
Acute tryptophan depletion slows gastric emptying in females

Michiel A. van Nieuwenhoven1*, Sabine D. M. Valks1, Sjacko Sobczak2, Willem J. Riedel2 and
Robert-Jan M. Brummer1

1Department of Gastroenterology, University Hospital Maastricht, Maastricht, The Netherlands
2Department of Psychiatry and Neuropsychology, University Hospital Maastricht, Maastricht, The Netherlands

(Received 26 February 2003 – Revised 25 September 2003 – Accepted 3 November 2003)

Serotonin (5-HT) is an important neurotransmitter involved in the brain–gut axis. It is possible to lower the 5-HT level in the body by
means of a nutritional intervention using an amino acid mixture; the acute tryptophan depletion (ATD) method. We studied the effect
of ATD on gastric emptying in healthy females, who received both ATD and placebo in a random order. Gastric emptying was measured
using the [13C]octanoic acid breath test. The present data demonstrate significant differences in both gastric emptying and lag phase (Tlag)
between the ATD and placebo experiment. Eight out of ten subjects showed a delayed gastric emptying in the ATD experiment. Both the
gastric half-emptying time (T1/2) and the Tlag were significantly higher in the ATD experiment. T1/2 in the ATD experiment was 137·2
(range 76·2–634·8) min; T1/2 for the placebo experiment was 98·5 (range 63·7–168·8) min (P¼0·028). Tlag in the ATD experiment was
83·7 (range 45·1–356·2) min; Tlag for the placebo experiment was 56·9 (range 23·2–101·2) min (P¼0·007). We conclude that lowering
the 5-HT level in the body using the ATD method leads to a significantly delayed gastric emptying of a solid meal. Nutritional manipu-
lation of the serotonergic system in healthy volunteers may lead to alterations in gastrointestinal motility.
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Acute tryptophan depletion (ATD) is a method to tempor-
arily reduce serotonin (5-HT) synthesis by reducing the
availability of its precursor tryptophan. This can be
accomplished by the administration of an amino acid mix-
ture lacking tryptophan, and may thus be considered more
a nutritional rather than a pharmacological intervention.
There is little doubt that the administration of an ATD
mixture reduces 5-HT activity (Moore et al. 2000). In
human subjects, a substantial reduction of brain 5-HT syn-
thesis as well as decreased levels of tryptophan and 5-HT
metabolites have been demonstrated following ATD
(Nishizawa et al. 1997; Carpenter et al. 1998; Klaassen
et al. 1999). It is probable that not only central 5-HT syn-
thesis, but also peripheral 5-HT synthesis, is decreased fol-
lowing ATD.

ATD has been used over the past decade to investigate
the role of the central 5-HT system in a variety of psychia-
tric conditions. It is reported in a number of studies that
ATD reversed the effects of selective 5-HT re-uptake
inhibitors and monoamine oxidase inhibitors in remitted
patients with a history of depression or panic disorders.
Details on studies using ATD in psychiatric research are
described in review articles by Van der Does (2001) and
Bell et al. (2001).

Delayed gastric emptying is reported in 30 to 82 % of
patients suffering from functional dyspepsia (Malagelada,

1991; Waldron et al. 1991; Maes et al. 1997). The treat-
ment of delayed gastric emptying in functional dyspepsia
comprises the use of prokinetic drugs acting on the seroto-
nergic system. A commonly used drug is cisapride, a par-
tial 5-HT4 receptor agonist (Veldhuyzen van Zanten et al.
2001). Prucalopride is a novel selective 5-HT4 agonist,
which may also be useful to accelerate gastric emptying
(Bouras et al. 2001).

It has been demonstrated that functional dyspepsia is fre-
quently accompanied by an impaired accommodation of
the proximal stomach following a meal (Tack et al.
1998). It appears that treatment with sumatriptan, a 5-
HT1 agonist, induces a relaxation of the gastric fundus in
man and may therefore have therapeutic potential in the
treatment of patients with functional dyspepsia. However,
sumatriptan slows the gastric emptying rate (Houghton
et al. 1992; Coulie et al. 1997) and a further delay in gas-
tric emptying could be detrimental (i.e. increased nausea
and epigastric symptoms) in patients already having a
delayed gastric emptying. Other drugs acting on the seroto-
nergic system comprise the anti-emetic drugs granisetron,
ondansetron and alosetron. These drugs are 5-HT3 antag-
onists, acting both centrally and peripherally, and may be
useful for the treatment of functional dyspepsia. However,
these drugs have no effect on gastric emptying (Gore et al.
1990; Nielsen et al. 1990; Thumshirn et al. 2000).
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These studies demonstrate that the serotonergic system
is involved in gastric motor and sensory function. Both
the central and peripheral systems are probably involved.
However, the precise role of 5-HT in the control of gastric
function remains unclear due to the presence of multiple
5-HT receptors in the gastrointestinal tract. For instance,
the prokinetic effect of 5-HT4 agonists suggests that a
lack of 5-HT is involved in the pathophysiology of dysmo-
tility-like functional dyspepsia. However, if this is the case,
it is in contrast with the delayed gastric emptying, induced
by a 5-HT1 agonist. In order to increase our understanding
of the pathophysiology of functional dyspepsia, the aim of
the present study was to investigate the effect of lowering
the body 5-HT level by means of ATD on gastric emptying
in healthy females.

Materials and methods

Subjects

Ten healthy female volunteers with a mean age of 22
(range 19–25) years participated in the present study.
They were not pregnant and had no history of gastrointes-
tinal or psychiatric disorders. They had no first-degree
family members with psychiatric disorders. The subjects
did not use medication, except for contraceptives. To
avoid possible effects of the menstrual cycle on gastric
motility, the subjects who did not use oral contraceptives
were studied during the follicular phase of the menstrual
cycle. Female subjects were studied because they are
more sensitive to ATD, since the rate of 5-HT synthesis
is lower in females than in males, at least in the brain
(Nishizawa et al. 1997). The study was approved by the
ethical committee of the Maastricht University Hospital.

Design

The study was conducted according to a placebo-controlled
double-blind cross-over design. The treatments consisted
of the oral administration of an amino acid mixture. The
test mixture contained no tryptophan, and the placebo mix-
ture was an amino acid mixture containing 3 g tryptophan.
The treatment order was balanced over the two test days,
which were separated by at least 1 week.

Acute tryptophan depletion

The amino acid mixtures were prepared by the department
of pharmacy of the University Hospital. The mixtures dif-
fered slightly in pH, osmolarity and energy content. How-
ever, it is improbable that these differences affected gastric
emptying. The composition of the mixtures is displayed in
Table 1. The ATD mixture contained 1336 kJ and the pla-
cebo mixture 1387 kJ. After an overnight fast, the subjects
consumed the amino acid mixtures dissolved in 250 ml
water within a maximal time of 45 min, using a nose-
clamp to avoid the unpleasant smell of the mixtures.
Water, decaffeinated tea and peppermint were available
to neutralise the unpleasant taste of the mixtures. From ear-
lier studies in which this method was applied in fifty-six
subjects, we know that this amino acid mixture leads to a

plasma tryptophan depletion of 64·5 (SD 2·8) to 19·9 (SD

1·6) mM, and the tryptophan:large neutral amino acids
(LNAA) ratio decreases from 0·097 (SD 0·004) to 0·029
(SD 0·003), 4–7 h after ingestion of the ATD mixture
(Riedel et al. 1999; Schmitt et al. 2000; Sobczak, 2002).

Gastric emptying

Gastric emptying was measured using the [13C]octanoic
acid breath test. A tryptophan-free meal was administered
5 h after the start of the intake of the amino acid mixture.
The meal consisted of two slices of protein-free bread with
10 g margarine and a spoon of treacle, and 300 ml water.
The meal was enriched with 100ml [1 – 13C]octanoic acid
(99 %; Cambridge Isotope Laboratories, Andover, MA,
USA), which was carefully mixed with the 10 g of margar-
ine. The test meal was consumed in less than 10 min.
Breath samples for 13CO2-enrichment analysis were
drawn from a mixing chamber using vacutainer tubes at
15 min intervals during 4 h. One breath sample was taken
at least 1 h before the administration of the meal to deter-
mine background enrichment. The collected breath samples
were analysed for 13C-isotopic enrichment of the expired
CO2, using isotope ratio MS (MAT 252; Thermo Finnigan,
San Jose, CA, USA). Mathematical analysis of the 13CO2

data was performed according to Ghoos et al. (1993) and
resulted in a gastric half-emptying time (T1/2) and lag
phase (Tlag).

Amino acids

Plasma amino acids were measured before the ingestion of
the amino acid mixture and 4 h after ingestion, using HPLC
(Van Eijk et al. 1993). The tryptophan:LNAA ratio is
calculated as follows: concentration of tryptophan/
(concentrations of tyrosine þ leucine þ phenylalanine þ
isoleucine þ valine).

Statistics

The Wilcoxon signed rank test was used to evaluate
the differences in gastric emptying, plasma tryptophan

Table 1. Composition of the acute tryptophan depletion
(ATD) and placebo mixture (g)

Amino acid ATD Placebo

L-Alanine 4·1 4·1
Glycine 2·4 2·4
L-Histidine 2·4 2·4
L-Lysine 6·7 6·7
L-Proline 9·2 9·2
L-Serine 5·2 5·2
L-Threonine 4·9 4·9
L-Arginine 3·7 3·7
L-Cysteine 2·0 2·0
L-Methionine 2·3 2·3
L-Isoleucine 6 6
L-Leucine 13·5 13·5
L-Phenylalanine 4·3 4·3
L-Tyrosine 5·2 5·2
L-Valine 6·7 6·7
L-Tryptophan 0 3
Total 78·6 81·6
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concentrations and tryptophan:LNAA ratios. Data are
presented as medians and ranges.

Results

Effects of acute tryptophan depletion on gastric emptying

Eight out of ten subjects showed a delayed gastric empty-
ing in the ATD experiment compared with the placebo. In
two subjects, there was no change of T1/2 in the ATD
experiment compared with the placebo. However, one of
these subjects vomited after ATD ingestion. In another
subject, the Tlag did not change in the ATD experiment
compared with the placebo while T1/2 increased in the
ATD experiment. Both the T1/2 and the Tlag were signifi-
cantly higher in the ATD experiment. In the ATD experi-
ment the T1/2 was 137·2 (range 76·2–634·8) min and the
Tlag was 83·7 (range 45·1–356·2) min. In the placebo
experiment the T1/2 was 98·5 (range 63·7–168·8) min
and the Tlag was 56·9 (range 23·2–101·2) min. The
P values were P¼0·028 (T1/2) and P¼0·007 (Tlag)
respectively (see Fig. 1).

Effects of acute tryptophan depletion on plasma amino
acids

The plasma tryptophan data and the tryptophan:LNAA
ratios are displayed in Figs. 2 and 3. ATD leads to a
59 % decrease in plasma trytophan (P¼0·005) and a
93 % decrease in the tryptophan:LNAA ratio (P¼0·005),
compared with baseline. The placebo mixture leads to a
105 % increase in tryptophan (P¼0·007) and a 21 %
decrease in the tryptophan:LNAA ratio (P¼0·06), com-
pared with baseline.

Discussion

In the present study we have demonstrated that ATD, lead-
ing to a lowered plasma tryptophan concentration, which in
turn leads to a lowered brain 5-HT concentration (Young
et al. 1999), affects gastrointestinal motility. The ATD sub-
stantially decreased the gastric emptying rate. Previous

studies showed that the ATD method leads to a 60–70 %
decrease in plasma tryptophan levels in all subjects,
4–7 h after ingestion of the ATD mixture (Riedel et al.
1999; Schmitt et al. 2000; Sobczak, 2002). We confirm
that in all subjects the plasma tryptophan values decreased
as a result of ATD, with a mean decrease of 59 %, whereas
the plasma tryptophan values in the placebo group were
increased, due to the composition of the placebo mixture,
which is not perfectly balanced for tryptophan. For the pre-
sent study this may be beneficial since we studied the
effect of alteration in tryptophan levels. We also observed
an expected massive decrease in the tryptophan:LNAA
ratio of 93 %, as a result of ATD.

The mechanism by which ATD influences gastric emp-
tying is not known, but several mechanisms may be
involved. At first, there is no reason to assume that the
absence of tryptophan slows gastric emptying. In fact,
the small number of publications on this issue point to an
inhibition of gastric emptying by tryptophan, at least in
the dog (Cooke & Ward, 1976). At the level of the
stomach, ATD probably leads to a lower 5-HT availability
and hence to an impaired activation of the different 5-HT

Fig. 1. The gastric emptying rates in the acute tryptophan depletion
(ATD) and placebo (Plc) experiment (n 10). *The median values
were significantly different for gastric half-emptying time (T1/2)
(P¼0·028) and for lag phase (Tlag) (P¼0·007). The vertical bars
represent ranges.

Fig. 2. Plasma tryptophan (Trp) values in the acute tryptophan
depletion (ATD) and placebo (Plc) experiment (n 10). *The median
values were significantly different in both experiments (ATD
P¼0·005; placebo P¼0·007). The vertical bars represent ranges.

Fig. 3. Tryptophan:large neutral amino acid ratios (Trp:LNAA) in the
ATD and placebo (Plc) experiment (n 10). *The median values
were significantly different in the ATD experiment (P¼0·005).
Median values were not significantly different in the placebo exper-
iment (P¼0·06). The vertical bars represent ranges.
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receptors such as the 5-HT1 and 5-HT4 receptors. This
results in a slower gastric emptying as a net effect,
suggesting that the effect of the activation of 5-HT4 recep-
tors leading to an accelerated gastric emptying exceeds the
effect of the activation of 5-HT1 receptors leading to a
delayed gastric emptying and fundus relaxation.

At the level of the central nervous system, ATD leads to
an impairment of long-term memory formation, and the
reappearance of depressive symptoms in remitted
depressed patients (Riedel et al. 1999). It may be possible
that the delayed gastric emptying as observed in the present
study is, at least partially, caused by central effects result-
ing from ATD. Circumstantial evidence for this hypothesis
is provided by the fact that patients with functional gastro-
intestinal disorders, such as irritable bowel syndrome, but
functional dyspepsia as well, are frequently treated with
antidepressant drugs such as tricyclic antidepressants, and
selective 5-HT re-uptake inhibitors such as fluoxetin and
paroxetin. 5-HT re-uptake inhibitors increase the avail-
ability of 5-HT in the brain, and have become increasingly
popular as a treatment in functional gastrointestinal dis-
orders in the last few years. Treatment of these disorders
with antidepressants appears to be effective in terms of
symptom relief (Jackson et al. 2000). However, whether
this improvement is independent of an effect of treatment
on a depression or anxiety disorder, which are frequently
present in patients with functional gastrointestinal dis-
orders, has not yet been established. Other circumstantial
evidence is provided by the fact that patients with func-
tional dyspepsia display a lower vagal activity than healthy
volunteers, which is associated with psychological factors
(Haug et al. 1994). A decreased parasympathetic tone of
the vagal nerve will result in antral hypomotility and an
impaired accommodation of the proximal stomach, and
hence, a slower gastric emptying of a solid meal. It may
therefore be possible that ATD, leading to decreased cen-
tral 5-HT availability, leads to a decreased vagal tone,
which may also provide an explanation for the slow gastric
emptying.

The results of the present study, together with the known
involvement of decreased serotonergic action in functional
bowel disorders with psychiatric co-morbidity, suggest that
the delayed gastric emptying in functional dyspepsia may
be associated with a relative lack of 5-HT availability at
the level of the stomach, at the level of the brain, or
both. Therefore, ATD may serve as a model for functional
dyspepsia with respect to gastric emptying. The results also
suggest that it may be useful to focus on treatment leading
to an increased serotonergic activity. Based on the avail-
able literature, we suggest that activation of 5-HT4 recep-
tors may be useful, since these receptors are involved in an
acceleration of gastric emptying via intrinsic cholinergic
neurons (Tonini et al. 1989).

Eight out of ten subjects showed a delayed gastric emp-
tying in the ATD experiment. Two of them did not. One of
them vomited 3 h before the experiment. Vomiting may be
the result of the fact that the amino acid mixtures have an
unpleasant smell and taste. For this reason the subjects
were instructed to ingest the mixtures quickly, with a
nose-clamp, and to have a peppermint. Changes in gastric
motility due to nausea and vomiting could explain the

absence of the delay in gastric emptying after ATD in
these subjects. Feelings of nausea were reported in some
subjects in both the ATD and the placebo group, and there-
fore it is not probable that the differences in gastric empty-
ing are related to a degree of possible nausea.

In the present study we used the [13C]octanoic breath
test. This is a well-established method to non-invasively
measure gastric emptying using a stable 13C isotope.
This isotope can be measured in breath, and the enrichment
of the breath with 13C represents gastric emptying kinetics
(Ghoos et al. 1993). Validation of this method against
scintigraphy has been carried out using a standard meal
containing a fried egg with bread and water. In the present
study we could not use this test meal, since eggs contain
tryptophan. For this reason we used a meal of protein-free
bread with margarine and treacle. The [13C]octanoic acid
was easily mixed with the margarine, and the gastric
emptying data in the control experiment appeared to be
normal. A possible systematic error does not influence
the observed differences between the experiments.

In summary, we conclude that ATD leads to decreased
gastric emptying. Based on the present results and the
available literature we suggest that the effect of ATD on
gastric emptying may be explained by either a peripheral
effect, i.e. a decreased 5-HT4 receptor activation, a central
effect, i.e. a decrease in vagal tone leading to a decreased
motor activity of the stomach, resulting in a delayed gastric
emptying, or a combination of both mechanisms. ATD may
possibly be used to serve as a model for functional
dyspepsia. Further physiological studies to establish the
role of 5-HT within the brain–gut axis with respect to
gastrointestinal motility are warranted.
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