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Abstract

 

In phenylketonuria (PKU), the enzyme phenylalanine hy-
droxylase is deficient, resulting in a decreased conversion of
phenylalanine (Phe) into tyrosine (Tyr). The severity of the
disease is expressed as the tolerance for Phe at 5 yr of age.
In PKU patients it is assumed that the decreased conversion
of Phe into Tyr is directly correlated with the tolerance for
Phe. We investigated this correlation by an in vivo stable
isotope study. The in vivo residual hydroxylation was quan-

 

titated using a primed continuous infusion of 
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]Phe and 
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C]Tyr and the determination of the iso-
topic enrichments of 
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]Phe, 
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C]Tyr in plasma. Previous reports by Thompson and
coworkers (Thompson, G.N., and D. Halliday. 1990. 

 

J. Clin.
Invest.

 

 86:317–322; Thompson, G.N., J.H. Walter, J.V.
Leonard, and D. Halliday. 1990. 
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. 39:799–807;
Treacy, E., J.J. Pitt, K. Seller, G.N. Thompson, S. Ramus,
and R.G.H. Cotton. 1996. 

 

J. Inherited Metab. Dis

 

. 19:595–
602), applying the same technique, showed normal in vivo
hydroxylation rates of Phe in almost all PKU patients.
Therefore, our study was divided up in two parts. First, the
method was re-evaluated. Second, the correlation between
the in vivo hydroxylation of Phe and the tolerance for Phe
was tested in seven classical PKU patients. Very low (0.13–
0.95 

 

m

 

mol/kg per hour) and normal (4.11 and 6.33 

 

m

 

mol/kg
per hour) conversion rates were found in patients and con-
trols, respectively. Performing the infusion study twice in
the same patient and wash-out studies of the labels at the
end of the experiment in a patient and control showed that
the method is applicable in PKU patients and gives consis-
tent data. No significant correlation was observed between
the in vivo hydroxylation rates and the tolerances. The re-
sults of this study, therefore, showed that within the group
of patients with classical PKU, the tolerance does not de-
pend on the in vivo hydroxylation. (

 

J. Clin. Invest.

 

 1998.
101:2875–2880.) Key words: diet 
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Introduction

 

Phenylketonuria

 

 

 

(PKU;

 

1

 

 McKusick 261600) is caused by a de-
ficiency of the hepatic enzyme phenylalanine hydroxylase
(PAH; E.C. 1.14.16.1.). As a consequence phenylalanine (Phe)
cannot be converted into tyrosine (Tyr; references 1, 2). Treat-
ment aims at lowering the plasma Phe concentrations by di-
etary Phe restriction. The individual tolerance for Phe (i.e., the
amount of Phe per kilogram body weight a patient can tolerate
without achieving plasma Phe concentrations above a certain
level) is used to define the severity of the disease (2, 3). Based
on the tolerance for Phe at 5 yr of age, Güttler and Lou (3) dis-
tinguished three phenotypes, i.e., classical PKU, mild PKU,
and persistent benign hyperphenylalaninemia (HPA).

It is more or less assumed that the differences in dietary
tolerance for Phe are a direct consequence of the differences in
individual ability to convert Phe into Tyr in patients with PKU
and HPA. Various in vitro and in vivo studies have aimed at
estimation of the individual ability to convert Phe into Tyr (4–7).
The measurement of the in vitro enzyme activity, however, ne-
cessitates a liver biopsy. Treacy et al. (7), measuring the in vivo

 

oxidation of Phe by use of an oral dose of 

 

L

 

-[1-

 

13

 

C]Phe, show
no clear correlation between the in vivo hydroxylation of Phe
and the dietary tolerance for Phe within a specific class of
PAH-deficient patients. As with most in vivo methods, how-
ever, this method is hampered by problems with quantitating
the hydroxylation rate of Phe into Tyr (7).

 With the method introduced by Clarke and Bier (8) real
quantitation of the in vivo conversion rate of Phe into Tyr has
become possible. This method is based on continuous infusion
of the stable isotopically labeled tracers 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe and

 

L

 

-[1-

 

13

 

C]Tyr, and shows consistent results in controls (8, 9).
Thompson and coworkers (9–11) applied a primed-contin-

uous infusion technique of the stable isotopically labeled trac-
ers 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe, and 

 

L

 

-[

 

3,5

 

-

 

2

 

H

 

2

 

]Tyr in PKU and HPA pa-
tients. They calculated normal in vivo hydroxylation rates of
Phe in 14 out of the 16 PKU patients in three successive stud-
ies, and no difference between the PKU and two HPA patients
(9–11). These findings are at odds with all other in vitro and in
vivo studies (4–7). Because of this highly unexpected observa-
tion, their data cast doubt upon the applicability of this
primed-continuous infusion technique of stable isotopically la-
beled tracers of Phe and Tyr in PKU patients. Consequently,
their data can not be included without hesitation in a study of
relationship between the tolerance for Phe and the in vivo hy-
droxylation rate of Phe.

Therefore, the aim of this study was to answer two ques-
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tions in classical PKU patients using the primed-continuous in-
fusion technique of the stable isotopically labeled tracers

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe, and 

 

L

 

-[1-

 

13

 

C]Tyr. First, is it possible to calcu-
late the in vivo hydroxylation rate of Phe from the isotopic en-
richments in plasma during a primed continuous infusion pro-
tocol? Second, is there a correlation between the calculated in
vivo hydroxylation of Phe into Tyr and the dietary tolerance
for Phe in patients with classical PKU? The patients included
in this study had dietary tolerances for Phe pointing at differ-
ent severities within classical PKU.

 

Methods

 

Subjects

 

The studies were approved by the medical ethical committee of the
University Hospital of Groningen. Informed consent was obtained
from the individuals and/or their parents. Investigations were per-
formed in two adult controls and seven patients. Patient 7 was investi-
gated twice at different starting plasma Phe concentrations. The indi-
vidual clinical details of the subjects are given in Table I. At the time
of the tests all patients were free from intercurrent disease.

Patients were young with the exception of patient 7 who was 20 yr
of age when he was studied for the second time. Diagnosis was based
on the results of the neonatal screening and the classification accord-
ing to Güttler and Lou (3). This classification divides between three
phenotypes on the basis of the tolerance for Phe at 5 yr of age: classi-
cal PKU (tolerance 

 

, 

 

20 mg/kg body weight per day), mild PKU (tol-
erance 20–50 mg/kg body weight per day), and persistent benign
HPA (tolerance 

 

. 

 

70 mg/kg body weight per day). The tolerances of
Phe at 5 yr of age in the patients varied between 11 and 21 mg/kg
body weight per day (Table I). Following the classification of Güttler
and Lou (3) all but patient 1 clearly had the classical form of PKU.
Patient 1 had a milder form of PKU. The same patient, however, has
the classical form of PKU when the guidelines of the original study of
Güttler are followed (12).

All patients were on a strict dietary treatment resulting in plasma
Phe concentrations within the aimed range according to the thera-
peutic guidelines of Güttler and Lou at that time (3). The age- and
sex-adjusted height for all patients was between the 10th and 90th
percentile except for two patients, who had a height just below the

 

3rd percentile. The weight to height was between the 50th and the
90th percentile of the Dutch standards (13).

 

Measurement of hydroxylation rates

 

Isotopes.
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ring

 

-
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]Phe (98% 
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), 
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ring
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H

 

4

 

]Tyr (98% 

 

2

 

H

 

4

 

), and

 

L

 

-[1-

 

13

 

C]Tyr (98% 

 

13

 

C) were obtained from Cambridge Isotopes Lab-
oratories (Andover, MA). Isotopes were infused in a solution of nor-
mal saline that was shown to be sterile and pyrogen free.

 

Procedure.

 

Blood samples were taken 2–4 d before the test to
calculate the amount of isotopes to be given in the priming doses.
Controls were checked for heterozygosity of the PAH gene by mea-
suring the Phe/Tyr ratio. The investigations were carried out in the
metabolic ward of the Beatrix Children’s Hospital and were started
after an overnight fast. The study procedure closely resembled the
procedure followed by Thompson et al. (9). During the test, the sub-
jects received no food nor drink except for water. Before the test, two
indwelling catheters were placed in the left and right brachial vein for
infusion of the stable isotopes and blood sampling. The second cathe-
ter was kept open by an infusion of isotonic saline.

After collection of three baseline blood samples at time 

 

5 2

 

20,

 

2

 

10, and 0 min, subjects received a priming dose of 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe
(patients according equation 1, controls 2.9 

 

m

 

mol/kg) at time 

 

5 

 

0 min,
followed by a tracer dose (mean 4.33

 

6

 

0.09 

 

m

 

mol/kg per hour, 

 

n 

 

5 

 

8,
SEM) during a total of 6 h, and a priming dose of 

 

L

 

-[1-

 

13

 

C]Tyr (2.7

 

m

 

mol/kg) at time 

 

5 

 

60 min, followed by a continuous infusion of
tracer (mean 4.20

 

6

 

0.24 

 

m

 

mol/kg per hour, 

 

n 

 

5 

 

8, SEM) for 5 h. Con-
trols also received a priming dose of 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

4

 

]Tyr (0.43 

 

m

 

mol/kg) at
time 

 

5 

 

0 min.
The priming dose

 

 P 

 

(in milligrams) of 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe for patients
was calculated exactly as described by Thompson and Halliday (9) ac-
cording to equation 1:

 

EQUATION

 

 1

in which [

 

F

 

] is the Phe concentration in plasma in micromole per liter
and 

 

BW

 

 is the body weight in kilograms. The factor 0.5 stands for the
tracer infusion rate, since Thompson and Halliday infused 0.5 mg/kg
per 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe (9). This formula can be derived from the for-
mula for the priming dose given by Wolfe (14). For the priming of the
pool, the following equation 2 was derived (14):

 

EQUATION

 

 2

in which 

 

P

 

w

 

 is the priming dose of 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe in micromole per
kilogram according to Wolfe, 

 

i

 

2H5F

 

 is the 

 

L

 

-[

 

ring

 

-

 

2

 

H

 

5

 

]Phe infusion rate
in micromole per kilogram per hour, 

 

V

 

 is the volume of distribution
of Phe in liters per kilogram and R

 

aF

 

 the rate of appearance of Phe in
micromole per kilogram per hour.

 

P

 

 can be converted into Pw according to equation 3:

EQUATION 3

in which 165 is the molecular weight of Phe and 1,000 the conversion
factor of micrograms into milligrams. Substituting equation 2 into
equation 3, replacing the volume of distribution V with the value of
0.61 l/kg, and RaF with a value of 10 mg/kg per hour results in equa-
tion 1 after some simple arithmetic.

Collection and analysis of samples
Blood samples were collected into heparinized tubes at 30-min inter-
vals between 2 and 4 h and at 15-min intervals in the last 2 h of the
studies. The total test procedure amounted to 6.5 h. Blood samples
were immediately centrifuged for 5 minutes at 1,000 g. Plasma was
stored at 2208C until analyzed.

For isotopic analysis, L-[ring-2H5]Phe, L-[ring-2H4]Tyr, and L-[1-
13C]Tyr were derived to their corresponding N-acetyl,O-penta-flu-
oro-benzyl ester (15). Plasma (250 ml) was deproteinized and devoid

P
F[ ] 0.5 BW××

100
----------------------------------------=

Pw

F[ ] i2H5F V××
RaF

---------------------------------------=

P Pw BW
165
1000
------------××=

Table I. The Clinical and Metabolic Details of Both PKU 
Patients and Healthy Individuals

Patient Nr
test

Age
at Body wt

Tolerance of
phenylalanine

Plasma concentrations
at the start of the test

5 yr Test Phenylalanine Tyrosine

yr  kg mg/kg BW mmol/l mmol/l

1 5 18 21 28 290 180
2 9 33 17 12 140 40
3 15 84 19 10 240 30
4 8 22 15 9 590 20
5 8 27 15 12 450 10
6 13 55 16 7 850 30
7a 18 48 11 10 290 40
b 20 49 11 10 500 20
Range 5–20 18–84 11–21 7–28 140–850 10–180
Controls
1 44 63 — — 42 28
2 33 68 — — 50 40
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of anionic compounds by addition of HCl (0.1 N) and extracted twice
with ethylacetate. The lower layers (water phase) were collected in a
clean tube. To these collected layers a phosphate buffer (K2HPO4–
H3PO4 3 M, pH 8.5) was added to a final pH of above 7. The amino
acids were N-acetylated by the addition of acetic anhydrid under con-
tinuous vigorous agitation. Subsequently, the solution was brought to
a pH of 3.0 by addition of HCl (6 N). The N-acetyl derivatives formed
were extracted twice with ethylacetate. The upper layers (ethylace-
tate phase) were collected and evaporated to dryness under a gentle
stream of nitrogen at 608C. The pento-fluoro-benzyl esters were pre-
pared by adding in sequence 5 ml PFB-Br, 10 ml triethylamine, and
50 ml acetonitril. The derivative was washed with acidic ethylacetate.
The ethylacetate layer was evaporated to dryness under a gentle
stream of nitrogen at room temperature and to the residue ethylace-
tate was added.

Plasma L-[ring-2H5]Phe and L-[1-13C]Tyr isotope enrichments
were measured with a Hewlett-Packard Model 5890 gas chromato-
graph (Amstelveen, The Netherlands) coupled to a VG Trio-II quad-
rupole mass spectrometer (Fisons, Manchester, United Kingdom).
Electron capture negative ion ammonia chemical ionization was used.
The analysis of L-Phe and L-Tyr was carried out on a CPSIL 5CB cap-
illary fused silica column (Chrompack, Middelburg, The Nether-
lands), temperature programmed from 1008C to 2758C at 258C
minutes21. L-[ring-2H5]Phe eluted at 6.2 min and L-[1-13C]Tyr at 7.0
min. Phe was monitored at its base peak m/z 206 [M-167]2 and its 2H5

labeled species at m/z 211, Tyr at its base peak m/z 264 [M-181]2, and
its 13C-labeled species at m/z 265.

L-[ring-2H4]Tyr plasma enrichment was measured with a Hewlett-
Packard Model 5890 gas chromatograph coupled to a VG Analytical
70-250 S magnet sector mass spectrometer (Fisons). Electron impact
ionization at 70 eV was used. The gas chromatography programming
was operated as described above. L-Tyr eluted at 7.3 min and was
monitored at its base peak m/z 344 [M-101]1 and its L-labeled species
at m/z 348.

Plasma enrichments of L-[ring-2H5]Phe, L-[ring-2H4]Tyr, and L-[1-
13C]Tyr were calculated from the intensity ratios of the labeled over
unlabeled species using calibration curves. These curves were prepared
from standard mixtures of weight amounts of labeled and unlabeled
Phe and Tyr ranging from 0 to 10% mole fraction for L-[ring-2H5]Phe
and L-[1-13C]Tyr, and from 0 to 0.1% mole fraction for L-[ring-
2H4]Tyr when PKU patients were studied, and from 0 to 1% for con-
trols.

Tracer model for phenylalanine and tyrosine kinetics
We used the model for Phe-Tyr metabolism as described by Clarke
and Bier (8), with modifications as proposed by Thompson and Halli-
day (9). Briefly the flux of Tyr through the plasma compartment was
calculated according to equation 4:

EQUATION 4

where iCY is the rate of L-[1-13C]Tyr infusion (micromole per kilo-
grams per hour) and Ei and Ecy are the enrichments in mole percent
excess of the infusate and plasma [1-13C]Tyr, respectively.

The rate of conversion of Phe (F) into Tyr (Y) (QF→Y; micromole
per kilograms per hour) was derived according to equation 5:

EQUATION 5

where QY is the Tyr flux through the plasma compartment, and EDY

and EF are the plasma enrichments of L-[ring-2H4]Tyr and L-[ring-
2H5]Phe.

Calculation of the hydroxylation rate of Phe into Tyr is based on
the use of the isotopes L-[ring-2H5]Phe and L-[1-13C]Tyr, and the
model of the Phe-Tyr metabolism as summarized in equation 5. In
equation 5, it is assumed that there are no isotope effects and that the
enrichment in plasma is similar to that in cytosol of the liver cells.

QY iCY

EI

ECY

--------- 1– 
 =

QF Y→ QY

EDY

EF

---------=

These assumptions about the isotope effect were recently under in-
vestigation (16–18). In general it appeared that these assumptions do
not hold under all conditions. In our study, however, we compared
the hydroxylation rate of patients and controls and compared them to
literature data, in which the same methodology and isotopes were
used giving differences in isotopes and intracellular dilution.

Plasma Phe and Tyr concentrations were determined in plasma
using an ion exchange liquid chromatography amino acid analyzer
(Carlo Erba 3A30; Interscience, Breda, The Netherlands). In our lab-
oratory modifications resulted in a coefficient of variation of this
method of 2%.

Statistical analyses were performed using the Student’s t test for
testing the statistical significance of the difference in hydroxylation
rates between controls and patients and within the studied group of
patients. We used the Kendall’s ranking correlation test for testing
the statistical significance of a correlation between the tolerance for
Phe at 5 yr of age and the in vivo hydroxylation rate.

Results

In all patients plateau plasma enrichments were achieved for
both L-[ring-2H5]Phe, L-[1-13C]Tyr, and L-[ring-2H4]Tyr in , 2 h.
In Fig. 1, A–C, the mean plasma enrichments are presented for
L-[ring-2H5]Phe, L-[1-13C]Tyr, and L-[ring-2H4]Tyr, respec-
tively.

In the controls plateau enrichment was achieved in , 2 h
for all isotopes but L-[ring-2H4]Tyr (results not shown). The
enrichments of L-[ring-2H5]Phe and L-[ring-2H4]Tyr in controls
(Table II) were similar to those reported previously (8–10, 16,
17). The enrichments of L-[1-13C]Tyr in controls and patients
were twice as high as reported in controls by others (8, 16) be-
cause of higher infusion rates in our study protocol. The en-
richments of L-[ring-2H4]Tyr in our patients were extremely
low if compared with controls in this study and other studies

Table II. The Individual Mean Isotopic Enrichments of
L-[ring-2H5]Phe, L-[ring-2H4]Tyr, and L-[1-13C]Tyr, as well as 
the Flux of Tyrosine and the Hydroxylation of Phenylalanine 
in Seven PKU Patients and Two Healthy Adult Individuals

Patient nr

Plasma enrichments* of phenylalanine
and tyrosine

Tyrosine
flux‡

Phenylalanine
hydroxylation‡

[2H5]Phenyl-
alanine

[13C]Tyro-
sine

[2H4]Tyro-
sine

1 5.82 16.16 0.106 19.0 0.35
2 7.33 12.95 0.036 26.9 0.13
3 6.54 10.55 0.029 37.6 0.17
4 11.09 6.94 0.028 64.5 0.16
5 4.68 7.58 0.083 53.7 0.95
6 11.50 5.21 0.110 80.4 0.77
7a 5.27 8.13 0.047 37.6 0.34
b 5.34 13.62 0.033 24.0 0.15
Mean 7.20 10.14 0.059 43.0 0.38
SD 0.94 1.35 0.012 7.6 0.11
Controls
nr
1 8.91 9.71 1.48 41.4 6.33
2 9.86 11.68 1.69 33.6 4.11

*Mole percent excess; ‡mmol/kg/hr.
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Figure 1. (A) Mean isotopic enrichments of L-[ring-2H5]Phe in PKU 
patients with one SEM at different moments during the test with simul-
taneous infusion of L-[ring-2H5]Phe and L-[1-13C]tyrosine. (B) Mean 
isotopic enrichments of L-[1-13C]tyrosine in PKU patients with one 
SEM at different moments during the test with simultaneous infusion 
of L-[ring-2H5]Phe and L-[1-13C]Tyr. (C) Mean isotopic enrichments of 
L-[ring-2H4]Tyr in PKU patients with one SEM at different moments 
during the test with simultaneous infusion of L-[ring-2H5]Phe and
L-[1-13C]Tyr.

(8–10, 16, 17), as well as patients studied by two of the studies
of Thompson et al. (9, 10), while no information was given in a
third study (11).

Following the analytical methods of Thompson and Halli-
day (9) using an electron-impact ionization on a quadrupole
mass spectrometer (9), reliable measurements of the enrich-
ment of L-[ring-2H4]Tyr were not possible. This was caused by
a combination of the very low enrichment of the tracer and a
high level of background noise due to unknown compounds
that could not be resolved from the Tyr peak by this method.
We, therefore, had to refine the analytical methods for isotopic
analyses of L-[ring-2H4]Tyr. After trying several other meth-
ods, the samples were derivatized to their corresponding
N-acetyl, O-penta-fluoro-benzyl ester, following the analytical
methods of de Jong et al. (15). This way we could obtain a re-
producible and quantitatable signal with a sector magnet in-
strument in electron impact ionization mode, resulting in reli-
able measurements of the enrichment of L-[ring-2H4]Tyr.

To further determine the appropriateness of the measure-
ments of L-[ring-2H4]Tyr, we determined the extent of wash
out of label 30 min after the infusion of isotopes had been
stopped in a patient and control. In the patient the mole per-
cent enrichments of L-[ring-2H5]Phe, L-[1-13C]Tyr, and L-[ring-
2H4]Tyr decreased from 4.3 to 3.9%, from 4.7 to 2.0%, and
from 0.042 to 0.038%, respectively. In the control these values
decreased from 5.7 to 1.4%, from 3.9 to 1.3%, and from 0.78 to
0.42%, respectively. In both the patient and control, the de-
crease of the enrichment of L-[1-13C]Tyr was of the same mag-

nitude. The similarity of the decreases of the enrichments of
L-[ring-2H5]Phe and L-[ring-2H4]Tyr in the PKU patient sug-
gests a precursor-product relationship between the metabo-
lites indicating that we indeed measured L-[ring-2H4]Tyr. To
test the reproducibility of the measurements we performed the
study twice in one patient. In both studies the measured en-
richments were comparable notwithstanding different plasma
Phe values at the start of the studies (Tables I and II).

The calculated rates of the in vivo hydroxylation of Phe
into Tyr were 6.33 and 4.11 mmol/kg per hour in the two
healthy individuals, being comparable to the values found by
others using comparable methods (8–10, 16, 17). Since the cal-
culated hydroxylation rate of Phe into Tyr linearly depends on
the enrichment of L-[ring-2H4]Tyr, the hydroxylation rates of
Phe into Tyr were low in all patients, varying between 0.13 and
0.95 mmol/kg per hour (Table II). These hydroxylation rates
are statistically significantly different from normal (P , 0.001).
Next to this, within the studied group of patients with classical
PKU the in vivo hydroxylation rate of patient 5 was statisti-
cally significantly different from the hydroxylation rate in the
other patients (P , 0.01; Table II). This difference in hydrox-
ylation rate, however, did not result in a higher tolerance for
dietary Phe in the patient. In the studied group of patients, no
correlation was observed between the tolerance for Phe and
the in vivo hydroxylation rate of Phe. At the studied plasma
Phe concentrations, no relationship could be observed be-
tween the hydroxylation rate and the basal Phe concentration
(Fig. 2).
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Discussion

Thus far, it has been tacitly assumed that the estimation of the
residual in vivo PAH activity directly relates to the empirically
estimated tolerance for dietary Phe at 5 yr of age. Using a bo-
lus of oral L-[1-13C]Phe Treacy et al. (7) found no clear correla-
tion between the oxidation rate of Phe and the dietary toler-
ance for Phe within a specific class of PAH-deficient patients,
but quantitation of the in vivo Phe hydroxylation with this
method is difficult. In this study, the relationship between the
in vivo PAH activity and the tolerance for dietary Phe was
tested by means of a primed continuous infusion of stable iso-
topically labeled tracers. This technique is validated in healthy
humans (8, 9), and promises to present reliable estimates of
the residual in vivo PAH activity in PKU patients. Using this
method, Thompson and coworkers calculated normal in vivo
hydroxylation rates in most PKU patients and 2 HPA patients
(9–11), which is in disagreement with all other studies (4–7),
and therefore cast doubt upon the applicability of this method
to measure the hydroxylation rate in PKU and HPA patients.

In this study, first the method was re-evaluated in PKU pa-
tients before the relationship could be tested between the tol-
erance for dietary Phe and the in vivo hydroxylation of Phe
into Tyr. We calculated several decreased hydroxylation rates
in all our patients with classical PKU (Table II), which is in ac-
cordance with both in vitro and in vivo studies (4–7). The ap-
propriateness of our measurements is underlined by the wash
out studies in both the patient and control, while the reproduc-
ibility is shown by the similar hydroxylation rates when mea-
sured twice in the same patient (Table II).

While the results of the studies of Thompson and cowork-
ers (9–11) and our study are different, part of the discussion
must focus on differences with respect to the subjects, the
strictness of dietary treatment, the test procedure, and the
analysis of the isotopic enrichments, the calculations being ex-
actly the same.

Concerning the studied patients, the ages at the time of the
study in both of our studies show some overlap, while the se-
verity of the PKU patients is comparable (9–11), although two
of the other patients of Thompson et al. had HPA (9). One of
the most striking differences is the strictness in dietary treat-

ment. Most of Thompson and coworkers’ patients were on a
diet described as “relaxed strict dietary control” (9–11), some
of them having intakes above the requirements advised in the
recommended dietary allowances (19). In our study, six out of
the seven studied patients were on a very strict dietary regi-
men. This difference in dietary Phe intakes resulted in differ-
ences in the actual plasma Phe concentrations between their
study and our study—the patients of Thompson and cowork-
ers (9–11) had higher Phe concentrations (mean Phe 1032
mmol/l, SEM 87 mmol/l) than in our study (mean Phe 419
mmol/l, SEM 27 mmol/l). Thompson et al. (9, 10) hypothesized
that the normal hydroxylation rates in their studies were
caused by high plasma Phe concentrations. However, neither
their results nor ours showed evidence to support such a con-
centration dependency of the hydroxylation rate (Fig. 2; refer-
ences 9–11).

Regarding the test procedure, differences exist in the pro-
tocol with respect to the amount and the type of the given iso-
topes. Compared with the studies of Thompson and coworkers
(9–11), the continuous infusion of L-[ring-2H5]Phe in our study
was some 1.5 times higher to be able to measure the antici-
pated very low isotopic enrichments of Tyr with L-[ring-
2H4]Tyr. With regards to the measurements of the turnover of
Tyr, we used L-[1-13C]Tyr, while Thompson and coworkers
(9–11) used L-[3,5-2H2]Tyr. Thompson and coworkers calcu-
lated turnover rates of Tyr in the patients which were about
half the turnover reported in our study. The results in our pa-
tients are in line with the healthy adults of both our study and
Clarke and Bier’s study (8). This is important in view of equa-
tion 5 used to calculate the in vivo hydroxylation of Phe, in
which the hydroxylation rate is proportional to the correction
for the turnover of Tyr. Therefore, on the basis of the turnover
rates, one would expect the hydroxylation rates in their studies
to be lower than in our studies. In contrast, in our study the
normal turnover of Tyr coincided with extremely low in vivo
hydroxylation rates.

Concerning analytical differences between the studies of
Thompson and coworkers (9–11) and our studies, it was al-
ready discussed that in our patients quantitation of the en-
richments of L-[ring-2H4]Tyr using the method described by
Thompson and Halliday (9) was difficult. However, the use of
the method of de Jong et al. (15) allowed for the measurement
of the extremely low enrichments of L-[ring-2H4]Tyr in our pa-
tients in a reliable way.

The results of our study showed that the in vivo hydroxyla-
tion of Phe may vary within the group of patients with classical
PKU, but that this does not necessarily result in different toler-
ances, while different tolerances did not correlate with the in
vivo hydroxylation rates within this studied group of patients
with classical PKU.

A lack of correlation between the in vivo hydroxylation of
Phe and the tolerance for Phe may be due to several causes.
First, the investigated PKU patients may have shown too little
heterogeneity to find a possible correlation. Other studies re-
ported high correlations between the tolerance and both the in
vitro mutation expression in cultured mammalian cells and the
oxidation rate of L-[1-13C]Phe (7, 20–22), but the groups of the
patients ranged from the most severe form of PKU to the mild-
est form of HPA. If the data were re-analyzed for the group of
patients with classical PKU, the results showed no correlation
between the tolerance and the measured residual PAH activity
(7, 20).

Figure 2. Relationship between plasma phenylalanine concentrations 
(micromole per liter) and hydroxylation in PKU patients (micromole 
per kilogram per hour).
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Secondly, the tolerance for dietary Phe is the result of a
combination of the in vivo hydroxylation rate, day to day vari-
ables, patient-dependent, and doctor-dependent factors. Day-
to-day variables, such as intercurrent illness, energy and total
protein intake, influence the balance between the catabolic
and the anabolic state. Years ago, Güttler et al. (23) showed
that the plasma Phe concentration rises during the night. This
observation was confirmed by our studies showing that the
Phe concentration rises during the night and during the morn-
ing if breakfast is omitted (24, 25). We reasoned that this effect
is due to net protein catabolism (25). The patient-dependent
variables include factors such as growth, and the compliance to
the prescriptions, while the doctor-dependent variables in-
clude factors such as the prescribed amount of total protein,
amino acid mixture (26) and energy, and the target Phe con-
centration (24). All these three causes, and a combination of
all three, may explain the lack of correlation between the tol-
erance for Phe at 5 yr of age and the in vivo hydroxylation rate
of Phe in PKU patients in our study.

In conclusion, the results of this study showed that the
primed-continuous infusion technique with stable isotopically
labeled tracers is applicable in PKU patients and showed a
clearly decreased in vivo conversion of Phe into Tyr in patients
with classical PKU. The results of this study confirmed the re-
sults of in vitro and in vivo studies in PKU showing a de-
creased hydroxylation rate in PKU patients (4–7). The results
of this study show that the defect in hydroxylation in these pa-
tients can be measured in vivo both by giving L-[1-13C]Phe and
L-[ring-2H5]Phe. The results are in contrast with the normal hy-
droxylation rates of the studies of Thompson and coworkers
(9–11). The different hydroxylation rates between their and
our results can not be explained by differences in the patients
or methods between their and our studies. In our study, a dif-
ference in hydroxylation rate was found in one of the patients
with classical PKU compared with the others. No correlation
was found between the tolerance for Phe at 5 yr of age and the
in vivo hydroxylation rate of Phe in patients with classical
PKU. The results of this study, therefore, showed that within
the group of patients with classical PKU, the difference in tol-
erance does not correlate with the in vivo hydroxylation. Fur-
ther studies are necessary to explain the differences in results
with the studies of Thompson and coworkers (9–11). In addi-
tion, further studies are necessary to investigate whether a cor-
relation between the tolerance and the in vivo hydroxylation
rate of Phe exists when patients are included with tolerances
pointing at less severe forms of the PAH deficiency.
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