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Extract 

Tryptophan oxidation was evaluated in 6 institutionalized phenylketonuric subjects ( age range 5-13 
years) by measuring the urinary excretion of oxidation metabolites following administration of L
tryptophan loads by mouth. Observations were made when subjects were on a general diet, a low
phenylalanine diet and a low-phenylalanine diet containing added L-phenylalanine. At some time 
during each dietary regime, the subjects also received tryptophan by mouth, 100 mg/kg body weight. 
Measurement was made in urine of: 1. 3-hydroxykynurenine; 2. kynurenine; 3. acetyl kynurenine; 
4. 3-hydroxyanthranilic acid; 5. xanthurenic acid; 6. kynurenic acid; 7. anthranilic acid; 8. 3-indole
acetic acid; 9. o-hydroxyphenylacetic acid; and 10. phenylpyruvic acid. Excretion of tryptophan
kynurenine metabolites (products 1-9) amounted to 3. 78 µmoles/kg/24 h and was similar to that 
of control subjects while on all diets. With tryptophan loading on normal diets, excretion of metabolic 
products was lower than for control subjects. With tryptophan loading on low-phenylalanine diets, 
the excretion oftryptophan metabolites was 2-3 times higher than the mean value of 22. 7 µmoles/kg/ 
24 h observed in normal subjects. The response to loading when the diet contained added phenyl
alanine was variable, since two patients excreted normal amounts of metabolites and three excreted 
amounts several times greater than the controls. Excretion of indole and 3-indoleacetic acid was 
abnormally elevated with and without tryptophan loading on normal diets and when phenylalanine 
was added to the low-phenylalanine diets. Values in µmoles/kg/24 h were: 3-indoleacetic acid 1. 7 
(normal); 2.5-9.4 (PKU); indican 6.24 (normal); 14.9-24.6 (PKU). 

Speculation 

Limited metabolism oftryptophan may be of importance to central nervous system development and 
function in certain phenylketonuric children. Malabsorption of tryptophan coupled with an inhibi
tion of the tryptophan-kynurenine synthesis pathway for nicotinic acid could deprive the central 
nervous system of important cofactors essential to central nervous system metabolism. The subtle 
effects of secondary disturbances on enzymatic pathways for tryptophan, tyrosine and other amino 
acids may be more important than the direct influence of the metabolites of phenylalanine on the 
central nervous system in phenylketonuric subjects. 
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Introduction 

Interference with the metabolism of tryptophan along 
several metabolic pathways has been noted in phenyl
ketonuria. Limitation in the rate of synthesis of sero
tonin [4, 27] increased formation ofindole compounds 
[3, 30] and decreased rate of oxidation of tryptophan 
to kynurenine have been reported [31]. Certain clinical 
studies, in part supported by in vitro observations, sug
gest that the basic derangements in the above metabolic 
abnormalities are: I. competitive inhibition oftrypto
phan hydroxylase by phenylalanine and certain of its 
metabolites [10, 28]; 2. faulty intestinal absorption of 
tryptophan resulting in increased enteric bacterial me
tabolic sources of indole compounds; 3. inefficient 
endogenous metabolism ofindoles [3, 5, 6]; and 4. an 
inhibition of the activity of the hepatic tryptophan 
pyrrolase required for the conversion of tryptophan to 
formyl-kynurenine [24, 31]. 

This present study is primarily concerned with the 
third disturbance, the oxidation of tryptophan to ky
nurenine and further kynurenine pathway metabolites 
in phenylketonuric subjects. Inhibition of the oxidative 
pathway for tryptophan has theoretical importance in 
phenylketonuria since endogenous nicotinic acid is 
produced along this metabolic pathway. An associated 
limitation in absorption of tryptophan from the intes
tinal tract may potentially further reduce endogenous 
nicotinic acid production. 

It has been suggested that phenylpyruvic and ortho
hydroxyphenylacetic acids, indole and skatole, all 
produced excessively in phenylketonuria, may indi
vidually as well as collectively partially inhibit trypto
phan pyrrolase activity in vitro [6]. Evidence of in vivo 
inhibition has been provided by a limited increase in 
the excretion of tryptophan-kynurenine metabolites 
following an oral load of L-tryptophan [3 I]. 

In the present study, the basis for interpretation of 
observed changes in the urinary excretion of kynure
nine and the further oxidative pathway metabolites 
resides in the observation that a direct correlation 
exists between the activity of hepatic tryptophan pyr
rolase and the amount of urinary kynurenine excreted 
[l]. Tryptophan pyrrolase is required for the conver
sion oftryptophan to formylkynurenine, the first meta
bolic step in this pathway [15]. Tryptophan is the 
specific substrate inducer which evokes the formation of 
and stabilizes the active reduced form of holotrypto
phan pyrrolase [16]. Hydrocortisone is also an inducer 
acting by increasing the rate of synthesis of the apotryp
tophan pyrrolase protein moeity [ 11, 17]. Thus, factors 
which increase the rate of production of adrenocorti
cotrophic hormone and hence the outflow of hydro
cortisone may indirectly modify tryptophan pyrrolase 
activity. 

In the present study, the changes in the urinary 
excretion of tryptophan kynurenine metabolites have 
been observed in phenylketonuric subjects during 
various dietary programs in which the L-phenylalanine 
content was modified. 

Study Procedures 

Six institutionalized phenylketonuric children were 
studied. The age, sex, body weight and reference 
number to the data tables are as follows: I. 5 years, 
male, 19 kg; 2. 8years, female, 22 kg; 3. 11 years, male, 
25 kg; 4. 7 years, male, 26 kg; 5. I I years, female, 
28 kg; and 6. 13 years, female, 34 kg. The subjects 
were given oral tryptophan loads (100 mg/kg body 
weight) during the course of the three diet programs; 
a general diet, a low-phenylalanine diet and a low
phenylalanine diet to which L-phenylalanine 100 mg/ 
kg body weight had been added. No supplementary 
natural foods were used during the low-phenylalanine 
diet periods. The low-phenylalanine diet used con
tained 0.8 % L-tyrosine and 0.2 % L-tryptophan1 • 

Hence I. 76 g of tyrosine per 1000 calories was available 
on the low-phenylalanine diet compared with about 
1.0 g available on the regular diet. 

Tryptophan loading studies were done in four of 
the subjects on the general diet prior to starting the 
low-phenylalanine diet program. After several weeks 
on the low-phenylalanine diet, the tryptophan loading 
studies were repeated. Following this, L-phenylalanine 
was added to the low-phenylalanine diet for a period 
of six to seven days and the loading studies were again 
done on the last day. Two subjects were on the low
phenylalanine diet for many months, and the trypto
phan loading studies were first done on the low-phenyl
alanine diet and the low-phenylalanine plus phenyl
alanine diet. They were then placed on the general 
diet and tryptophan loading studies were repeated. 
Twenty-four-hour urine collections were made on the 
day prior to and on the day of the oral tryptophan 
loading tests. A retention catheter was used in the 
female subjects to collect specimens during the control 
and the loading day to assure complete collection. 
Careful clinical and laboratory evaluation following 
catheterization failed to reveal evidence of infection in 
the genito-urinary tract. No medications were given 
during the study periods. 

Acetylkynurenine, kynurenine, anthranilic acid and 
anthranilic glucuronide were determined by the elu
tion column chromatographic methods of BROWN and 
PRICE [8]. The columns were prepared with a Dowex 

1 Low-phenylalanine diet, Lofanolac®, Mead John
son Company, Evansville, Indiana. 
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50 W-Xl2 (200 to 400 mesh) and were first washed 
with 80 ml of 8.0 N hydrochloric acid followed by 200 
ml of distilled water and then 25 ml of 0.1 N hydro
chloric acid as recommended by TOMPSETT [32]. All 
urine samples were analyzed in duplicate by diluting 
10 to 30 ml of the pretryptophan urine specimens and 
2 to IO ml of post load samples to a volume of 40 ml and 
a final hydrochloric acid concentration of 0.10 N. In 
each instance, a recovery control was also prepared by 
adding 250 to 500 µg of each metabolite to a similar 
volume of urine specimen. Recoveries of the various 
metabolites were between 85 and 105 %, The colori
metric determination of the diazotizable amines pres
ent in the various fractions was performed according 
to the method of BROWN and PRICE [8]. 

3-hydroxykynurenine was determined as described 
by BROWN [9]. 3-hydroxyanthranilic acid was deter
mined by a modification of the method described by 
TOMPSETT [32]. Instead of using 2,6-dichloroquinone 
chlorimide to develop color, the determination was 
carried out with the color reaction that develops after 
the addition of0.25 % sodium nitrite and 10 % ammo
nium sulfamate as described in the method for 3-hydro
xykynurenine. The results agreed closely with the 
colorimetric method of TOMPSETT. Kynurenic and 
xanthurenic acids were separated by elution chroma
tography with Dowex 50 W-Xl2 and measured in 
an Aminco-Bowman spectrofluorometer using the 
method of SATOH and PRICE [29]. 

3-indoleacetic acid was determined by the method 
ofWEISSBACH, KING, SJOERDSMA and UDENFRIEND [35]. 
The urine sample was hydrolyzed first, so that the 
determination represents the free and conjugated 3-
indoleacetic acids and may also contain indoleacet
amide and indolelactic acid.Urinary indican was deter
mined according to the method of MEIKLEJOHN and 
COHEN [22]. 

The ortho-hydroxyphenylacetic acid was measured 
both by a biochemical method described by ANDER
SON, FISCH, MILLER and DOEDEN [2] and by gas chrom
atography using the method described by WILLIAMS 
and SWEELEY [36]. The results reported here are the 
values obtained by either method, both providing 
above 85 % recovery of added orthohydroxyphenyl
acetic acid from urine. 

Phenylpyruvic acid in the urine was measured by 
the method of KROPP and LANG [19]. 

Serum phenylalanine concentration was measured 
by the method of McCAMAN and ROBINS [21] and 
serum tyrosine concentration by the method ofWAAL
KES and UDENFRIEND [33]. 

Results 

The urinary excretion of tryptophan-kynurenine meta
bolites in five of the six subjects observed while on the 
general diet, low-phenylalanine diet containing added 
L-phenylalanine, and the responses obtained on each 
of the diet periods to oral L-tryptophan loads have 
been presented in tables I, II and III. The excretion 
values for control subjects, previously reported from 
this laboratory [24] are presented at the bottom of each 
table. The data obtained for Subject 6, a sexually ma
ture female, has been presented separately in table IV 
with appropriate control values for comparison. The 
results are reported as µmoles/kg/day unless otherwise 
specified. 

The preloading excretion values for the tryptophan
kynurenine metabolites (kynurenine plus acetylkyn
urenine, 3-hydroxykynurenine, 3-hydroxyanthranilic 
acid, xanthurenic, kynurenic and anthranilic acids) 
during the general diet, the low-phenylalanine diet 
and the low-phenylalanine plus L-phenylalanine diet 
for all of the phenylketonuric subjects were well within 
the range of 3. 78± 1.28 found for normal subjects 
(tables I, II and III). Prior to loading, the excretion of 
the six tryptophan-kynurenine metabolites found in 
the sexually mature female, Subject 6, were respective
ly: 4.60, 3.60 and 3.96. On the general diet, the low
phenylalanine diet and the low-phenylalanine plus 
phenylalanine diet values were not greatly different 
from the mean value of 3.1 ± 1.8 found for control fe
male subjects (table IV). The relative amount of each 
of the six metabolites excreted during the preloading 
periods on the three diet programs was not different 
from that found for control subjects. 

T ryptophan Loading Responses on the General Diet 
The tryptophan loading excretion responses for the 

six phenylketonuric subjects when on the general diet 
were significantly less than in control subjects in four 
of the six phenylketonuric children, Subjects I, 3 and 4 
(table I) and Subject 6 (table IV), and essentially 
normal in two subjects. This reduced excretion re
sponse to tryptophan loading was shared by all six of 
the metabolites and appeared to be relative to the 
amount ofkynurenine excreted. Subject 2 and Subject 
5 had normal loading responses for all kynurenine
metabolites; however, Subject 2 exhibited an unusual 
amount of anthranilic acid and anthranilic glucuronide. 

The reduced excretion of the six metabolites follow
ing tryptophan loading did not consistently correlate 
with the amount of phenylpyruvic or ortho-hydroxy
phenylacetic acid excreted, or with the serum phenyl
alanine concentration. Subjects 2 and 5, who had es
sentially normal tryptophan loading responses, had 
equally high serum phenylalanine concentrations and 
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excreted equally large amounts of phenyl pyruvic acid 
when compared with Subjects I, 3, 4 and 6, who failed 
to have a normal excretion response to the L-trypto
phan load. 

T ryptophan Loading Responses on the Low-Phe11:J!lalanine Diet 
During the low-phenylalanine diet period, concen

trations of phenylalanine in serum fell to within normal 
ranges in Subjects 3, 4, 5 and 6; however, these were 
still slightly elevated in Subjects I and 2 at the time 
that the tryptophan loading studies were done. Acor
responding fall in the excretion of phenylpyruvic acid 
and ortho-hydroxyphenylacetic acid occurred. Tryp
tophan loading at this time resulted in a great increase 
in the excretion of the six tryptophan-kynurenine me
tabolites in five of the six subjects. The total of these 
six metabolites excreted exceeded by two- to three-fold 
the mean value of22.37 ±9.6 found for loaded control 
subjects (tables II and IV). Subject 4 was of consider
able interest. While receiving the general diet, the con
centrations of phenylalanine in serum and excretions 
ofphenylpyruvic acid were elevated. Following trypto
phan loading (table I), the excretion of tryptophan
kynurenine metabolites fell from 6.8 to 5.44. Further, 
when this child was placed on the low-phenylalanine 
diet, the sum of metabolites excreted on the preloading 
day was 2. 72 and rose in response to tryptophan load
ing to only 12.5, aboutone-halftheresponseanticipated 
for control subjects. 

+ acid* 

3-Hydroxykynurenine * ......,. Xanthurenic 
+ acid* 

3-Hydroxyanthranilic 
acid* 

+ Nicotinic, picolinic, 
quino!inic acids 

Fig.]. Schematic representation of the metabolic path
ways considered in this study. Blood and urinary meta
bolites measured, indicated by an asterisk. Theoretical 
consideration of interrelation of phenylalanine to 
tryptophan metabolism include: A. competitive ab
sorption at the bowel wall; B. increased bacterial pro
duction of indoles from unabsorbed tryptophan; C. in
hibition of tryptophan pyrrolase by ortho-hydroxy
phenylacetic acid, phenylpyruvic acid and indoles; 
D. phenylalanine-tyrosine transaminase competition; 
and E. para-hydroxyphenylpyruvic acid-phenylpyru
vic acid hydroxylase competition. 

Tryptophan Loading Responses on Low-Phenylalanine Plus 
L-Phe11:J!lalanine Diet 

The incorporation of L-phenylalanine, 100 mg/kg/ 
day in the low-phenylalanine diet for a period of six 
to seven days increased the serum phenylalanine con
centration to approximately the same high concentra
tions found when the patients were on the general diet. 
The serum tyrosine concentrations were also somewhat 
higher in three of the four subjects studied. In spite of a 
high serum phenylalanine concentration, the excretion 
of phenylpyruvic acid increased only 30 to 50 % of 
the amount excreted when the subjects were on the 
general diet (table III). In those subjects also excreting 
large amounts of ortho-hydroxyphenylacetic acid 
when on the general diet, less excretion was also noted 
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when on the low-phenylalanine plus L-phenylalanine 
diet. In spite of the presence of a high serum phenyl
alanine concentration, though less phenylpyruvic acid 
excretion, oral tryptophan loading still evoked an 
essentially normal excretion oftryptophan metabolites 
in two of the subjects, Subjects I and 4. However, an 
excretion response approximately three times greater 
than the mean observed for tryptophan-loaded control 
subjects occurred in Subjects 3, 5 and 6 (tables III and 
IV). 

Excretion ef 3-Indoleacetic Acid and Indican 
Previous observations in this laboratory indicate 

that normal children excrete approximately 1. 7 ±0. 75 
µmoles/kg/day of 3-indoleacetic acid and 6.24±3.0 
µmoles/kg/day of indican [24]. Further, an oral load 
of 100 mg/kg body weight ofL-tryptophan is probably 
completely absorbed as no change in the excretion of 
indican is observed. Small changes in 3-indoleacetic 
acid excretion may occur, probably derived in part 
from endogenous metabolism in tissues [35]. The oc
currence of above normal excretion of indican and 3-
indoleacetic acid prior to loading and an increase in 
response to an oral tryptophan load may be indicative 
of faulty absorption oftryptophan [3, 5, 6 and 24]. It 
was important to evaluate these factors, since preferen
tial shunting of tryptophan to bacterial metabolism 
may have contributed to the limited absorption of the 
tryptophan load. Under these circumstances, trypto
phan would have been less available for the formation 
of tryptophan-kynurenine metabolites. 

When on the general diet, four of the six subjects 
excreted two to four times more indican during the pre
load period (14.9 to 24.6 µmole/kg/day) than has been 
noted for control subjects (6.24±3.0, table V). The 
excretion in two subjects was within the range found 
for control subjects. The effect of tryptophan loading 
on the excretion ofindican was variable. No change in 
two subjects, a slight increase in one subject and a 
slight fall in two subjects occurred (table V). 

The excretion of 3-indoleacetic acid during the pre
loading general diet period (2.5 to 9.4) was approxi
mately two to four times the value of 1. 7 ±0. 75 found 
for control subjects (table V). The administration of 
the tryptophan load did not produce significant in
creases in these above normal excretion values except 
for Subject 5, who excreted 19.5 µmoles/kg/day. It 
should be noted that Subject 5 also had a normal trypto
phan-kynurenine excretion response when loaded on a 
general diet (table I). It appeared that when the sub
jects were on the general diet and during both the pre
loading and the loading periods, the urinary excretion 
of these two metabolites was greater than normal; this 
reflected to some degree limited absorption of trypto
phan at a time when the concentrations of phenylala-
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Table V. Urinary excretion ofphenylpyruvic acid (PPA), ortho-hydroxyphenylacetic acid (O-HPAA), 3-indole
acetic acid (1-3-AA) and indican prior to and following an oral L-tryptophan load in phenylketonuric subjects 

on a general diet. Control data [24] 

Patient Plasma Urine 

PhA Tyr PPA O-HPAA 1-3-AA lndican 

No. (mg%) µmoles/kg/day 

Preloading 

I 45.2 5.1 24.6 
2 15.2 6.6 16.1 
3 5.0 5.4 9.8 
4 86.4 9.4 15.9 
5 12.1 7.2 14.9 
6 20.5 2.5 8.4 

Day of tryptophan loading 

1 37 1.3 180 67.5 4.9 18.4 
2 38 0.7 216 16.2 8.3 15.2 
3 22 0.9 138 3.5 4.2 14.2 
4 38 1.1 258 52.7 4.9 7.9 
5 38 0.9 216 16.7 19.5 14.9 
6 35 1.0 258 26.4 3.1 4.3 

Controls (N = 10) Preload mean±S.D. 1.68±0,78 6.24±3,02 
Load mean±S.D. 4.09± 1.0 6.61 ±3,39 

Table VI. Same as table V except subjects had been on a low-phenylalanine diet for at least six days prior to loading 
studies 

Patient Plasma Urine 

PhA Tyr PPA O-HPAA 1-3-AA lndican 

No. (mg%) µmoles/kg/day 

Preloading 

1 13.4 3.9 8.8 
2 trace 3.8 12.8 
3 0.9 3.7 5.6 
4 11.8 1.8 8.0 
5 trace 2.2 3.9 
6 2.6 3.3 7.9 

Day of tryptophan loading 

I 8.5 0.9 5.4 10.0 7.7 8.9 
2 5.0 0.9 8.4 1.0 6.1 10.9 
3 2.5 0.9 16.8 0.9 4.2 10.9 
4 2.5 1.1 3.0 11.1 4.2 21.3 
5 2.0 0.7 1.8 2.0 8.6 4.9 
6 2.3 0.9 10.8 1.8 9.6 8.8 

Controls (N = 10) Preload mean±S.D. 1.68±0.78 6.24±0.02 
Load mean±S.D. 4.09± 1.0 6.61 ±3.39 
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Table VII. Same as table V except subjects had been on a low-phenylalanine diet to which 100 mg/kg body 
weight of L-phenylalanine had been added for a period of six days prior to loading studies. Control values [24] 

Patient Plasma Urine 

PhA Tyr PPA O-HPAA 1-3-AA Indican 

No. (mg%) µmoles/kg/day 

Preloading 

1 18.5 3.0 7.8 
2 
3 0.5 3.4 5.0 
4 34.8 3.5 10.6 
5 0.35 8.0 6.1 
6 16.7 3.2 3.9 

Day of tryptophan loading 

I 38 1.12 48.0 33.6 3.8 14.1 
2 
3 28 1.5 83.4 1.5 6.8 7.7 
4 36 1.55 46.2 36.8 6.8 9.2 
5 42 0.85 130.2 2.3 14.6 6.1 
6 43 1.04 145.2 20.1 8.5 4.7 

Controls (N = 10) Preload mean±S.D. 
Load mean±S.D. 

nine in serum were elevated. However, the failure of a 
tryptophan load to increase further the indican excre
tion in four of the subjects (I, 2, 5 and 6) suggested that 
the tryptophan load was quite completely absorbed 
and that if indoles were formed by bacteria and ab
sorbed, the capacity of the liver to form indican was 
already maximal [6]. 

When the subjects were placed on the low-phenyl
alanine diet, the excretion of 3-indoleacetic acid and 
indican during the preloading period became less in 
all of the patients. This suggested that less tryptophan 
was available in the bowel lumen for bacterial meta
bolism of tryptophan to indoles and that bacterial as 
well as endogenous production of 3-indoleacetic acid 
was decreased (table VI). As was observed on the 
general diet, tryptophan loading produced no change 
in indican excretion in four of the patients, Subjects 1, 
2, 5 and 6 (table VI). However, Subjects 3 and 4 show
ed a two- and four-fold increase respectively. 

During the low-phenylalanine plus L-phenylalanine 
diet period, the excretion of3-indoleacetic acid during 
the preloading period was again higher in four sub
jects, Subjects 3, 4, 5 and 6 than in normal subjects 
(table VII). Tryptophan loading produced a two-fold 
increase in four of the five subjects (table VII). The 
excretion ofindican during the preloading and during 
the tryptophan loading period remained relatively un-

1.68±1.78 6.24±3.02 
4.09±1.0 6.61 ±3.39 

changed and well within the range observed in the 
loaded control subjects (6.61 ±3.39). The single ex
ception was Subject I. 

These above observations suggested that when the 
serum phenylalanine concentration and the phenyl
pyruvic and ortho-hydroxyphenylacetic acid excretion 
are abnormally increased during administration of a 
general diet, some dietary tryptophan is not absorbed 
and remains in the bowel lumen shunted to the bacte
rial metabolic pool. Reduction of the serum phenyl
alanine concentration to within normal ranges and the 
consequent corresponding decreases in excretion of 
phenylpyruvic and ortho-hydroxyphenylacetic acids 
were associated with a reduced amount of tryptophan 
shunted to bacterial metabolism. However, when the 
subjects were on a low-phenylalanine diet containing 
sufficient added L-phenylalanine to increase the serum 
phenylalanine to the same values observed on the 
general diet, the excretion of indican remained essen
tially normal in four of the five subjects studied. 3-
indoleacetic acid excretion also remained about the 
same as observed on the low-phenylalanine diet alone. 
It should be recalled that while serum phenylalanine 
concentrations were greatly elevated, the excretion of 
phenylpyruvic and ortho-hydroxyphenylacetic acids 
was reduced on the low-phenylalanine plus L-phenyl
alanine diet. 
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Discussion 

The amount of kynurenine excreted following a load 
of L-tryptophan appears to be related to the amount 
oftryptophan pyrrolase activity in liver tissues [I]. As 
tryptophan is the specific substrate inducer of the en
zyme, the amount of kynurenine and further metabo
lites produced will depend on the concentration of 
tryptophan that reaches the liver cells in an appro
priate period of time [12]. Other factors are the rate of 
synthesis of the apotryptophan pyrrolase protein, 
which may be increased by hydrocortisone [11], and 
the availability of the heme coenzyme required for the 
formation of the active form ofreduced holotryptophan 
pyrrolase [ 16]. 

The present studies indicate that inhibition of the 
oxidative pathway for tryptophan is present to a vari
able degree in untreated phenylketonurics. Certain 
subjects appear to have a marked inhibition of this 
pathway, and others, in spite of large production of 
phenylpyruvic acid and orthohydroxyphenylacetic 
acid, have essentially normal tryptophan oxidative 
metabolism reflected by the amount of tryptophan
kynurenine metabolites excreted following loading. 
The possibility that phenylpyruvic acid, ortho-hydro
xyphenylacetic acid and indoles may have inhibited 
tryptophan pyrrolase activity in certain subjects may 
be supported by the in vivo observations of TADA and 
BESSMAN [31] and further in vitro observations by BEss
MAN [6]. In subjects in whom normal loading re
sponses occurred, and despite the concomitant of 
production of large amounts of phenylpyruvic acid, 
there was no evidence of inhibition of tryptophan 
oxidation. In these subjects, other factors may be oper
ative in overcoming the inhibition of tryptophan pyr
rolase activity. 

The normal or usually high tryptophan loading ex
cretion responses for kynurenine metabolites in certain 
of the subjects, after being placed on the low-phenyl
alanine diet, suggested that some factor or factors 
present in the low-phenylalanine diet had a salutory 
effect on tryptophan pyrrolase activity, or that the 
above normal excretion response was an expression of 
a previously inhibited adaptive mechanism revealed 
only when the inhibitory factors were either partially 
or completely removed. 

It was of interest that phenylpyruvic acid excretion 
in all of the subjects on the low-phenylalanine diet plus 
L-phenylalanine was about 30 to 50 % of that found 
when they were consuming a general diet. This occur
red even though the concentrations of phenylalanine 
in serum were equally elevated. This effect may be re
lated to a competitive interplay between phenylalanine 
and tyrosine for the pyridoxine-dependent transamina
tion systems required for the formation of phenyl-

pyruvic acid from phenylalanine and the formation 
of para-hydroxyphenylpyruvic acid from tyrosine. 
It has been demonstrated in vitro that competition may 
occur between the phenylalanine-pyruvate transami
nase and tyrosine-alpha-ketoglutarate transaminase 
enzyme [14]. It should also be noted here that the tyro
sine-alpha-ketoglutarate transaminase level in the 
liver can be increased by hydrocortisone, while the 
phenylalanine-pyruvate transaminase cannot [20]. If 
inhibition is due to phenylpyruvic acid and ortho
hydroxyphenylacetic acid, a reduction in the amount 
of these acids would reduce the degree of inhibition of 
tryptophan pyrrolase activity and thus provide a par
tial explanation for increased tryptophan-kynurenine 
metabolite excretion observed following loading in the 
subjects when on the low-phenylalanine plus L-phenyl
alanine diet. 

Ease of absorption of amino acids in the low-phenyl
alanine diet, in comparison with the availability from 
the general diet, may have been a factor which reduced 
the production of phenyl pyruvic acid in the presence 
of high concentrations of phenylalanine in serum. The 
low-phenylalanine diet prepared by hydrolysis of ca
sein contains about 7 to IO g per 1000 calories ofreadily 
available glutamic acid. It has been demonstrated that 
L-glutamine, L-glutamate and L-asparagine given as 
a single oral load will reduce phenylpyruvic acid excre
tion in patients with phenylketonuria [23]. This effect 
may be due to a reversal of the following reaction: 
phenylalanine + alpha-ketoglutarate phenylpyru
vate+ glutamate transamination. Hence two factors 
may have contributed to the reduced phenylpyruvic 
acid production: the reversal of the phenylalanine 
transamination reaction and increased production of 
endogenous hydrocortisone, which would increase the 
activity of tyrosine-alpha-ketoglutarate transaminase. 

Other factors which may have contributed to the 
reduced metabolism of tryptophan observed in the 
present study are: I. a limited absorption of trypto
phan, which would provide less substrate for induction 
of tryptophan pyrrolase activity, and 2. an increased 
formation of inefficiently metabolized indole com
pounds, which also may contribute to the inhibition 
of tryptophan pyrrolase activity. 

Interference with absorption of tryptophan by un
treated patients with phenylketonuria may be of con
siderable significance while they are receiving a normal 
diet, one which contains approximately 0.4-0.5 g per 
1000 calories of tryptophan. If dietary tryptophan is 
reduced, the loss of tryptophan shunted to bacterial 
metabolism may become significant. Approximate 
estimates of such losses in certain phenylketonuric sub
jects on the general diet indicated that as much as 
26 µmoles/kg/day of 3-indoleacetic acid plus indican 
was excreted (Subject I, table I). Thus a daily excre-
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tion of 500 µmoles of these two metabolites by a 19-kg 
child would represent a loss of about 25 % of the avail
able dietary tryptophan (2000 µmoles). Losses of 
tryptophan by untreated phenylketonuric children 
may be even greater than those determined as free 
tryptophan found in the stool and unconjugated in
doles found in the urine [6, 37]. 

In the present study, excretion of3-indoleacetic acid 
and indican was 3 to 5 times above normal when the 
subjects were on the general diet. Tryptophan loading 
did not consistently or significantly increase the excre
tion of these metabolites in all subjects. In certain sub
jects, 3-indoleacetic acid excretion increased two- to 
three-fold (table V, Subject 5) and indican excretion 
increased two-fold during tryptophan loading (table 
V, Subject 4). However, the percentage of the oral 
tryptophan load lost as 3-indoleacetic acid and indican 
in these subjects was probably not greater than 3 to 5 % 
of the loads given, 9, 120 and 16,620 µmoles tryptophan 
respectively. It would appear that decreased absorp
tion of the tryptophan load did not significantly in
fluence the amount oftryptophan available to the liver 
and could not, therefore, explain the decreased excre
tion of kynurenine and further oxidative metabolites. 

The amount of indican and 3-indoleacetic acid ex
creted was less when the subjects were placed on the 
low-phenylalanine diet, and hence the presumed in
hibitory influence of indoles on tryptophan pyrrolase 
activity may have been reduced. Further, the amount 
of indoles formed and excreted as indican in the sub
jects when placed on the low-phenylalanine plus L
phenylalanine diet was not greatly increased above the 
mean values observed for control children. Despite the 
high levels of phenylalanine in plasma, amounts equi
valent to those found in subjects on a general diet, the 
amount of bacterially derived indole appeared to be 
less. This further reduced another potential inhibitor 
of tryptophan pyrrolase activity. 

These studies provide no data concerning the role 
of catecholamine metabolism to the induction of tryp
tophan pyrrolase activity. The possibility exists that 
improvement in the limited synthesis [25, 34] of cate
cholamines [7, 26] or an increase in either tissue stores 
or blood concentration may also have indirectly con
tributed to the increased activity oftryptophan pyrro
lase when the subjects were placed on a low-phenyl
alanine diet. This was also observed in certain subjects 
even when on a low-phenylalanine diet containing 
added L-phenylalanine. Epinephrine can evoke in
creased tryptophan pyrrolase activity by activating the 
pituitary-adrenal steroid-producing mechanism [18]. 
Indirectly, the improved and even enhanced activity 
of the tryptophan-kynurenine pathway may have re
sulted from increased production of hydrocortisone, a 
tryptophan pyrrolase inducer. 

It is known that individual differences in the meta
bolism of phenylalanine to phenylpyruvic acid are 
present in phenylketonuria [13]. Rather marked va
riations in the production of ortho-hydroxy-phenyl
acetic acid unrelated to phenylpyruvic acid production 
have been noted [13]. The absorption of tryptophan 
from the bowel is probably also variable [37]. Differ
ences in absorption of tryptophan would in turn pro
duce differences in the amount of indoles derived from 
enteric bacterial metabolism. Individual differences in 
the absorption of dietary tyrosine may also exist, since 
competitive interaction in the absorption of trypto
phan, phenylalanine and tyrosine has been suggested. 

These above variables may be relevant to the differ
ences in oxidative metabolism of tryptophan evoked 
by tryptophan loading observed in these phenylketon
uric subjects. A summarization of the interrelation 
of these factors has been presented in figure I. 

Conclusions 

Decreased oxidation of tryptophan along the kynure
nine degradation pathway was observed in certain 
untreated phenylketonuric children. This abnormality 
may be due to an inhibition of the activity of the trypto
phan pyrrolase enzyme required for oxidation oftryp
tophan. Dietary induced decrease in the metabolites 
of phenylalanine and the bacterially derived metabo
lites of tryptophan resulted in improvement in the 
excretion of tryptophan-kynurenine metabolites, pro
viding indirect evidence that inhibition of tryptophan 
pyrrolase activity may be associated with excess pro
duction ofphenylketones and indoles. Certain phenyl
ketonuric children failed to demonstrate limitation in 
oxidation of tryptophan in spite of the presence of high 
production of phenyl pyruvic acid. 

The different tryptophan loading responses observ
ed in the phenylketonuric children on a general diet, a 
low-phenylalanine diet or on a low-phenylalanine diet 
plus L-phenylalanine suggests an individual variation 
in the degree of inhibition by phenylalanine and tryp
tophan metabolites on the tryptophan oxidative path
way and the presence of underlying adaptive mechan
isms which may overcome the degree of inhibition. 

These experiments were performed in a manner con
sistent with the rules and regulations of the University 
of Minnesota School of Medicine governing human 
experimentation and informed consent in force at the 
time these investigations were undertaken. 
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