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Abstract Background: As part of the German Collabora-
tive Study on Phenylketonuria (PKU)/Hyperphenylalani-
naemia (HPA) Study Protocol, a Blaskovics protein loading
test (180 mg phenylalanine (phe) protein equivalent per kg
body weight and day for 72 h) had been applied to 145
children at the age of 6 months. For investigating possible
age-related changes of metabolic phenotype, 51 of them
received a 2nd loading test at 5 years of age.

Methods: Besides the analysis of blood phe levels, acidic
phe transamination metabolites were quantified in urine.

Results: Compared to the 6-month data, the mean blood
phe level 72 h after start of loading (Phe72) was found to be
decreased by 7% (P ¼ 0.06), whereas the mean urinary
excretion (per 1.73 m2 body surface and day) of 2-
hydroxyphenylacetic acid was increased 1.9-fold (P
< 0.01). Corresponding with these analytical data, the

kinetic model constant kout of metabolic plus renal phe
disposal was found increased 1.3-fold in mean (P < 0.01).

In 3 of the 51 patients, Phe72 was very high at 6 months
while in the medium range at 5 years, suggesting that
catabolic states may mimic a more severe metabolic defect.

The blood phe level response of mild PKU (type II) was
assigned identically at both ages in 7/9 patients. Diverging
results were (i) response type III (mild hyperphenylalani-
naemia) at 6 months and type II at 5 years and (ii) type II at
6 months and type III at age 5.

Conclusion: Renal elimination of OHPAA and phe
tolerance increase significantly between the age of 6
months and 5 years, suggesting that, at least in childhood,
formation and/or renal disposal of phe transamination
metabolites may be major distal determinants of phe
tolerance.

Abbreviations
AV Assigned value of PKU phenotype (Guldberg

et al. 1998)
bs Body surface
HPA Hyperphenylalaninaemia
kout First-order kinetic constant of metabolic plus

renal loss/disposal
OHPAA 2-Hydroxyphenylacetic acid
phe Phenylalanine
PAH Phenylalanine hydroxylase (E.C. 1.14.16.1)
pAH Para-aminohippuric acid
Phe72 Blood phenylalanine 72 h after start of the

loading test (morning of day 4)
PKU Phenylketonuria (OMIM +261600)
PLA Phenyllactic acid
PPA Phenylpyruvic acid
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t1/2 Phenylalanine half-life (50% elimination time)
6ML Loading test at age of 6 months
5YL Loading test at age of 5 years

Introduction

Phenylketonuria (PKU) due to deficient activity of phenyl-
alanine hydroxylase (PAH) is characterized by a very high
degree of molecular heterogeneity, with 872 variants of
PAH presently known (Blau et al. 2015). Among the first
hints at genetic heterogeneity of this disease was the
observation that children with measurable PAH activity in
their liver had a higher phe tolerance than children with
undetectable PAH activity (Bartholomé et al. 1975). These
results of microenzyme assay on liver needle biopsy
specimens are at the root of the German Collaborative
Study on Phenylketonuria (PKU)/Hyperphenylalaninaemia
(HPA) (Collaborative study of children treated for phenyl-
ketonuria (PKU) in the Federal Republic of Germany 1990)
which was designed in 1976. On the whole, it consisted of
studies in three fields: (i) differential diagnosis of subtypes
of HPA by analysis of the clinical, metabolic and molecular
phenotype as an aid to rational treatment; (ii) therapeutic
outcome in terms of intellectual, behavioural and neurolog-
ical development; and (iii) decisions on suspending or
continuing dietary treatment at given ages (Lutz et al.
1990).

For defining their metabolic phenotype, at the age of 6
months of life (6ML), patients with PKU/HPA were loaded
with natural protein, corresponding to 180 mg phe/kg bw/
day over a period of three consecutive days (72 h). The
analysis of acidic transamination metabolites in urine was
made part of this test because possible benefits of such data
for investigating heterogeneity and pathogenesis of PKU
were still contemplated at that time (Chalmers and Watts
1974). Building on a preceding study (Lutz et al. 1982), the
blood phe level 72 h after start of loading (Phe72) was
identified in these studies as a reliable surrogate parameter
of residual PAH enzyme activity as estimated by in vitro
analysis of PKU cell lines of defined genotype. This finding
strongly supported the hypothesis of a molecular basis of
phenotypic heterogeneity of PKU/HPA and opened the way
for predicting metabolic and clinical phenotypes from
molecular data (Okano et al. 1991).

To investigate the stability of metabolic phenotype
beyond 6 months of age, e.g. excluding possible cases of
delayed PAH maturation, the same type of loading was
repeated at the age of 5 years of life (5YL) in a subset of the
6ML patients. After description of the 6ML data (Lutz et al.
1990; M€onch et al. 1990; Langenbeck et al. 2009) and of
preliminary results of 5YL (Schmidt et al. 1989), we here

present for all 5YL study patients the analytical results of
phe disposal in blood and of urinary excretion of acidic phe
transamination metabolites. Synopsis of the 5YL blood and
urine data suggests maturation of phe transamination and/or
renal metabolite transport between 6 months and 5 years as
the reason for both the predictability of phe tolerance from
2 years on (van Spronsen et al. 2009) and reliable
classification of PKU/HPA through age 5 phe tolerance
data (G€uttler and Guldberg 1996).

Patients and Methods

Selection of Patients

For the 6ML study, 165 patients with PKU/HPA had been
enrolled, and 155 received a protein loading test in the
years 1978–1984. Because of incomplete sampling, only
145 loads were analysed, with 14 classified as response
type II (Lutz et al. 1990). The detailed analysis of complete
test samples included 134 study cases, and 40 more patients
were tested during routine diagnostic workup in the years
1996–1998 and 2007 (Langenbeck et al. 2009). The protein
loading of the study patients was repeated between 1983
and 1989 at age 5 years in 51 of the original patients and is
described in the present communication.

Analytical Methods

Blood phe levels were determined by an amino acid
analyser (Lutz et al. 1982). Urinary organic acids were
quantified as trimethylsilyl derivatives with gas chromato-
graphy in a sample of the 24 h urine collection of day 3
(M€onch et al. 1990). The PAH gene mutations were
determined as previously described (Zschocke and Hoff-
mann 1999).

Classification and Kinetic Analysis of Phenylalanine Blood
Level Response

The protein loading test elicits three main types of phe
blood level response (O’Flynn et al. 1980; Lutz et al. 1990)
which in typical cases can be recognized from the data
pattern over the 72 h observation period: response type I
(classical PKU) shows a continuous increase beyond
1,200 mmol/L, and type II (mild PKU) starts with an
increase of blood phe concentration up to around
1,200 mmol/L followed by a spontaneous decrease well
below 1,200 mmol/L starting at 36–48 h of the loading, i.e.
when intake of high doses of phe is still continued. Type III
(mild hyperphenylalaninaemia) shows a data pattern fluc-
tuating around 600 mmol/L. Therefrom, classification of
HPA is done on the basis of the Phe72 values as
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>1,200 mmol/L (type I), 600–1,200 mmol/L (type II) and
<600 mmol/L (type III), respectively.

For kinetic analysis of blood phe level response during
dietary treatment and protein loading tests, a model was
built with the Windows™-based simulation and model
analysis package ModelMaker 4 of Cherwell Scientific Ltd.
(2000, now available at modelkinetix.com and exetersoft-
ware.com). It comprises a single compartment with a single
input, i.e. alimentary phe on 3 meals per day, and dual
output, i.e. zero-order net protein synthesis and first-order,
time-dependent metabolic plus renal phe disposal (dphe/
dt ¼ phe � kout). In the following, this original model
(Langenbeck et al. 2001) without activation is called kinetic
model type 1. It fits reaction types I and III. Kinetic model
type 2 with time-dependent, exponentially saturated activa-
tion of phe disposal (dphe/dt ¼ phe � A[1 � eB � t]) (see
Keen and Spain 1992) and maximal kout ¼ A � [1 � eB
� 3] 72 h after start of loading fits reaction type II
(Langenbeck et al. 2009).

For the present analysis, model parameters were set as
follows: (i) mean body weight of girls and boys combined
(bw), 7.63 and 18.94 kg at 6 months and 5 years,
respectively (Neuhauser et al. 2013); (ii) net protein
synthesis, 35 and 21 mg phe/kg bw/day at 6 months and
5 years, respectively (van Spronsen et al. (2009); (iii)
predicted total body water, i.e. volume of distribution of
phe, 0.588 and 0.602 L/kg bw at 6 months and 5 years,
respectively (Wells et al. 2005); and (IV) rate of intestinal
phe uptake kin (d

�1): 2.1. At this latter value, the model fit
for the mean time courses of types I, II and III was found
closest, with the metabolic plus renal rate reaching a
plateau.

To statistically distinguish kinetic types 1 and 2, the
variable parameters of both models were estimated in
parallel with the loading data by initial Simplex and final
Marquardt optimization. For model 1, the initial phe blood
level (mg/dL) and rate of metabolic plus renal disposal/loss
kout (d

�1) were optimized together. For model 2, A was
empirically set to 5, and B was optimized together with
initial phe blood level.

Urinary Excretion of Acidic Phenylalanine Metabolites

Spontaneous morning urine was collected on days 1, 2 and
5. A 24 h urine was collected from morning of day 3 till
morning of day 4. Data of the latter sample are presented
here.

Urinary excretion data are normalized to 1.73 m2 body
surface (bs) because this format has been shown in the
Dortmund Nutritional and Anthropometric Longitudinally
Designed (DONALD) Study to be an age-independent
parameter of renal net organic acid excretion in healthy
subjects (Manz and Wentz 2000; Berkemeyer and Remer

2006), thus allowing identification of disease-related
changes depending on age. Mean bs at 6 months and 5
years is taken as 0.3904 and 0.7809 m2, respectively, by
applying the height and body weight data of the German
Health Survey for Children and Adolescents (KiGGS)
Study (Neuhauser et al. 2013) and the mean from five
different equations for estimating bs (www.halls.md/body-
surface-area/refs.htm).

Data Analysis

After parallel optimization of the type 1 and 2 kinetic
models of phe disposal, the kinetic type was assigned by
comparing with Z statistics the R2 values of model fit
(Langenbeck et al. 2009). Data with statistically assigned
kinetic type 2 are classified as response type II, else as
response type I or III, respectively. With response type III
data, because of their flat profile over time, it is not
possible, as a rule, to detect statistically possible cases of
activation.

The 6ML and 5YL analytical and model data were tested
for normality by the non-parametric one-sample Kolmo-
gorov-Smirnov test. If normality is not excluded, the data
are compared by linear least squares regression with and
without intercept (Phe 72, urinary OHPAA). The signifi-
cance of observed quantitative changes is computed with
the non-parametric Wilcoxon matched-pairs signed-rank
test (Forthofer et al. 2007).

The SYSTAT 11 program package (2004) of Systat
Software GmbH, D-40699 Erkrath, Germany, was used for
statistical analysis and graphics.

Results

The study of the 51 5YL patients yielded 48 Phe72, 30
urinary OHPAA and 51 model constant kout values. From
these same patients are available at 6ML 48 Phe72, 44
urinary OHPAA and 49 model constant kout data. Due to
missing values in either series and exclusion of three 6ML
patients because of their excessive Phe72 levels (see
below), 43 Phe72, 24 urinary OHPAA and 46 kout values
remained for the final 6ML versus 5YL comparison.

Analysis of Phenylalanine Disposal

Two parameters characterize the time course of blood phe
during protein loading tests, the observed Phe72 (Lutz et al.
1982; Okano et al. 1991) and the estimated first-order rate
constant kout of metabolic plus renal phe disposal. Both are
closely correlated, with lower values of Phe72
corresponding to higher ones of kout (Langenbeck et al.
2009).
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The 43 6ML and 5YL Phe72 values are found in the
same range. Linear least square regression (Fig. 1) indicates
a 7% decrease of Phe72 at 5YL (Wilcoxon Z ¼ 1.89, P2-

tail ¼ 0.06). In contrast, the Phe0 values (mmol/L; mean �
s.d.) at the beginning of the test are almost identical in 6ML
and 5YL: 448.4 � 276.6 vs. 550.3 � 245.2, respectively.

Consistent with the lower Phe72 values at 5 years of age,
there is a 1.30-fold increase of kout at this age (mean � s.
d.): 0.8946 � 0.6111 vs. 1.1609 � 0.7872, N ¼ 46. In 38

of the 46 cases, kout was found higher in 5YL, a highly
significant difference (Wilcoxon Z ¼ 4.09, P2-tailed

< 0.01).
Not included in this statistical analysis are three patients

with Phe72 >1.200 mmol/L higher at 6ML than at 5YL. For
one of them (Fig. 2), the genotype p.R261Q/c.1066-
11G>A, with an AV of 3 (Guldberg et al. 1998), and the
Phe72 at age 5 indicate a moderate to mild PKU. The
genotypes of the two other patients are not known.
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Fig. 1 Relation of the 72 h phe blood level (Phe72) at ages 6 months and 5 years of life. Linear least squares regression without intercept, the 3
outliers ignored: Slope ¼ 0.9312 � 0.0310 s.e., mult. R ¼ 0.98, N ¼ 43, P < 0.01
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Fig. 2 Phe blood level response during protein loading tests of a patient with the genotype p.R261Q/c.1066-11G>A at 6 months (line) and 5
years (dashed). The Phe72 values are 2.585 and 1.186 mmol/L, respectively
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Catabolic states at the time of the first test (instead of
delayed PAH maturation) most probably explain these
observations.

Urinary Phenylalanine Metabolites

The urinary levels of the phe transamination metabolites
phenylpyruvic acid (PPA), phenyllactic acid (PLA) and 2-
hydoxyphenylacetic acid (OHPAA) are linearly related in
older children to the logarithm of their corresponding
plasma levels (Langenbeck et al. 1992). Analytically valid
quantitative urine data of these metabolites may therefore
be taken as proxy of the endogenous phe transamination
capacity.

Besides PLA, which attains urinary concentrations in the
range of PPA only after prolonged phe loads (Langenbeck
et al. 1992), OHPAA is established as the analytically most
stable phe transamination metabolite in urine (Dhondt et al.
1974) when gas chromatography with traditional deriva-
tives is applied (Langenbeck et al. 1980). Therefore, urinary
OHPAA is taken in the present communication as an
indicator of phe transamination during the protein loading
tests. Complete 6ML findings were reported by M€onch
et al. (1990).

Compared to the 6ML findings, the 24 h urinary
excretion of OHPAA on day 3 is increased 1.9-fold at
5YL, comprising 427 (18–1,409; 42) and 806 (51–1,761;
27) mmol per 1.73 m2 bs area and day (mean; range; N),
respectively; see Fig. 3. This positive difference is highly
significant (Wilcoxon Z ¼ 3.11, N ¼ 24, P2-tailed < 0.01)

and consistent with the apparent age-dependent rise of phe
disposal, as indicated by the changes of Phe72 and kout
shown above.

Recognition of the Response Type II

The blood phe level response type II was assigned
statistically to 6 and visually to 2 of the 51 5YL data sets.
One patient with response type II at 5YL was type III at
6ML, and one case with response type II at 6ML was
response type III at 5YL. Two more patients were assigned
response type III (mild hyperphenylalaninaemia) at both
6ML and 5YL. In summary, the blood phe level response
type II was assigned identically to both ages in 7/9 patients,
and no case of delayed PAH maturation was detected.

As shown in Table 1, the response type II patients carry
genotypes characteristic of mild PKU, i.e. with AVs of 5–7
(Guldberg et al. 1998) and residual PAH activities around
60% (Blau et al. 2015). Of the 51 5YL patients, 9 (17.6%)
manifested response type II at one or both ages which is
close to the 6ML study data (19/125 ¼ 15.2%), implying
absence of a significant sampling bias in recruitment of the
5YL patients.

Discussion

As documented above, renal elimination of OHPAA and
phe tolerance increase significantly between the age of 6
months and 5 years. Mechanistically, this could be
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Fig. 3 Relation between urinary excretions of 2-hydroxyphenylacetic
acid (mmol per 1.73 m2 body surface area) on day 3 at 6 months and 5
years. Linear least squares regression with intercept, the 3 Phe72

outliers ignored: (OHPAA at 5 years) ¼ (450.0 � 119.8 s.e.) +
(0.7025 � 0.1927 s.e.) � [OHPAA at 6 months]; N ¼ 24, mult.
R ¼ 0.61, P < 0.01
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explained with maturation of either phe transamination or
renal organic acid transport. Also concomitant evolution of
both systems may take place.

Phenylpyruvate is cleared in the kidney through proximal
tubular secretion, mediated by the para-aminohippuric acid
(pAH) transporter (Vink and Kroes 1961). The activity for its
pAH substrate is low in newborns and reaches the normal
values of older children only at the end of the first year
(Bertram et al. 1970). In wild-type mice, the pAH clearance
increases till 10 weeks of age. In adult mice, OAT1 is the
principal pAH transporter (Sweeney et al. 2011).

If all phe transamination metabolites shared this trans-
port system, their excretion in early life is expected to be
low. Rey et al. (1974) first described the influence of age on
excretion of OHPAA in children with PKU and found adult
threshold values only after 2 years. Accordingly, metabolic
data of PKU children older than 2 years conform with
respective findings in juvenile patients (Langenbeck et al.
1980, 1992), and phe tolerance at 10 years of age can be
predicted reliably from the respective data at 2 years (van
Spronsen et al. 2009).

Whether delayed maturation of phe transaminase, as
suggested by Rey et al. (1974), and/or delayed maturation
of the pAH transporter explains the data could be decided
by knowledge of phe metabolite blood levels. However, we
only know of three such observations: Partington and
Vickery (1974), using the enol-borate method for quantify-
ing PPA, found in a 3-week-old infant plasma PPA levels in
the range seen in older children. The urinary PPA levels,
however, were very low. In contrast, using the trimethyl-

silyl-quinoxalinol method, Bebehani and Langenbeck
(1980, unpublished) found in two 11-day-old infants very
low plasma PPA levels in relation to plasma phe (1,501 vs.
11 and 2,700 vs. 50 mmol/L) but more ‘normal’ PPA
excretion in relation to plasma PPA (39 and 291 mmol/
mmol creatinine, respectively). Only detailed clearance
studies in PKU infants and young children could resolve
the joint effects of these mechanisms.

The intricate interplay of factors determining phe
tolerance is documented in a study by Treacy et al. (1996)
of two siblings with mild PKU (p.R408W/p.I65T). The
child with the higher phe tolerance at 42 months (600 vs.
350 mg phe/day) excreted higher amounts of phe transami-
nation metabolites into urine (10.9 vs. 4.9 mmol/kg � h),
whereas the sibling with much lower excretion had plasma
metabolite levels in the toxic range (220 vs. 134 mmol/L; cf.
Langenbeck et al. 1992).

There are few reports only on the further development of
juvenile, transitional and adult patients. Further studies
would therefore be welcomed on therapeutically relevant
aspects like the possible influence of obesity on phe
tolerance (MacLeod et al. 2009), the degree of oxidative
stress at elevated blood phe levels (Okano and Nagasaka
2013), the value of self-management in improving the
patients’ individual responsibility and adherence (ten Hoedt
et al. 2011), the development and production of more
palatable and satiating low-phe food products (van Calcar
and Ney 2012) and the practicality of home monitoring
(Wendel and Langenbeck 1996). Progress in these fields
would contribute to converting a cumbersome disease into
an aspect of self-determined life, like diabetes mellitus.
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