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The bovine protein a-lactalbumin increases the plasma ratio of
tryptophan to the other large neutral amino acids, and in
vulnerable subjects raises brain serotonin activity, reduces
cortisol concentration, and improves mood under stress’~3

C Rob Markus, Berend Olivier, Geert EM Panhuysen, Jan Van der Gugten, Martine S Alles, Adriaan Tuiten,
Herman GM Westenberg, Durk Fekkes, Hans F Koppeschaar, and Edward EHF de Haan

ABSTRACT Serotonin is synthesized from the dietary amino acid trypto-
Background: Increased brain serotonin may improve the ability tophan, and brain serotonin concentrations rise with tryptophan
cope with stress, whereas a decline in serotonin activity is involveddministration or with the intake of a carbohydrate-rich, protein-
in depressive mood. The uptake of the serotonin precursor, tryptpoor (CR-PP) diet. Both raise the ratio of plasma tryptophan to
phan, into the brain is dependent on nutrients that influence ththe sum of the other large neutral amino acids (Trp-LNAA ratio)
cerebral availability of tryptophan via a change in the ratio ofand give tryptophan the advantage in the competition for access
plasma tryptophan to the sum of the other large neutral amino acidis the brain (9-12). An increase in the plasma Trp-LNAA ratio
(Trp-LNAA ratio). Therefore, a diet-induced increase in tryptophanwith a CR-PP diet is caused by a carbohydrate-induced rise in
availability may increase brain serotonin synthesis and improvglucose, which triggers insulin secretion and facilitates the
coping and mood, particularly in stress-vulnerable subjects. uptake of the LNAAs except tryptophan into the skeletal mus-
Objective: We tested whethea-lactalbumin, a whey protein cles. A protein-rich diet decreases the plasma Trp-LNAA ratio,
with a high tryptophan content, may increase the plasma Trpbecause proteins are poor in tryptophan (1-2%) but rich in the
LNAA ratio and reduce depressive mood and cortisol concentra=NAAs valine, tyrosine, leucine, isoleucine, and phenylalanine
tions in stress-vulnerable subjects under acute stress. (25%). These dietary effects on the plasma Trp-LNAA ratio have
Design: Twenty-nine highly stress-vulnerable subjects and 29 relfrequently been shown (13-15).
atively stress-invulnerable subjects participated in a double-blind, Several studies have investigated the effect of diet-induced
placebo-controlled study. Subjects were exposed to experimentalterations in the plasma Trp-LNAA ratio on mood. Although in
stress after the intake of a diet enriched with eitiaictalbu-  clinical populations an elevated plasma Trp-LNAA ratio has
min or sodium-caseinate. Diet-induced changes in the plasmaeen shown to improve mood (15, 16), in healthy subjects such
Trp-LNAA ratio and prolactin were measured. Changes in moodevidence has been weak and often inconsistent (17, 18).
pulse rate, skin conductance, and cortisol concentrations were We suggested previously that differences in the vulnerability
assessed before and after the stressor. to stress may explain some of the inconsistent findings in the lit-
Results: The plasma Trp-LNAA ratio was 48% higher after the  erature (14, 19). Assuming that vulnerability to stress indicates a
lactalbumin diet than after the casein diet<0.0001). In stress- frequently elevated level of brain serotonin activity, in stress-
vulnerable subjects this was accompanied by higher prolactin conulnerable subjects the serotonergic system may be overloaded
centrations P = 0.001), a decrease in cortis® € 0.036), and during acute stress and, subsequently, serotonin activity may fall
reduced depressive feelingd%£ 0.007) under stress. below functional needs. In a recent study, we found that a CR-PP
Conclusions:Consumption of a dietary protein enriched in tryp- diet increased the plasma Trp-LNAA ratio and prevented a
tophan increased the plasma Trp-LNAA ratio and, in stress
vulnerable subjects, improved coping ability, probably through
alterations in brain serotonin.  Am J Clin Nutr2000;71:1536—44. 1From the TNO Nutrition and Food Research Institute, Zeist, Netherlands;
the Department of Psychopharmacology, University Utrecht, Utrecht,
KEY WORDS Tryptophan, a-lactalbumin, serotonin, Nethetands; Friesland Coberco Dairy Foods, Research Center, Deventer,
prolactin, cortisol, stress, mood Netherlands; the Departments of Biological Psychiatry and Endocrinology,
University Hospital Utrecht, Utrecht, Netherlands; and the Department of
Psychiatry, Erasmus University, Rotterdam, Netherlands.
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stress-induced rise in depressive mood and cortisol in streswest quartile of IN scores, 29 subjects (9 men and 20 women)
vulnerable subjects (14). In a subsequent study, a CR-PP diatere selected as the relatively stress-invulnerable (LS) group (IN
prevented a cortisol response and depressive mood during coscore = 4.6t 1.3; range: 2—6). Subjects’ ages ranged from 17 to
trollable and uncontrollable stress in stress-vulnerable subjec® y (mean age in HS group: 20453.10 y; mean age in LS
(CR Markus, G Panhuysen, A Tuiten, H Koppeschaar, uighdxl group: 20.9+ 3.18 y). Exclusion criteria were chronic and cur-
observations, 1999). The dietary effects on cortisol concentratiorent iliness, history of psychiatric illness, taking medication, or
were surprising because the administration of serotonin precuconsuming irregular diets. All subjects selected for the experi-
sors is usually found to stimulate cortisol secretion (3). Howevennent had a body mass index (BMI; in kgjnin the normal
under acute stress, increases in brain serotonin activity maynge, ie, between 20 and 25 (mean BMI in HS group:
facilitate coping and different serotonergic pathways are involve@3.15+ 1.86; mean BMI in LS group: 23.242.0). Because oral

in the initiation as well as the termination of a stress response (€pntraceptive medication may have an effect on cortisol respon-
8). Stress adaptation is associated with a reduction in cortissliveness (38), female subjects were matched for contraception
concentration and depression (20, 21); thus, we assume that inethod. The protocol for the present study was approved by the
stress-vulnerable subjects the CR-PP diet, by increasing brainstitutional board of experimental research of University
serotonin, will improve the ability to cope with stress and subseUtrecht.

quently reduce a cortisol response.

Serotonin activity might be enhanced more by increases in th
Trp-LNAA ratio in stress-vulnerable subjects because of chronic During the 2 experimental days, subjects were placed under
stress-induced sensitization of the serotonergic system. Chronéxperimental stress while following a balanced diet containing
stress may decrease brain serotonin availability and increagather ana-lactalbumin—enriched whey proteia-{ac diet) or
serotonin receptor function by way of a compensatory mechaniseasein (casein diet). The diets were isoenergetic and contained
(22, 23). Accordingly, changes in serotonin receptor sensitivityequal amounts of protein, carbohydrate, and fat. The order of
are believed to mediate the effect of tryptophan administration opresentation of the:-lac and casein diets was counterbalanced
antidepressant treatment on depression (24, 25). between subjects. The 2 experimental days were separated by a

In line with previous findings, the aim of the present study4-wk period, allowing for the menstrual phase of the female sub-
was to test whether increases in tryptophan availability and braijects. The women not taking the contraceptive pill participated
serotonin are responsible for the dietary effect on depressivéuring their mid-to-late follicular phase (days 4-10), whereas
mood and cortisol responses to stress in stress-vulnerable suBemen taking the contraceptive pill participated during the
jects. If an increased availability of tryptophan and brain seroperiod in which they actually took the contraceptive pill.
tonin is the main factor, proteins with a high tryptophan con- On each experimental day, 2 subjects arrived at the laboratory,
tentare likely to have the same effect as a CR-PP diet. Becausme at 0900 and one at 1000. Subjects were sedentary and were
a-lactalbumin has the highest tryptophan concentration of alallowed only to read in a study room. Subjects had fasted
bovine protein fractions (26), we hypothesized that a diet comevernight; only water or tea without sugar was permitted. They
posed of alactalbumin—enriched whey protein may also increasereceived breakfast on arrival, a snack at 1015 or 1115, and lunch
the Trp-LNAA ratio and consequently central serotonin activityat 1100 or 1200. One and one-half hour after lunch, a first salivary
and thus prevent depressive mood and cortisol responses dortisol sample was taken, followed 3 min later by a blood sample
stress-vulnerable subjects under acute stress. To test this hypoftransferred to a 10-mL tube containing EDTA). Then each subject
esis, subjects with high and low vulnerability to stress partici-was brought into a temperature-controlled laboratory room, seated
pated in a double-blind, placebo-controlled stress experiment im front of a computer screen, and instructed about the experiment.
which they received isoenergetic diets containing eithkarctal- The electrodes for measuring skin conductance and the finger sen-
bumin—enriched whey protein or casein protein. Because theor for measuring pulse rate were attached, and during the next 10
secretion of prolactin is regulated by serotonergic mechanisms imin, baseline physiologic recordings were made. Subsequently,
the brain (27, 28), increases in plasma prolactin were measurehbe subject was exposed to a computer-assisted battery of tests and
as indexes of enhanced brain serotonin function (29, 30) anexperimental tasks, all integrated into the research software pack-
hypersensitivity of the serotonergic system (31, 32). age MINDS (39). The battery consisted of the following: a version

of the Profile of Mood States (POMS; 40), a stress-inducing men-

tal arithmetic task (41), and a second version of the POMS. A sec-
SUBJECTS AND METHODS ond salivary sample was taken at the end of the stress-inducing
task,~25 min after the onset of the stress; a third cortisol sample
was taken after completion of the experiment (35 min after the

Utrecht University studentsn(= 455) filled out the Inade- stress). Pulse rate and skin conductance were recorded until the
quacy (IN) Scale of the Dutch Personality Inventory, whichend of the experiment. Subjects spert min on the first POMS,
measures neuroticism (33), and a questionnaire concerning pe25 min on the stress-inducing task, and 4 min on the second
sonal details. Neuroticism is closely related to negative affectivPOMS. The diets were administered and the experimental meas-
ity (34), the disposition to see events as alarming, to experienagres were made by a research assistant blind to the purpose of the
aversive emotional states (35), and to be vulnerable to stregxperiment and dietary conditions.

(36). Accordingly, subjects high in neuroticism frequently expe-

rience stress (37). On the basis of these findings, 29 subjec@ers

(10 men and 19 women) were selected from the students in the On both experimental days, an isoenergetic diet composed of
highest quartile of IN scores as the highly stress-vulnerable (HStandard products and providing 7995 kJ was used with 10% of
group (IN score = 2& 6; range: 18—38). From the students in theenergy as protein, 60% of energy as carbohydrate, and 30% of

Experimental procedures

Subjects
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TABLE 1
Compositions of the:-lac and casein diéts

Nutrient composition

Foods Carbohydrate Protein Fat Energy
g kJ
a-Lac diet 289 (61.5) 46.8 (9.9) 62 (28.7) 7995

Bread, margarine, fruit jelly, tea, coffee,
candy bar, grape juice, chocolate drink
Casein diet 289 (61.5) 46.6 (9.9) 62 (28.7) 7996
Bread, margarine, fruit jelly, tea, coffee,
candy bar, grape juice, chocolate drink

1The casein and-lactalbumin &-lac) were added to the chocolate drinks.
2X; percentage of total energy in parentheses.

energy as fatTable 1). The 2 diets were similar with the excep- noise level to be presented during the next trial; however, if they
tion of the composition of a chocolate drink in which the proteinmet the criterion they could choose the noise level for the next
sources differed. The chocolate drink of théac diet contained trial. Before the actual test, subjects were given 2 practice trials
an a-lactalbumin—enriched whey protein (Borculo Domo Ingre-in which they had to solve a few sums first without noise and
dients, Borculo, Netherlands) and the chocolate drink of thehen in the presence of 3 successive noise levels. The credibility
casein diet contained sodium caseinate (DMV Internationalpf the task, as well as the motivation of the subjects, was
Veghel, Netherlands). The chocolate drink was prepared withienhanced by providing the subjects with constant on-screen
20 min of breakfast (first drink) and 20 min before lunch (secondeedback on the criterion for the particular trial, the number of
drink) by mixing the specially prepared chocolate powders withrsums already solved correctly, and the time left for that trial.
200 mL water (under a constant temperature of 78580The  Experimental stress was induced by manipulating the criterion
chocolate drinks were isoenergetic and contained equal amourgs that all subjects continued to fail each trial and, thus, could
of protein, carbohydrate, and fat. Rum flavoring was added tmot choose the noise intensity for the next trial. The criterion was
mask any taste differences between the chocolate drinks. always set at one sum above what subjects could manage, as cal-
During the experiment, all meals were constantly supervisedulated from the average time per sum needed on the previous
to make sure that all foods were consumed. The nutrient compdral. This task has been shown to be uncontrollable and to
sition and the amino acid profile of both chocolate drinks wergnduce psychological and physiologic stress (14, 41).
analyzed by HPLC (Ansynth Service BV, Roosendaal, Nether-_| .
lands) and are given in Table 2. As shown, the chocolate drink o'?"OChem'Cal analyses
the a-lac diet contained 12.32 g/kg tryptophan (Trp-LNAA ratio  The blood samples are collected in 10-mL evacuated tubes
of 8.7), whereas the drink of the casein diet contained 9.51 g/kgontaining EDTA and centrifuged at 2650g,,,, for 20 min at
tryptophan (Trp-LNAA ratio of 4.7). 20°C. The supernate then was stored-&0°C until analyzed.
i For the measurement of amino acids in plasma, a sensitive,
Profile of Mood States reproducible, and fully automated method described previously
Changes in mood were measured by using 2 scales of the Dutalas used (42). This method is based on reversed-phase HPLC and
shortened version of the POMS questionnaire (40) offered on thephthaldialdehyde precolumn derivatization, making use of a 5-mm
computer screen with a 5-point interval scale ranging fromSpherisorb octadecylsilane 2 column (2253 mm internal diam-
“strongly disagree” to “strongly agree.” The first scale was offereceter; Phase Separations, Queenspenny, United Kingdom) for rou-
before the start of the stress-inducing task (min) and the sec- tine determination. The plasma Trp-LNAA ratio was ultimately
ond scale was offered after the stress task (25 min). The POM&lculated by dividing the plasma tryptophan concentration by the
comprises 5 different subscales for mood. The subscales Angsum of the other LNAAs, ie valine, isoleucine, leucine, tyrosine,
(range: 7-35), Depression (range: 8-40), Fatigue (range: 6—-30nd phenylalanine.
and Tension (range: 6—30) refer to a negative mood state, whereasProlactin concentrations in plasma were assayed in duplicate
the subscale Vigor (range: 5-25) concerns a positive mood. by using a standard radioimmunoassay kit (ImmuChem IRMA,;
ICN Pharmaceuticals, Costa Mesa, CA) with intra- and interas-
say CVs of 3% and 5%, respectively. Prolactin concentrations
Subjects were given 18 successive 1-min trials in which theywre expressed asg/L.
had to do mental arithmetic under time constraints while at the . .
same time receiving different levels of industrial noise (65, 70Méasurement of salivary cortisol
or 80 dB) through headphones. During each trial, multiple- One baseline cortisol sample 15 min), a second poststress
choice calculations were presented on a computer screen onesample (25 min), and a third poststress sample (35 min) were
a time. A specified number of calculations (called the criterion)obtained with use of the Salivette sampling device (Sarstedt,
had to be solved correctly. Subjects were told that by their perfEtten-Leur, Netherlands). With this device, saliva was collected
formance they could control the intensity of noise presented tmm small cotton swabs and stored in special tubes until cen-
them during the task. If they failed the criterion, they could nottrifuged. Saliva samples were centrifuged at 265@,,,, for
choose the level of noise and the computer would then set tf®min at 20C and then stored at23°C until analyzed.

Experimental stress
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TABLE 2 diet, as independent variables) and “experimental stress” (meas-

Compositions and amino acid profiles of the chocolate drinks used in theures before versus after the experimental stress task of pulse rate,

a-lac and casein diéts skin conductance, cortisol, and mood, as dependent variables).
a-Lac diet casein diet Although we counterbalanced for the order of dietdaC diet

first followed by casein diet, versus the opposite order), the order

C iti . - . .
omposition (g) of diets was preliminarily taken as a between-subjects factor. For

a-Lactalbumin—enriched whey protein 20 0 . .
Sodium caseinate 0 155 the effect of experimental stress on pulse rate, skin conductance,
Cocoa 35 35 and cortisol concentration, MANOVAs were performed with
Granulated sugar 10 10 first- and second-order polynomial contrasts (linear and qua-
Butter powder 0 3.25 dratic effects). Significant multivariate results shown by these
Water 200 200 procedures were further examined by univariate tests. Huynh-
Amino acid profile (g/kg) Feldt— or Greenhouse-Geisser—corrediedalues, their corre-
Isoleucine 27.61 31.80 sponding epsilonse], as well as the original (ie, uncorrected)
Leucine 47.56 59.31 degrees of freedom were reported when the sphericity assump-
Phenylalanme 20.80 32.24 tion was not met. Pearson’s correlation coefficients were cal-
Tyrosine 16.82 33.13 . . .
valine 29 52 24.09 culated to examine relations of the plasma Trp-LNAA ratio to
Tryptophan 12.32 9.51 prolactin. Because order of diets and sex and contraceptive use
Trp:LNAA 8.7 47 did not contribute to any of the scores, final analyses were per-

formed with only stress vulnerability as the between-subjects
factor. Analyses for variables with expected directions of change
(eg, cortisol and depression) were assessed by unidirectional
comparisons (43). All statistics were evaluated at a significance
level of 5%. Data are reported as mearsDs.
Cortisol concentrations were determined without extraction in a
licensed laboratory at the University Hospital Utrecht by using an
in-house competitive radioimmunoassay with a polyclonal antiRESULTS
cortisol antibody (K7348). [1,2H]N-Hydrocortisone (NET 185; )
NEN-Dupont, Dreiech, Germany) was used as a tracer after Chr(lilasma Trp-LNAA ratio
matographic verification of its purity. The lower limit of detection ~ Analysis revealed a significant effect of diBt;(;s; = 327.557,
was 0.5 nmol/L and interassay variation was 11.0%, 8.2%, anB < 0.0001), ie, a significant 48% increase in the plasma Trp-
7.6% at 4.7, 9.7, and 14.0 nmol/L, respectively=(20). The ref- LNAA ratio after thea-lac dietcomparted with the casein diet.
erence range for adults is 4-28 nmol/L at 0800—1000. As shown inFigure 1, the mean plasma Trp-LNAA ratio was
0.071+ 0.012 after the casein diet compared with 0.2@013
after thea-lac diet. No effects of stress vulnerability or any other
Skin conductance was measured by using Ag-AgCl electrodesffects were found.
(surface area of 0.5 @nfilled with solid adhesive gel (ARBO .
H91: Braunschweig, Germany). These electrodes were placddrolactin
bipolarly at the thenar palmar and hypothenar palmar sites of the ANOVA showed a significant interaction of diet with stress
nonpreferred hand of each subject. Skin conductance was meaa#nerability ; ,o; = 5.224, P = 0.027), indicating that the
ured with a constant voltage of 0.5 V (sampling rate of 2 Hz)effect of the diet on prolactin concentrations depended on the
Tonic skin conductance levels were recorded starting from &ulnerability to stress of the subjects. As indicated in Figure 1,
10-min baseline rest period until the end of the experiment.  in HS subjects there was a significant 40% difference in pro-
lactin between diet conditions (12.604.0 ng/L after the casein
diet compared with 17.7& 8.2 pg/L after the alac diet;
Reflection-photoplethysmography was used to measumeges P = 0.001), whereas in LS subjects, no dietary effects were found
in peripheral pulse rate at the volar surface of the middle fingef16.21+ 8.4 and 15.76 9.0 ng/L; P = 0.79). There were no
of the nonpreferred hand. The signal was transduced by Sat-Trakgnificant between-subjects effects of stress vulnerability. There
signal processing (sampling rate of 65 Hz), based on the Quadrere also significant positive correlations between changes in
rature Division Multiplexing (QDM) technique, by the Pulse the plasma Trp-LNAA ratio and prolactin concentrations during
Oximeter (SensorMedics Corp, Bilthoven, Netherlands). With ahe a-lac diet compared with the casein diet in HS subjects
sampling rate of 1 Hz, pulse rate samples were collected an@R = 0.45,P = 0.028) but not in LS subjects £R0.24,P = 0.21).
stored in the computer.

la-Lac, containingx-lactalbumin—enriched whey protein; Trp:LNAA,
the ratio of tryptophan to the sum of the other large neutral amino acids.

Measurement of skin conductance

Measurement of peripheral pulse frequency

Physiologic measures

Experimental design and statistical analysis MANOVA found a significant effect of experimental stress on

The main research questions formulated in the introductiopulse rate (fs5 = 115.65,P < 0.0001) and skin conductance
were analyzed by means of repeated-measures multivariate af, s = 120, P < 0.0001). As shown ifrigure 2, experimental
univariate analyses of variance (MANOVA and ANOVA) by stress increased pulse rate from 76120 beats/min before the
using the general linear model (SPSS version 7.5 for WINstress task to 85.2& 11.5 beats/min during the stress task
DOWS; SPSS Inc, Chicago) with one between-subjects facto(F[l,SG]: 21.88,P <0.0001¢ = 0.781); skin conductance increased
“stress vulnerability” (HS versus LS, as independent variables)from 4.0+ 2.63 to 8.8+ 4.30 ps (F; 55 = 201.13,P < 0.0001,
and 2 within-subjects factors, “dietaflac diet versus casein e = 0.644). Multivariate analysis also showed a significant 3-way
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FIGURE 1. The plasma ratio of tryptophan to the other large neutral amino acids (Trp:LNAA) was significantly higher after the
lactalbumin—enriched whey protein diet-lac diet) than after the casein diet in both highly stress-vulneréble () and relatively stress invulnerable
(O) subjects P < 0.0001). Prolactin concentrations were significantly higher afteratlec diet and only in highly stress-vulnerable subjects
(P =0.001).X + SEM.

interaction of stress vulnerability with diet and experimental stresbefore and 10.2@& 3.86 nmol/L after). These effects where not
on pulse rateR(, 55 = 6.44,P = 0.003). Further univariate analy- found in LS subjects. There were no other effects of stress vul-
sis revealed that this interaction effect originated from the firsherability or diet.
(linear) polynomial contras#; 5= 11.71,P = 0.001,e = 0.915),
meaning that pulse rate in HS subjects increased more durir{\ﬂOOOI
experimental stress after the casein diet (from 7£%65 to ANOVA showed a marginally significant interaction effect of
88.17 + 10.51 beats/min) than after the-lac diet (from  stress vulnerability and diet with experimental stress on the mean
80.41+ 9.10 to 87.9% 10.22 beats/min). No effects of stress vul- scores of the depression subscale of the POMS(E 2.116,
nerability or diet were found on skin conductance. P = 0.07). Because the dietary effect was expected only in HS
MANOVA showed a nearly significant interaction of stress subjects under acute stress, we performed a second analysis
vulnerability with diet and experimental stred§,¢, = 2.14, among 18 HS and 21 LS subjects who displayed a physiologic
P = 0.06) that originated from a significant linear change in cor-stress response during the stress task (measured by increased
tisol concentrationKj, 5;; = 3.35, P = 0.036), meaning that a pulse rate and skin conductance) during the casein diet condition.
dietary effect on cortisol responses under experimental stresNOVA revealed a significant interaction effect of stress vulner-
depended on the stress vulnerability of the subject. As shown iability and diet with experimental stres$(;; = 6.629,
Figure 2, in HS subjects cortisol concentrations increased witl = 0.007), indicating that the effect of diet on feelings of depres-
experimental stress from 9.362.41 to 10.65+ 3.09 nmol/L  sion under acute stress depended on the stress vulnerability of the
after the casein diet, whereas after déhkac diet a cortisol stress subject. As shown in Figure 3, in HS subjects feelings of depres-
response was prevented (concentrations were 168.7864  sion increased slightly with experimental stress from scores of

i Casein diet — a-Lac diet | i Casein diet _ a-Lac diet
90 9k 12|~ -
= F 3 g ~ F -
g - \5 L § - .
£ 801 2 7k 11 ~
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FIGURE 2. Significant increases in pulse rate < 0.0001) and skin conductande € 0.0001) were found during experimental stress (DS) com-
pared with before the stress (BS) and after the stress (AS) in highly stress-vulneraliz: (HS; ) and relatively stress-invulnérabklebfe&ts with
the a-lactalbumin—enriched whey protein diet-fac diet) and the casein diet. A cortisol stress response was prevented in HS subjects but not in LS
subjects with thex-lac diet f < 0.06).+ SEM.
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— ) DISCUSSION
1k Casein diet a-Lac diet In this study, we showed thatlactalbumin—enriched whey
T protein increased the plasma Trp-LNAA ratio in subjects both
16F - e ‘ B highly vulnerable and relatively invulnerable to stress. With the
) é, g g ! experimental diet, we observed higher prolactin concentrations,
o 151 an improvement in mood, and a reduced cortisol stress response
§ 14+ in subjects who were highly vulnerable to stress.
g
2 13r Internal validit
o y
§ 12 We believe that the effects of dietary manipulation on blood
1k measures, mood, and cortisol in the present study were not
[a JE— o O caused by differences in dietary consumption, by expectations
10k o ’ about the food or the purpose of the study, or by insufficient sta-
- tistical power of the experiment. Our study was a completely
9: | I | double-blind, controlled dietary trial in which all subjects con-
= 1

sumed, under direct observation, 2 diets that were similar in
BS AS BS AS nutrient composition, appearance, and taste. The research assis-
tant and all subjects were blinded to the purpose of the experi-
FIGURE 3. In highly stress-vulnerableZ] ) subjects but not in rela- ment and the dietary conditions, as was established by a brief
tively stress-invulnerable{]) subjects, the scores on the depression sub-interview of each subject at the end of the last experimental day.
scale of the Profile of Mood States (40) were lower after experimentallo detect a small effect of dietary manipulation at a significance
stress (AS) during the-lactalbumin—enriched Whey protein dle{-lec level of 5%7214 Subjects are required; this requirement was
diet) than during the casein diét ¢ 0.007). BS, before stress: SEM. greatly exceeded in the present study. Accordingly, multivariate
analysis showed a conceivable statistical power of all reported
significant effects between 0.70 and 0.81.
15.19+ 5.7 to 16.19 5.7 after the casein diet, whereas after the . . .
a-lac diet the scores declined from 156%.7 to 14.86+ 5.2. Dietary effect on Trp-LNAA ratio and brain serotonin
This effect was not found in LS subjects. The plasma Trp-LNAA ratio was 48% higher after théac
Multivariate analysis of the remaining POMS scales of angerdiet than after the casein diet, indicating that duringdHac
tension, vigor, and fatigue showed a significant effect of experidiet, more tryptophan was available for uptake into the brain.
mental stressH, 5 = 16.75,P < 0.0001). Further univariate This is expected to lead to an increase in central serotonin syn-
analysis showed that the effect originated from changes in théhesis (9—12). The higher plasma Trp-LNAA ratio in this exper-
anger scoresH; 5, = 60.20, P < 0.0001), meaning that the iment exceeded the 42% increase found previously with the
experimental stress significantly increased feelings of anger i€R-PP diet (14). Whereas a protein-rich diet has generally
both diet conditionso-lac diet: from 9.5% 3.51 to 14.16 6.5; been found to reduce the Trp-LNAA ratio, the present results
casein diet: from 9.62 3.21 to 13.74+ 5.5). Results of the indicate that a diet composed @flactalbumin—enriched whey
analysis of changes in the POMS scores are presentatlie 3. protein effectively raises the Trp-LNAA ratio; this may be a
Multivariate analysis also showed a significant 2-way interacimore practical method to increase brain tryptophan and sero-
tion effect of stress vulnerability with experimental stresstonin concentrations.
(Fpa53 = 3.68,P = 0.01), which originated as changes in tension Assuming that an increase in the plasma Trp-LNAA ratio with
(Frs6 = 5.34,P = 0.025) and fatigue (F5¢ = 3.90,P = 0.05). consumption of the dac diet raised brain tryptophan and sero-
The HS group became more tense after the experimental stre@sin concentrations, this diet was expected to enhance brain
(14.4+ 4.2 after stress compared with 12.3.6 before) whereas serotonin function most strongly in stress-vulnerable subjects.
the rise in tension in LS subjects was negligible (293.29  Because the higher serotonergic activity during stress leads to
after stress compared with 9.838.24 before). Furthermore, HS higher breakdown of serotonin, chronic stress in stress-vulnera-
subjects did not experience more fatigue after the experimentale subjects may ultimately lead to a functional shortage of
stress (1& 4.45 after stress compared with 16478.25 before) available tryptophan and brain serotonin concentrations. As a
whereas the LS subjects did (12%®.9 after stress compared consequence, the serotonergic system may become more sensi-
with 11+ 5 before). tive because of compensatory receptor sensitization (21, 22). The
Multivariate analysis also showed a significant effect of strespresent findings on prolactin support this assumption: prolactin
vulnerability (, 53 = 8.60,P < 00001) on the baselin@es of  concentrations were 40% higher after thiac diet than after the
anger £ s = 16.53,P < 0.0001), tensionKj, s,; = 18.818,  casein diet in HS subjects only. Because increases in prolactin
P < 0.0001), vigor (K s = 15.65,P < 0.0001), and fatigue may reflect increases in central serotonergic neurotransmission
(Fiis) = 18.59, P < 0.0001). Stress-vulnerable subjects and receptor sensitization (30, 31), the present dietary effects on
reported higher mean scores than did LS subjects on the angthie plasma Trp-LNAA ratio and prolactin concentrations indi-
(11.0+ 3.87 compared with 8.352.18), tension (12.12 3.64  cate that the serotonergic system is putatively more sensitive in
compared with 9.3& 3.23), and fatigue (16.74 5.26 com-  HS subjects than in LS subjects. However, the following annota-
pared with 11.0+ 5.0) scales and lower scores on the vigortion should be made here. Although it is likely that fasting pro-
(13.40+ 3.37 compared with 16.183.91) scale (see also Table 3). lactin concentrations were comparable on both diet study days
No other significant effects were found. within subjects, strictly we do not know whether they were dif-
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TABLE 3

Mood score changes in HS and LS subjects under stress aftetab@nd casein diéts

Subjects and mood Casein diet a-Lac diet

measurement scale Before stress After stress Before stress After stress

LS
Depression 9.8+23 10.1+ 2.6 9.8+2.6 10.2+ 2.6
Anger 85+2.1 11.5+ 4.4 8.2+2.2 11.8+ 5.7
Tension 9.2+2.4 9.7+ 3.3 9.5+ 4.0 10.1+ 3.2
Vigor 16.5+ 3.9 16.4+ 3.1 15.8+ 3.9 15.2+ 3.6
Fatigue 10.5:4.1 124+ 5.4 11.5+5.9 13.0+ 6.5

HS
Depression 14.85.1 15.8+£5.3 15.1+51 142+ 5.0
Anger 10.8+ 3.7 16.0+ 5.6 11.0£4.0 16.5+ 6.5
Tension 11.9+£ 3.6 14.1+ 4.13 12.3£ 3.7 13.9+ 4.3
Vigor 13.7+ 3.4 13.1+ 2.7 13.1£ 3.3 13.5+ 2.6
Fatigue 16.7+£ 4.7 16.9+ 4.8 16.8+5.8 16.1+ 4.5

1X + SD;n =29 per group. HS, highly stress vulnerable; LS, relatively stress invulnesalale; containingx-lactalbumin-enriched whey protein. Mood
scores determined by listed subscales of the Profile of Mood States (40).

2Significantly different from before stres®< 0.0001.

3Significantly different from LS subjects after streBs; 0.01.

ferent between HS and LS subjects. This possibility should bsubjects (3). Increases in brain serotonin appear to initiate
considered in further studies. adrenocortical reactivity through alterations in 5-hydroxy-

The present findings suggest that stress vulnerability constitutésyptamine receptor sites 1A and 2, located in the hypothalamus
a major factor predisposing the human brain to the beneficiand pituitary (3). However, these facilitating effects of serotonin
effects of dietary increases in the plasma Trp-LNAA ratio.agents on cortisol concentrations do not necessarily conflict with
Enhanced serotonin sensitivity in HS subjects may be a predispothe notion that, under acute stress, serotonin activity may improve
ing factor for major depression. Hence, a chronic stress-inducetthe ability to cope with stress and may contribute to reducing a
biochemical adaptation may ultimately cause deterioration of theortisol response. Serotonergic neurotransmission does not
serotonergic system, which then may result in symptoms of a moaappear to be a unitary mechanism, and different serotonergic
disorder (44). Accordingly, stressful life events are linked to thepathways are involved in stress adaptation, initiating as well as
development of depressive disorders (45) that are accompanied t®rminating the activity of the adrenocortical axis (7, 8). Accord-
impaired brain serotonin function (3, 4, 24). ingly, an improved ability to cope with stress is often accompa-
nied by a reduced cortisol response and improved mood (20). On
the basis of these relations, the present data show thaiam

In accordance with our previous findings (14), the stress tastalbumin—enriched whey protein diet may reduce in stress-vul-
significantly increased pulse rate and skin conductance and latkrable subjects the negative consequences of experimental stress
to a significant deterioration in mood. This indicates successfubn cortisol secretion and mood, probably by enhancing brain
induction of experimental stress. Assuming that increased serserotonin mechanisms that are involved in adaptation to stress.
tonergic function in HS subjects constitutes a biological means ) ) . ) ) .
of coping with stress, it was hypothesized that dhiac diet Effectiveness of dietary manipulation on brain serotonin
would restrain an acute cortisol stress response and depressiveAlthough the significance of changes in the plasma Trp-
mood in HS subjects. Concerning mood, we indeed found thdtNAA ratio for central serotonin function is acknowledged, in
only in HS subjects did feelings of depression tend to be lowehumans the extent to which the plasma Trp-LNAA ratio must
after experimental stress with consumption of théac diet  rise to cause meaningful changes in brain serotonin synthesis
compared with the casein diet. In HS subjects who showed kas not been clearly delineated. In most studies a diet-induced
physiologic stress response, this dietary effect on depression waise in the plasma Trp-LNAA ratio did not reach >20-25%
significant @ = 0.007). It is important, however, not to draw over baseline values. Some authors have questioned whether
strong conclusions concerning the clinical implications of thisthis increase would be sufficient to cause a meaningful
observation because these dietary effects on mood seem to éehancement of brain serotonin in humans (46, 47). These
small. We also found that HS subjects reported more depressiaithors suggested that the plasma Trp-LNAA ratio must rise
moods at baseline than did LS subjects. This seems to agree witb0% to produce substantial changes in brain serotonin syn-
the observation that experiences of chronic stress may lowehesis. However, there is no conclusive evidence to justify the
mood and reflect a vulnerability to depression (45). idea that a meaningful change in brain serotonin would occur

In accordance with our previous findings (14), we found thatwhen the plasma Trp-LNAA ratio increases b%0%. One
with a diet-increased plasma Trp-LNAA ratio, a cortisol responsestudy showed that even an impressive 47% increase in the
in HS subjects was prevented during acute experimental stress. ptasma Trp-LNAA ratio produced by an orange juice drink did
first glance, this decreasing effect on cortisol concentrationsot lead to significant increases in 5-hydroxyindolacetic acid
seems to contradict findings that the administration of serotoniim cerebrospinal fluid (47). However, in that study the increase
precursors stimulates cortisol secretion in healthy and clinicain plasma Trp-LNAA ratio was not significant because of the

Dietary effect on stress: mood and cortisol
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small number of subjectsn (= 5). Furthermore, the subjects
under study were neurologic patients (mean age 71 y) diagnosed

with normal pressure hydrocephalus, a neuropathologic conditior}%-

accompanied by a variety of behavioral and biochemical deficits
(48). Consequently, the findings of the study do not exclude the
notion that increases in the plasma Trp-LNAA ratio <50% could,
lead to changes in brain serotonin. Accordingly, even smaller

increases in the plasma Trp-LNAA ratio might influence brain 13

serotonin synthesis (49). In another study it was found that a
49.5% decline in the plasma Trp-LNAA ratio was accompanied by

significantly lower 5-hydroxyindolacetic acid concentrations in 14.

cerebrospinal fluid with a balanced diet (50), whereas other groups
reported that 20-40% changes in the plasma Trp-LNAA ratio led
to neuroendocrine changes mediated by brain serotonin (51, 52).15

Conclusion

The present study showed a significantly higher plasma Trp-

LNAA ratio with an «a-lactalbumin—enriched diet than with a 16,

casein diet. Only in HS subjects did tdac diet enhance plasma
prolactin, decrease cortisol concentrations, and prevent depressive

feelings during acute stress. Because increases in cortisol arid.

depressive feelings may reflect low stress adaptation, the present

data suggest that a diet composed of tryptophan-enriched whe1yg-

proteins in healthy but stress-vulnerable subjects could improve the
ability to cope with stress by enhancing brain serotonin function.
We suggest that a diet either containidactalbumin—enriched

whey protein of greater purity than that used in this study or comq

bined with carbohydrates might cause an even greater increase in
the plasma Trp-LNAA ratio and may lead to clinically important
changes in vulnerable subjects under acute stress. Also, to search

for direct evidence of diet-induced changes in serotonin neuro2l.

transmission in stress-vulnerable subjects, further research is

needed on the effects of postsynaptic serotonin agents. € 22.

We express our appreciation to Joan Wieleman for her substantial experi-
mental assistance, to Wim van der Wal for sharing his biochemical expertisez,
and to Bert Klarenbeek for reading the manuscript.

24.

REFERENCES
1. Joseph MH, Kennett GA. Stress-induced release of 5-HT in the hip-

pocampus and its dependence on increased tryptophan availability2s.

an in vivo electrochemical study. Brain Res 1983;270:251-7.
2. Stanford SC. Monoamines in response and adaptation to stress. In:
Stanford SC, Salmon P, eds. Stress, from synapse to syndrome. Lon-

don: Academic Press, 1993:24-30. 26.

3. Maes M, Meltzer H. The serotonin hypothesis of major depression.
In: Bloom FE, Kupfer DJ, eds. Psychopharmacology: the fourth

generation of progress. New York: Raven Press, 1995:933-44. 27.

4. Van Praag HM. Depression. Lancet 1982;2:1259-64.

5. Anisman H, Zacharko RM. Multiple neurochemical and behavioral 28.

consequences of stressors: implications for depression. In: File SE,
ed. Psychopharmacology of anxiolytics and antidepressants. New

York: Pergamon, 1991:57-82. 29.

6. Anisman H, Zacharko RM. Depression as a consequence of inade-

quate neurochemical adaptation in response to stressors. Br J Psg0.

chiatry 1992;160:36—-43.
7. Deakin JWF, Graeff FG. 5-HT and mechanisms of defence. J Psy-

chopharmacol 1991;5:305-15. 31.

8. Graeff FG, Guimaraes FS, de Andrade TGCS, Deakin JFW. Role of
5-HT in stress, anxiety, and depression. Pharmacol Biochem Behav

1996;54:129-41. 32.

9. Curzon G. Effects of food intake on brain transmitter amine precur-
sors and amine synthesis. In: Sandler M, Silverstone T, eds. Psy-

1543

chopharmacology and food. Oxford, United Kingdom: Oxford Uni-
versity Press, 1985:59-70.

Fernstrom JD, Wurtman RJ. Brain serotonin content: physiological
dependence on plasma tryptophan levels. Science 1971;173:149-52.

11. Fernstrom JD, Wurtman RJ. Brain serotonin content: increase fol-

lowing ingestion of carbohydrate diet. Science 1971;174:1023-5.

. Fernstrom JD, Wurtman RJ. Brain serotonin content: physiological

regulation by plasma neutral amino acids. Science 1972;178:414-6.
Lieberman HR, Caballero B, Finer N. The composition of lunch
determines afternoon plasma tryptophan ratios in humans. J Neural
Transm 1986;65:211-7.

Markus CR, Panhuysen G, Tuiten A, Koppeschaar H, Fekkes D,
Peters M. Does carbohydrate-rich, protein-poor food prevent a dete-
rioration of mood and cognitive performance of stress-prone sub-
jects when subjected to a stressful task? Appetite 1998;31:49-65.

. Rosenthal NE, Genhart MJ, Caballero B, et al. Psychobiological

effects of carbohydrate- and protein-rich meals in patients with sea-
sonal affective disorder and normal controls. Biol Psychiatry

1989;25:1029-40.

Lieberman HR, Wurtman JJ, Chew B. Changes in mood after car-
bohydrate consumption among obese individuals. Am J Clin Nutr
1986;44:772-8.

Christensen L. The effects of carbohydrates on affect. Nutrition
1997;13:503-14.

Spring B, Chiodo J, Bowen DJ. Carbohydrates, tryptophan, and
behavior: a methodological review. Psychol Bull 1987;102:234-56.

. Tuiten A, Panhuysen G, Koppeschaar H, et al. Stress, serotonergic

functioning, and mood in users of oral contraceptives. Psychoneu-
roendocrinology 1995;20:1-11.

Henry JP, Meehan P. Psychosocial stimuli, physiological specificity,
and cardiovascular disease. In: Weiner H, Hofer MA, Stunkard AJ,
eds. Brain, behavior, and bodily diseases. New York: Raven Press,
1981:305-33.

Mason JW. A review of psychoendocrine research on the pituitary-
adrenal cortical system. Psychosom Med 1968;30:576-607.

Adell A, Garcia-Marquez C, Armario A, Gelpi E. Chronic stress
increases serotonin and noradrenaline in rat brain and sensitizes their
responses to a further acute stress. J Neurochem 1988;50:1678-81.

3. Kennett GA, Dickinson SL, Curzon G. Enhancement of some 5-HT-

dependent behavioral responses following repeated immobilisation
in rats. Brain Res 1985;330:253—-63.

Delgado PL, Price LH, Miller HL, et al. Serotonin and the neurobi-
ology of depression: effects of tryptophan depletion in drug-free
depressed patients. Arch Gen Psychiatry 1994;51:865-74.
Heninger GR, Delgado PL, Charney DS. The revised monoamine
theory of depression: a modulatory role for monoamines, based on
new findings from monoamine depletion experiments in humans.
Pharmacopsychiatry 1996;29:2—11.

Heine W, Radke M, Wutzke KD, Peters E, Kundt @.actalbumin-
enriched low-protein infant formulas: a comparison to breast milk
feeding. Acta Paediatr 1996;85:1024-8.

Gala RR. The physiology and mechanism of the stress-induced
changes in prolactin secretion in rats. Life Sci 1990;46:1407-20.
Van de Kar LD, Rittenhouse PA, Li Qian, Levy AD. Serotonergic
regulation of renin and prolactin secretion. Behav Brain Res
1995;73:203-8.

Cowen PJ. Psychotrophic drugs and human 5-HT neuroendocrinol-
ogy. Trends Pharmacol Sci 1987;8:105-8.

Maclndoe JH, Turkington RW. Stimulation of human prolactin
secretion by intravenous infusion eoftryptophan. J Clin Invest
1973;52:1972-8.

Clemens JA, Bennett DR, Fuller RW. The effect of a tryptophan-free
diet on prolactin and corticosterone release by serotonergic stimuli.
Horm Metab Res 1980;12:35-8.

Delgado PL, Charney DS, Price LH, Landis H, Heninger GR. Neu-
roendocrine and behavioral effects of dietary tryptophan restriction
in healthy subjects. Life Sci 1989;45:2323-32.

9T0Z ‘9 aunr uo 1sanb Aq 610 uonuinu-uale woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

1544

MARKUS ET AL

33. Luteijn F, Starren J, van Dijk H. Nederlandse persoonlijkheids vra-43. Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behav-

34.

35.

36.

37.

38.

39.

40.

41.

42.

genlijst. (Dutch personality inventory.) Lisse: Netherlands: Swets &

Zeitlinger, 1975 (in Dutch). 44,

Luteijn F, Bouman TK. The concepts of depression, anxiety and

neuroticism in questionnaires. Eur J Pers 1988;2:113-20. 45.

Watson D, Clark LA. Negative affectivity: the disposition to experi-
ence aversive emotional states. Psychol Bull 1984;96:465—-90.

Gallagher DJ. Extraversion, neuroticism and appraisal of stressfufl6.

academic events. Pers Individual Differ 1990;11:1053-8.

Bolger N, Schilling EA. Personality and the problems of everyday47.

life: the role of neuroticism in exposure and reactivity to daily stres-
sors. J Pers 1991;59:355-86.

Kirschbaum C, Pirke KM, Hellhammer DH. Preliminary evidence 48.

for reduced cortisol responsivity to psychological stress in women
using oral contraceptive medication. Psychoneuroendocrinology

1995;20:509-14. 49.

Brand N, Houx PJ. MINDS: towards a computerized test battery for
health psychological and neuropsychological assessment. Behav

Res Methods Instrument Comput 1992;24:385-9. 50.

Wald FDM, Mellenbergh GJ. De verkorte versie van de Nederlandse

vertaling van de Profile of Mood State (POMS). [The Dutch short- 51.

ened version of the profile of mood states (POMS).] Ned Tijdschr
Psychol 1990;45:86-91 (in Dutch).

Peters ML, Godaert GLR, Ballieux RE, et al. Cardiovascular and52.

catecholamine response to experimental stress: effects of mental
effort and controllability. Psychoneuroendocrinology 1998;23:1-17.
Fekkes D, Dalen A, Edelman M, Voskuilen A. Validation of the

determination of amino acids in plasma by high-performance liquid53.

chromatography using automated pre-column derivatizationawith
phthaldialdehyde. J Chromatogr B 1995;669:177-86.

ioral sciences. Boston: Houghton Mifflin Company, 1988.

Duman RS, Heninger GR, Nestler EJ. A molecular and cellular the-
ory of depression. Arch Gen Psychiatry 1997;54:597-606.

Brown GW, Bifulco A, Harris TO. Life events, vulnerability and
onset of depression: some refinements. Br J Psychiatry 1987;
150:30-42.

Lambert GW, Kaye DM, Cox HS, et al. Regional 5-hydroxyin-
doleacetic acid production in humans. Life Sci 1995;57:255-67.
Ashley DVM, Liardon R, Leathwood PD. Breakfast meal composi-
tion influences plasma tryptophan to large neutral amino acid ratios
of healthy lean men. J Neural Transm 1985;63:271-83.

Teff KL, Young SN, Marchand L, Botez MI. Acute effect of protein
or carbohydrate breakfast on human cerebrospinal fluid monoamine
precursor and metabolite levels. J Neurochem 1989;52:235-41.
Lishman WA. Organic psychiatry, the psychological consequences
of cerebral disorder. Oxford, United Kingdom: Blackwell Science,
1998.

Lyons PM, Truswell AS. Serotonin precursor influenced by type of
carbohydrate meal in healthy adults. Am J Clin Nutr 1988;47:433-9.
Peréz-Cruet J, Chase TN, Murphy DL. Dietary regulation of brain
tryptophan metabolism by plasma ratio of free tryptophan and neu-
tral amino acids in human. Nature 1974;248:693-5.

Kaye WH, Gwirtsman HE, Brewerton TD, George DT, Wurtman RJ.
Bingeing behavior and plasma amino acids: a possible involvement
of brain serotonin in bulimia nervosa. Psychiatry Res 1988;23:
31-43.

Anderson IM, Parry-Billings M, Newsholme EA, Fairburn CG,
Cowen PJ. Dieting reduces tryptophan and alters brain 5-HT func-
tion in women. Psychol Med 1990;20:785-91.

9T0Z ‘9 aunr uo 1sanb Aq Bio uonuinu-uafe wolj papeojumoq


http://ajcn.nutrition.org/

