Psychiatr., 63, 633, 1997.
Sidransky, H. and Bills, N. D., Malnutritional deprivation diseases, in Ander-
son’s Pathology, 10th ed., Damjanov, I. and Linder, ]., Eds., C. V. Mosby, St. Louis,
1996, 1, 712-740.

Herrick, M. K., Chang, Y., Horoupian, D. S., Lombard, C. M., and Adornato,
B. T., L-tryptophan and the eosinophilia-myalgia syndrome: pathologic find-
ings in eight patients, Hum. Pathol., 22, 12, 1991.

Burns, S. M., Lange, D. ], Jaffe, 1., and Hays, A. P, Axonal neuropathy in
eosinophilia-myalgia syndrome, Muscle Nerves, 17, 293, 1994.

Silver, R. S., Heye, M. P,, Maize, J. C., Quearry, B., Viooonnet-Fousset, M., and
Sternberg, E. M., Sclerodrma, faciitis, and eosinophilia associated with the
ingestion of tryptophan, N. Engl. |. Med., 322, 874, 1990.

Verity, M. A., Bulpitt, K. J., and Paulus, H. E., Neuromuscular manifestations
of L-tryptophan-associated eosinophilia-myalgia syndrome: A histomorpho-
logic analysis of 14 patients, Hum. Pathol., 22, 3, 1991.

Seidman, R. ]J., Kaufman, L. D., Sokoloff, L., Miller, E, Iliya, A., and Peress,
N.S., The neuromuscular pathology of the eosinophilia-myalgia syndrome,
J. Neuropathol. Exp. Neurol., 50, 49, 1991.

Feldman, S. R,, Silver, R. M., and Maize, ]J. C., A histopathologic comparison
of Shulman's syndrome (diffuse fasciitis with eosinophilia) and the fasciitis
associated with the eosinophilia-myalgia syndrome, J. Am. Acad. Dermatol., 26,
95, 1992.

Strumpf, L. J., Drucker, R. D., Anders, K. H., Cohen, S., and Fajolu, O., Acute
eosinophilic pulmonary disease associated with the ingestion of L-tryptophan-
containing products, Chest, 99, 8, 1991.

Travis, W. D., Kalafer, M. E., Robin, H. S., and Luibel, F. J., Hypersensitivity
pneumonitis and pulmonary vasculitis with eosinophilia in a patient taking an
L-tryptophan preparation, Ann. Int. Med., 112, 301, 1990.

Tazelaar, H. D., Myers, J. L., Drage, C. W,, King, T. E. J., Aguayo, S., and Colby,
T. V., Pulmonary disease associated with L-tryptophan-induced eosinophilic
myalgia syndrome. Clinical and pathologic features, Chest, 97, 1032, 1990.
Berger, P. B, Duffy, J., Reeder, G. S., Karon, B. L., and Edwards, W. D., Restrictive
cardiomyopathy associated with the eosinophilia-myalgia syndrome, Mayo
Clin. Proc., 69, 162, 1994.

James, T. N., Kamb, M. L., Sandberg, G. A., Silver, R. M., and Kilbourne, E. M.,
Postmortem studies of the heart in three fatal cases of the eosinophilia-myalgia
syndrome, Ann. Int. Med., 115, 102, 1991.

James, T. N., Gomez-Sanchez, M. A., Martinez-Tello, F. J., Posada-de la Paz, M.,
Abaitua-Borda, 1., and Soldevilla, L. B., Cardiac abnormalities in the toxic oil
syndrome, with comparative observations on the eosinophilia-myalgia syn-
drome, J. Am. Coll. Cardiol., 18, 1367, 1991.

Kaufman, L. D., Seidman, R. J., and Gruber, B. L., L-tryptophan-associated
eosinophilic perimyositis, neuritis, and fasciitis. A clinicopathologic and labo-
ratory study of 25 patients, Medicine, 69, 187, 1990.

Clauw, D. J. and Katz P, Treatment of the eosinophilia-myalgia syndrome,
N. Engl. ]. Med., 323, 417, 1990.

© 2002 by CRC Press LLC



The Eosinophilia Myalgia Syndrome: A Tryptophan Tragedy 247

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Martinez-Osuna, P., Wallach, P. M., Seleznick, M. J., Levin, R. W., Silveira, L. H.,
Jara, L.]., and Espinoza, L. R., Treatment of the eosinophilia-myalgia syndrome,
Sem. Arthritis Rheum., 21, 110, 1991.

Hertzman, P. A, Clauw, D. J., Kaufman, L. D., Varga, J., Silver, R. M., Thacker,
H. L., Mease, P, Espinoza, L. R., and Pincus, T., The eosinophilia-myalgia
syndrome: Status of 205 patients and results of treatment 2 years after onset,
Ann. Int. Med., 122, 851, 1995.

Kilbourne, E. M., Swygert, L. A., Philen, R. M., Sun, R. K., Auerbach, S. B,
Miller, L., Nelson, D. E., and Falk, H., Interim guidance on the eosinophilia-
myalgia syndrome, Ann. Int. Med., 112, 85, 1990.

Clauw, D. J., Zackrison, L. H., and Katz, P., Serum cytokines and the eosino-
philia myalgia syndrome, Ann. Int. Med., 117, 344, 1992.

Silver, R. M., McKinley, K., Smith, E. A., Quearry, B., Harati, Y., Sternberg, E. M.,
and Heyes, M. P, Tryptophan metabolism via the kynurenine pathway in pa-
tients with the eosinophilia-myalgia syndrome, Arthritis Rheum., 35, 1097, 1992.
McKinley, K. L., Harati, Y., and Schneider, L. W., Chronic immune activation
in the eosinophilia-myalgia syndrome, Muscle Nerve, 16, 947, 1993.

Kaufman, L. D., Gruber, B. L., and Needleman, B. W., Interleukin-4 levels in
the eosinophilia-myalgia syndrome, Am. J. Med., 91, 664, 1991.

Owen, W. F,, Petersen, J., Sheff, D. M., Folkerth, R. D., Anderson, R. J., Corson,
J. M., Sheffer, A. L., and Austen, K. E,, Hypodense eosinophils and interleukin-
5 activity in the blood of patients with the eosinophilia-myalgia syndrome,
Proc. Natl. Acad. Sci. U.S.A., 87, 8647, 1990.

Peltonen, J., Varga, J., Sollberg, S., Uitto, J., and Jimenez, S. A., Elevated expres-
sion of the genes for transforming growth factor-beta 1 and type VI collagen
in diffuse fasciitis associated with the eosinophilia-myalgia syndrome, J. Invest.
Dermatol., 96, 20, 1991.

Kaufman, L. D., Gruber, B. L., Gomez-Reino, J. J., and Miller, F.,, Fibrogenic
growth factors in the eosinophilia-myalgia syndrome and the toxic oil syn-
drome, Arch. Dermatol., 130, 41, 1994.

Sidransky, H., Verney, E., Cosgrove, ]J. W., Latham, P. S., and Mayeno, A. N.,
Studies with 1,1-ethylidenebis (tryptophan), a contaminant associated with
L-tryptophan implicated in the eosinophilia-myalgia syndrome, Toxicol. Appl.
Pharmacol., 126, 108, 1994.

Buss, W. C., Stepanek, J., Bankhurst, A. D., Mayeno, A. N., Pastuszyn, A., and
Peabody, D., EBT, a tryptophan contaminant associated with eosinophilia
myalgia syndrome, is incorporated into proteins during translation as an amino
acid analog, Autoimmunity, 25, 33, 1996.

Yamaoka, K. A., Miyasaka, N., Inuo, G., Saito, L., Kolb, J. P, Fujita, K., and
Kashiwazaki, S., 1,1-Ethylidenebis(tryptophan)(peak E) induces functional ac-
tivation of human eosinophils and interleukin 5 production from T lympho-
cytes: Association of eosinophilia-myalgia syndrome with a L-tryptophan
contaminant, J. Clin. Invest., 14, 50, 1994.

Back, E. E., Henning, K. J., Kallenbach, L. R., Brix, K. A., Gunn, R. A., and
Melius, J. M., Risk factors for developing eosinophilia myalgia syndrome
among L-tryptophan users in New York, . Rheumatol., 20, 666, 1993.

Clauw, D. J.,, Nashel, D. J., Umhau, A., and Katz, P.,, Tryptophan-associated
eosinophilic connective-tissue disease. A new clinical entity? JAMA, 263,
1502, 1990.

© 2002 by CRC Press LLC



248

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Tryptophan: Biochemistry and Health Implications

Toxic Epidemic Syndrome Study Group. Toxic epidemic syndrome, Spain, 1981,
Lancet, 2, 697, 1982.

Kilbourne, E. M., Rigau-Perez, J. G., Heath, C. W. J., Zack, M. M., Falk, H,,
Martin-Marcos, M., and de Carlos, A., Clinical epidemiology of toxic-oil syn-
drome. Manifestations of a new illness, N. Engl. ]. Med., 309, 1408, 1983.
Posada-de la Paz, M., Abaitua, B. L., Kilbourne, E. M., Tabuenca, O. J., Diaz, D.
R., and Castro, G. M., Late cases of toxic o0il syndrome: Evidence that the
aetiological agent persisted in oil stored for up to one year, Food Chem. Toxicol.,
27,517, 1989.

Martinez Tello, F. J., Navas Palacios, J. J., Ricoy, J. R. et al., Pathology of a new
toxic syndrome caused by ingestion of adulterated oil in Spain, Virchows Arch.
(Pathol. Anat.), 397, 261, 1982.

Shulman, L. E., The eosinophilia-myalgia syndrome associated with ingestion
of L-tryptophan, Arthritis Rheum., 33, 913, 1990.

Vazquez, R. A,, Janer, D. V., Maestro, D. R., and Graciani, C. E., New aniline
derivatives in cooking oils associated with toxic oil syndrome, Lancet, 2,
1024, 1983.

Silver, R. M., Sutherland, S. E., Carreira, P., and Heyes, M. P, Alterations in
tryptophan metabolism in the toxic oil syndrome and in the eosinophilia-
myalgia syndrome, J. Rheumatol., 19, 69, 1992.

Carreira, P. E., Montalvo, M. G., Kaufman, L. D,, Silver, R. M., Izquierdo, M.,
and Gomez-Reino, J. J., Antiphospholipid antibodies in patients with eosino-
philia myalgia and toxic oil syndrome, J. Rheumatol., 24, 69, 1997.

Clauw, D. J., Animal models of the eosinophilia-myalgia syndrome, J. Rheuma-
tol., 23( Suppl. 46), 93, 1996.

Crofford, L. ]., Rader, J. I, Dalakas, M. C., Hill, R. H. ]., Page, S. W., Needham,
L.L., Brady, L. S., Heyes, M. P, Wilder, R. L., and Gold, P. W., L-tryptophan
implicated in human eosinophilia-myalgia syndrome causes fasciitis and peri-
myositis in the Lewis rat, J. Clin. Invest., 86, 1757, 1990.

Silver, R. M., Ludwicka, A., Hampton, M., Ohba, T., Bingel, S. A., Smith, T,,
Harley, R. A., Maize, ]., and Heyes, M. P., A murine model of the eosinophilia-
myalgia syndrome induced by 1,1’-ethylidenebis (L-tryptophan), J. Clin. Invest.,
93, 1473, 1994.

Love, L. A., Rader, J. I, Crofford, L. J., Raybourne, R. B., Principato, M. A,,
Page, S. W., Trucksess, M. W., Smith, M. J., Dugan, E. M., and Turner, M. L,,
Pathological and immunological effects of ingesting L-tryptophan and
1,1"-ethylidenebis (L-tryptophan) in Lewis rats, J. Clin. Invest., 91, 804, 1993.
Emslie-Smith, A. M., Mayeno, A. N., Nakano, S., Gleich, G.]., and Engel, A. G,,
1,1"-Ethylidenebis[tryptophan] induces pathologic alterations in muscle similar
to those observed in the eosinophilia-myalgia syndrome, Neurology, 44,
2390, 1994.

DeSchryver-Kecskrmrti, K., Gramlich, T. L., Crofford, L. J., Rader, J. L,
Needham, L. L., Hill, R. H., and Eternberg, E. M., Mast cell and eosinophil
infiltration in intestinal mucosa of Lewis rats treated with L-tryptophan impli-
cated in human eosinophilia-myalgia syndrome, Mod. Pathol., 4, 354, 1991.
Brown, W. R., Comparative histopatholic evaluation of animal studies: Murine
studies with L-tryptophan and constituents, J. Rhreumatol., 23(Suppl. 46),
99, 1996.

Kurl, R. N., Verney, E., and Sidransky, H., Tryptophan binding sites on nuclear
envelopes of rat liver, Nutr. Rep. Int., 36, 669, 1987.

© 2002 by CRC Press LLC



The Eosinophilia Myalgia Syndrome: A Tryptophan Tragedy 249

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Kurl, R.N., Verney, E., and Sidransky, H., Identification and immunohistochem-
ical localization of a tryptophan binding protein in nuclear envelopes of rat
liver, Arch. Biochem. Biophys., 265, 286, 1988.

Sidransky, H., Verney, E., and Cosgrove, J. W., Competitive studies relating to
tryptophan binding to rat hepatic nuclear envelopes as a sensitive assay for
unknown compounds, Toxicology, 76, 89, 1992.

Sidransky, H., Verney, E., Cosgrove, J]. W,, and Schwartz, A. M., Effect of ben-
zodiazepines on tryptophan binding to rat hepatic nuclei, Toxicol. Pathol., 20,
350, 1992.

Sidransky, H., Verney, E., Cosgrove, J. W., and Schwartz, A. M., Inhibitory effect
of demoxepam on tryptophan binding to rat hepatic nuclei, Biocherm. Med.
Metab. Biol., 47, 270, 1992.

Verney, E. and Sidransky, H., Effect of metyrapone on tryptophan binding to
rat hepatic nuclei, Metab. Clin. Exp., 43, 79, 1994.

Latham, P. S., Verney, E., and Sidransky, H., A high-affinity peripheral benzo-
diazepine receptor is expressed on nuclei of rat liver cells and a macrophage
cell line, Hepatology, 22, 445a, 1995.

Latham, P. S., Verney, E., and Sidransky, H., High-affinity peripheral benzo-
diazepine receptors are expressed on nuclei of liver cells and a murine macro-
phage cell line, FASEB J., 10, A145, 1996.

Sidransky, H., Verney, E., Latham, P, and Schwartz, A., Effects of tryptophan
related compounds on nuclear regulatory control. Possible role in the eosino-
philia-myalgia syndrome, Adv. Exp. Med. Biol., 398, 343, 1996.

Drugan, R. C., Are the nonmitochondrial peripheral benzodiazepine receptors
on leukocytes a novel intermediary of brain, behavior, and immunity? Lab.
Invest., 70, 1, 1994.

Cahard, D., Canat, X., Carayon, P, Roque, C., Casellas, P, and Le Fur, G,,
Subcellular localization of peripheral benzodiazepine receptors on human leu-
kocytes, Lab. Invest., 70, 23, 1994.

Rocca, P, Bellone, G., Benna, P., Bergamasco, B., Ravizza, L., and Ferrero, P,
Peripheral-type benzodiazepine receptors and diazepam binding inhibitor-like
immunoreactivity distribution in human peripheral blood mononuclear cells,
Immunopharmacology, 25, 163, 1993.

Kurihara, N., Yanagisawa, H., Jin, Z., and Wada, O., Production of polyclonal
antibodies against 1,1-ethyliden bis[L-tryptophan] (EBT), a potential contam-
inant causing eosinophilia-myalgia syndrome (EMS), Toxicol. Lett., 66,231,1993.
Yamaoka, K. A., Miyazaki, N., and Kashiwazaki, S., L-tryptophan contaminant
“Peak E” and interleukin-5 production from T cells, Lancet, 338, 1468, 1991.
Sidransky, H., Verney, E., Cosgrove, J. W., and Latham, P. S., Effect of 3-phenyl-
amino-L-alanine on tryptophan binding to rat hepatic nuclear envelopes, Tox-
icology, 86, 135, 1994.

Takagi, H., Ochoa, M.S., Zhou, L., Helfman, T., Murata, H., and Falanga, V.,
Enhanced collagen synthesis and transcription by peak E, a contaminant of
L-tryptophan preparations associated with the eosinophilia myalgia syndrome
epidemic, J. Clin. Invest., 96, 2120, 1995.

Zangrilli, J. G., Mayeno, A. N., Vining, V., and Varga, J., 1,1’-Ethylidene-
bis[L-tryptophan], an impurity in L-tryptophan associated with eosinophilia-
myalgia syndrome, stimulates type I collagen gene expression in human fibro-
blasts in vitro, Biochem. Mol. Biol. Int., 37, 925, 1995.

© 2002 by CRC Press LLC



250

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.
115.

116.

117.

Tryptophan: Biochemistry and Health Implications

Takagi, T., Zhou, L., Ochoa, S., and Falanga, V., Increased collagen synthesis
and transcription by peak E, a contaminant of L-tryptophan preparations as-
sociated with the EMS epidemic, |. Invest. Dermatol., 104, 581, 1995.

Li, L., Gotta, S., Mauviel, A., and Varga, J., L-tryptophan induces expression of
collagenase gene in human fibroblasts: Demonstration of enhanced AP-1 bind-
ing and AP-1 binding site-driven promoter activity, Cell. Mol. Biol. Res., 41,
361, 1995.

Adachi, J., Gomez, M., Smith, C. C., and Sternberg, E. M., Accumulation of
3-(phenylamino)alanine, a constituent in L-tryptophan products implicated in
eosinophilia-myalgia syndrome, in blood and organs of the Lewis rats, Arch.
Toxicol., 69, 266, 1995.

Daniels, S. R., Hudson, ]. I., and Horwitz, R. I., Epidemiology of potential
association between L-tryptophan ingestion and eosinophilia-myalgia syn-
drome, J. Clin. Epidemiol., 48, 1413, 1995.

Horowitz, R. I. and Daniels, S. R., Bias or biology: Evaluating the epidemiologic
studies of L-tryptophan and the eosinophilia-myalgia syndrome, J. Rheumatol.,
23(Suppl. 46), 60, 1996.

Shapiro, S., Epidemiologic studies of the association of L-tryptophan with the
eosinophilia-myalgia syndrome: A critique, J. Rheumatol., 23(Suppl. 46), 44, 1996.
Hertzman, P. A., Criteria for the definition of the eosinophilia-myalgia syn-
drome, |. Rheumatol., 23(Suppl. 46), 7, 1996.

Kilbourne, E. M., Philen, R. M., Kamb, M. L., and Falk, H., Tryptophan pro-
duced by Showa Denko and epidemic eosinophilia-myalgia syndrome, ]. Rheu-
matol., 23(Suppl. 46), 81, 1996.

Sidransky, H., Eosinophilia-myalgia syndrome: A recent syndrome serving as
an alert to new diseases ahead, Mod. Pathol., 7, 806, 1994.

Flockhart, D. A, Clauw, D. ], Sale, E. B., Hewett, J., and Woosley, R. L., Phar-
macogenetic characteristics of the eosinophilia-myalgia syndrome, Clin. Phar-
macol. Ther., 56, 398, 1994.

Sidransky, H. and Verney, E., L-tryptophan binding to hepatic nuclei: Age and
species differences, Amino Acids, 12, 77, 1997.

Sidransky, H. and Verney, E., Differences in tryptophan binding to hepatic
nuclei of NZBWF1 and Swiss mice: Insight into mechanism of tryptophan’s
effects, J. Nutr., 127, 270, 1997.

Sidransky, H. and Verney, E., Comparative studies on tryptophan binding to
hepatic nuclear envelopes in Sprague-Dawley and Lewis rats, Am. J. Physiol.,
267, R502, 1994.

Sale, G. E., Eosinophilia-myalgia syndrome, Lancet, 1, 420, 1990.

Kaufman, L. D., Gruber, B. L., and Gregersen, P. K., Clinical follow-up and
immunogenetic studies of 32 patients with eosinophilia-myalgia syndrome,
Lancet, 337, 1071, 1991.

Varga, ]., Jimenez, S. A., and Uitto, J., L-tryptophan and the eosinophilia-
myalgia syndrome: Current understanding of the etiology and pathogenesis,
J. Invest. Dermatol., 100, 97S, 1993.

Gullino, P, Winitz, M., Birnbaum, S. M., Cornfield, J., Otey, M. C., and
Greenstein, J. P, Studies on the metabolism of amino acids and related com-
pounds in vivo. 1. Toxicity of essential amino acids individually, in mixtures
and the protective effect of L-arginine, Arch. Biochem. Biophys., 64, 319, 1956.

© 2002 by CRC Press LLC



12

Tryptophan: Past and Future Directions

CONTENTS

121 THE PaSt..ieieeeeeeeeeeeeeeeeeee ettt ere e ettt esvessennennens 251
122 THE FULULE c.ooveeeiecteeeeeeee ettt et eae e 255
12.3  CONCIUSION ..ottt ettt ettt v et et ere e eae s nas 255

In this concluding chapter, it is appropriate to briefly summarize some of
the major points reviewed in the earlier chapters and to propose some
direction for future investigations dealing with L-tryptophan.

12.1 The Past

The existence of tryptophan was recognized some 100 years ago. First, it was
discovered to be a vital foodstuff, an essential building block for proteins in
animals. Then, it was chemically identified. Its presence in proteins was
quantified, and its degradative pathways were investigated. Gradually, its
major metabolic pathway, as well as its minor pathways, were unraveled.
The enzymes involved in these pathways and the hormones that affected
the enzymes became the subject and interest of many investigations. Early
on, it became apparent that tryptophan was the precursor of a number of
important compounds, particularly serotonin. Interest in serotonin and its
biologic importance rapidly overshadowed the interest in tryptophan itself.
More recently, melatonin, another metabolite of tryptophan, has gained
much attention and prominence for its biologic actions. Other less known
metabolites have been investigated, such as quinolinic and kynurenic acid,
but their actions or functions are still somewhat speculative at the present
time. Perhaps there are still other jewels among the many metabolites with
important biologic significance that need to be uncovered and defined.
Early investigative studies recognized the importance of the metabolism of
tryptophan and of its metabolites in many organs and tissues, predominantly
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in liver and brain. The discovery of the action of the enzyme tryptophan
dioxygenase in the kynurenine-niacin pathway led to many important studies.

The more recent discovery that the enzyme indolamine dioxygenase (IDO)
also is involved in the kynurenine-niacin pathway in nonhepatic tissues, such
as lung, intestine, and epididymis, or in cells, such as monocytes, macro-
phages, and eosinophils, has been a major breakthrough. It has expanded the
information about the utilization and involvement of tryptophan in cells
considered to be active in immunologic reactivity and responses.

In addition to being an indispensable amino acid that is present in proteins
of animals and humans and that becomes incorporated into proteins during
protein synthesis, tryptophan itself has been found to have a regulatory effect
on protein synthesis. Tryptophan can stimulate hepatic protein synthesis.
Although the mechanism for this regulatory action appears to be complex,
it is apparent that this action involves a specific nuclear envelope receptor
to which it binds, followed by enhanced nucleocytoplasmic translocation of
mRNA, and subsequent increased cytoplasmic protein synthesis.

The ability of L-tryptophan to bind to plasma proteins of the blood and
circulate as free and bound tryptophan is a unique feature for an amino acid.
This binding is affected by and competes with other compounds that bind
plasma proteins, such as nonesterified fatty acids (NEFA) and certain drugs.
This relationship in blood affects its transport from the blood to the brain
because only the free tryptophan is transplanted through the blood-brain
barrier. Free tryptophan’s concentration in blood in relation to other amino
acids, particularly branched-chain amino acids (BCAA), affects its transport
to the brain.

The common finding that blood tryptophan levels are altered, usually
decreased, in many disease states is of great interest and raises a number of
questions. In most cases, the findings have been verified but are as yet
unexplained. Their possible significance to the underlying disease states is
not clear. Answers are needed. These alterations may be due to one or more
of the following;:

1. Altered metabolism of tryptophan due to enzymes involved in
catabolism

2. Genetic influence on the enzyme levels and actions
3. Hormonal influences on the enzymes

4. Alteration in free blood tryptophan levels due to influences on
bound blood tryptophan

5. Imbalanced states with other circulating amino acids in blood
6. Divergence to selected organs or tissues
7. Altered immunological state

These are some of the questions that need to be assessed.
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In recent times compounds with antioxidant activity have gained much
attention. This has occurred in conjunction with the concept that antioxidants
play a major scavenging role in many biologic proccesses in health and
disease. L-tryptophan and related compounds (mainly related to the indole
radical) have been reported to exert antioxidant activity. Whether and to
what extent this activity may have biologic significance still need to be
established.

One fascinating aspect of tryptophan is that it has been known for years
as a remedy for pain (simple, menstrual, migraine, etc.) and for sleep. Also,
it has been used for depression and certain other mental disturbances. While
in the United States it has not been used as a prescription drug and was
available over-the-counter until 1989, in a number of European countries
physicians prescribed it as a therapeutic agent. In general, it has been
assumed that it acts mainly by becoming converted to serotonin, which is
known to have many effects on the central nervous system. Its use in a
variety of mental disturbances has been investigated, with some studies
suggesting beneficial effects while other studies were equivocal or question-
able. More studies are needed to relate to the therapeutic benefits of L-tryp-
tophan alone or in combination with other drugs.

Interest in certain nutrients or special compounds often is stimulated by
unexpected events or occurrences. Such was the case with the discovery of
the eosinophilia-myalgia syndrome in 1989. The rapid development and
documentation of a new disease syndrome traced epidemiologically to a
single manufacturer of L-tryptophan in Japan popularized L-tryptophan and
acknowledged its widespread use by the general population throughout the
United States and abroad. Tryptophan’s uses for pain, sleep, and depression
were widely acknowledged. It had become a multimillion dollar over-the-
counter therapeutic agent. The Japanese manufacturer who was the prime
supplier of L-tryptophan decided to use genetic engineering in its microbi-
ologic fermentation process to enhance its yield of L-tryptophan. This act
seemed to initiate the occurrence of the eosinophilia-myalgia syndrome.
Minute amounts of new contaminants or impurities were introduced into
the relatively highly purified L-tryptophan. This new product appears to
have caused the development of the eosinophilia-myalgia syndrome in a
small fraction of the public who consumed this product. The consequences
have been described in Chapter 11. This new syndrome has served a useful
purpose in requiring regulatory agencies to act promptly to stop the sale of
L-tryptophan. It raised the issue of the many dangers that exist in the avail-
ability of unregulated consumer products over-the-counter. It raised ques-
tions about problems that may be introduced with genetic engineering of
consumable products. It also stimulated interest in the basic understanding
of how L-tryptophan itself or in combination with other compounds may
affect humans. New studies relating to L-tryptophan and its involvement in
immunologic responses and its relationship to fibrogenesis and collagen
synthesis have been reported (see Chapter 11). This resurgence of interest in
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L-tryptophan will contribute much to our understanding of the many actions
of this important nutrient in health and disease.

The existence of nutrient imbalances has been promulgated for many
years. Imbalances among amino acids, fats, carbohydrates, vitamins, and
minerals have been reported. Thus, it was not surprising that imbalances
between L-tryptophan and other amino acids, carbohydrates, vitamins, and
minerals have been observed. Some of these have been described in earlier
chapters. The significance of these subtle or marked imbalances, which also
occur with certain hormones and drugs, is difficult to assess. Yet their occur-
rences suggest that they may have significance and need to be assessed and
evaluated. These disturbances in the homeostatic balanced state (established
as the normal or ideal state) may become involved in tilting the normal state
into the abnormal state. L-tryptophan may have a special vital role in many
important metabolic interrelationships.

Table 12.1 summarizes the major actions (direct and indirect) of L-tryp-
tophan. It is apparent that this amino acid has unique characteristics, and
its importance as an amino acid is probably not equalled or surpassed by
any other single amino acid. It appears to have a physiologic role in many
important processes within cells, tissues, and organs. Also, it and its metab-
olites are involved in pharmacologic actions, some of which may prove to
be beneficial in a number of diseases. In view of its many capabilities, it is
not surprising that many studies have been directed toward its influence on
a variety of diseases, particularly chronic diseases, such as aging, cancer,
liver disease, cardiovascular disease, etc. In relation to immunologic diseases,
its metabolism through IDO by certain cells and tissues has raised many
questions regarding its importance thereof. The actions of serotonin and
melatonin, two major metabolites, have gained increasing prominence in
controlling vital processes within the nervous system.

TABLE 12.1
Actions of L-Tryptophan
Direct Action Indirect Action or via Precursors for
1. Building block for proteins 1. NAD
2. Stimulates protein synthesis 2. Serotonin
3. Binds to plasma proteins 3. Melatonin
4. Antioxidant 4. Indolic compounds (antioxidants)

5. Immunomodulary events
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12.2 The Future

Many studies have demonstrated that certain nutrients control gene expres-
sion, leading to changes in cell metabolism, growth, or differentiation. These
studies suggest that in the future additional mechanisms for nutrient control
of gene expression will be discovered. Specifically, defining the molecular
basis for L-tryptophan’s involvement in cell metabolism and function may
provide further insight into the action(s) of L-tryptophan in both normal and
pathophysiologic states. This may provide novel approaches to influencing
certain chronic disease, such as fibromyalgia and others. Such an approach
has already been the case in extensive investigations into disturbance in
cholesterol or lipid homeostasis, i.e., coronary artery disease, hypertension,
and obesity. The future directions of research involving L-tryptophan and
its metabolites and their biologic effects will certainly be rewarding.

In an attempt to practice good medicine, the student of disease states
should consider L-tryptophan as a vital compound whose many actions need
to be clarified and understood. Such understanding will lead to major
advances that will contribute to the practice of good medicine.

12.3 Conclusion

The book may serve as a travelogue for L-tryptophan. It has attempted to
cover the current terrain, with stopovers at selected sites considered to be
important and informative. It becomes apparent that some sites or areas have
much historical significance and are quite developed. On the other hand,
some areas are primitive or poorly explored. Yet others may still be com-
pletely unexplored. Much about L-tryptophan is known and well estab-
lished. Yet it is apparent that more still needs to be explained. The unknown,
and those still poorly investigated, areas beckon for inquiry. Indeed, such
studies will offer significant rewards and treasures. They will provide vital
links and better understanding of many important biologic processes. The
author hopes that this book will stimulate interest and progress in research
pertaining to the unique amino acid, L-tryptophan.
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