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a b s t r a c t
Background: Large neutral amino acid (LNAA) treatment has been suggested as alternative to the burdensome severe phenylalanine-restricted diet. While its working mechanisms and optimal composition have recently been further elucidated, the question whether LNAA treatment requires the natural protein-restricted diet, has still
remained.
Objective: Firstly, to determine whether an additional liberalized natural protein-restricted diet could further improve brain amino acid and monoamine concentrations in phenylketonuria mice on LNAA treatment. Secondly, to
compare the effect between LNAA treatment (without natural protein) restriction and different levels of a
phenylalanine-restricted diet (without LNAA treatment) on brain amino acid and monoamine concentrations in
phenylketonuria mice.
Design: BTBR Pah-enu2 mice were divided into two experimental groups that received LNAA treatment with either
an unrestricted or semi phenylalanine-restricted diet. Control groups included Pah-enu2 mice on the AIN-93 M diet,
a severe or semi phenylalanine-restricted diet without LNAA treatment, and wild-type mice receiving the AIN-93 M
diet. After ten weeks, brain and plasma samples were collected to measure amino acid proﬁles and brain monoaminergic neurotransmitter concentrations.
Results: Adding a semi phenylalanine-restricted diet to LNAA treatment resulted in lower plasma phenylalanine but
comparable brain amino acid and monoamine concentrations as compared to LNAA treatment (without phenylalanine restriction). LNAA treatment (without phenylalanine restriction) resulted in comparable brain monoamine
but higher brain phenylalanine concentrations compared to the severe phenylalanine-restricted diet, and signiﬁcantly higher brain monoamine but comparable phenylalanine concentrations as compared to the semi
phenylalanine-restricted diet.
Conclusions: Present results in PKU mice suggest that LNAA treatment in PKU patients does not need the
phenylalanine-restricted diet. In PKU mice, LNAA treatment (without phenylalanine restriction) was comparable
to a severe phenylalanine-restricted diet with respect to brain monoamine concentrations, notwithstanding the
higher plasma and brain phenylalanine concentrations, and resulted in comparable brain phenylalanine concentrations as on a semi phenylalanine-restricted diet.
© 2021 Published by Elsevier Inc.

1. Introduction
Phenylketonuria (PKU; McKusick 261,600), an inborn error of phenylalanine (Phe) metabolism, is primarily known as the ﬁrst identiﬁed
cause of severe intellectual disability that can “simply” be prevented
Abbreviations: BBB, blood-brain barrier; LNAA, large neutral amino acids; Phe, phenylalanine; PKU, phenylketonuria; 5-HIAA, 5-hydroxyindoleacetic acid.
⁎ Corresponding author at: University Medical Center Groningen, Beatrix Children's
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by a diet [1]. This Phe-restricted diet aims to limit the intake of the
amino acid prior to the metabolic block (i.e. Phe) by restriction of
natural protein and supplementation of a synthetic amino acid mixture devoid of the offending amino acid; a concept that meanwhile
has been applied successfully to many other inborn errors of amino
acid metabolism. Notwithstanding the fact that the Phe-restricted
diet has changed the course of the disease from severe intellectual
disability to a relatively normal outcome, neurocognitive and psychosocial outcome as well as cerebral monoaminergic neurotransmitter concentrations [2] of even early- and continuously treated
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procedure was carried out for male and female mice separately, aiming
to assign littermates to different experimental groups as much as possible (Supplemental Fig. 1). Body weight and food intake were measured
daily during the ﬁrst week of dietary treatment, and weekly thereafter.
Dietary treatment was continued for ten weeks. At the end of the experiment, animals were euthanized by combined heart puncture and
decapitation under inhalation-anesthetics with isoﬂurane.

PKU patients remain suboptimal and the strict Phe-restricted diet is
difﬁcult to comply with [3,4].
As early as 1976, an alternative treatment was suggested for PKU,
consisting of supplementation of non-Phe large neutral amino acids
(LNAA) without restriction of Phe intake [5]. This concept was investigated in several clinical studies showing some promising results [6–20],
but at the same time raising questions about the working mechanism
and optimal application of LNAA treatment that could not easily be answered in the clinical setting. To answer these questions and to systematically investigate an optimal LNAA treatment for PKU patients, we have
taken advantage of the existence of the Pah-enu2 (PKU) mouse model.
This model quite nicely resembles the biochemistry of PKU in humans
[21], and allows for direct measurement of brain amino acid and monoaminergic neurotransmitter concentrations in response to dietary intervention. After performing a proof of principle study, studies were conducted
tofurther optimize the composition of LNAA treatment [22–25].
To optimally apply LNAA treatment in clinical practice, however,
two essential questions remained. The ﬁrst question is whether LNAA
supplementation could be applied as a treatment on its own or a semi
Phe-restricted diet should be added to the LNAA supplementation. The
second question is how LNAA treatment relates to various degrees of
the Phe-restricted diet.
In their study in 1976, Andersen and Avins, injected LNAA to rats
that were made hyperphenylalaninemic by just adding Phe to the diet
(and so clearly without concomitant Phe-restricted diet) [5], while
later clinical studies often applied LNAA supplementation in addition
to at least some degree of a natural protein-restricted diet [6,8,10–15,
26]. In our studies in adult PKU mice, LNAA treatment showed similar
effect to the severe Phe-restricted diet to restore brain monoamines,
while brain and plasma Phe concentrations remained markedly elevated [23]. However, in clinical practice, many adolescent and adult
PKU patients follow a liberalized rather than a severely Phe-restricted
diet [27,28].
This study served two purposes. Firstly, it aimed to determine
whether an additional semi Phe-restricted diet could further improve
brain amino acid and monoamine concentrations in PKU mice on
LNAA treatment. Secondly, it aimed to determine the effect of LNAA
treatment without Phe-restriction on brain amino acid and monoamine
concentrations in comparison to different levels of a Phe-restricted diet
in PKU mice.

2.3. Experimental diets
The protein contents of the experimental diets are presented in
Fig. 1. The basal diet was AIN-93 M [29], which was administered in unadjusted form to both the WT and PKU control group. The Phe-restricted
and semi Phe-restricted diets were produced by reducing the amount of
casein by, respectively, 75% and 33%. This was compensated for by a
synthetic amino acid mixture devoid of Phe, plus 20% extra at the expense of cornstarch for the assumed protein conversion factor. The
semi Phe-restricted diet with LNAA was produced by adding LNAA
instead of the Phe-free synthetic amino acid mixture to the semi
Phe-restricted diet at the expense of cornstarch (and casein) on a
weight-for-weight basis. The total amount of added LNAA in the LNAA
supplemented diets was equal to the amount of protein in the basal
AIN-93 M diet (124.12 g/kg diet), consisting of different amounts of
l-tyrosine (28%), l-tryptophan (17%), l-valine (14%), l-isoleucine (14%),
l-leucine (14%), l-methionine (6%), l-histidine (3%), and l-threonine
(3%). Diets were prepared by Research Diet Services B.V. (Wijk bij
Duurstede, The Netherlands). Results of amino acid analyses in the different diets are presented in Supplemental Table 1.
2.4. Biochemical analyses
To obtain brain material for biochemical analyses, whole brains were
removed and cerebral samples were all individually snap frozen in liquid nitrogen and stored at −80 °C until further preparation. Cerebrum
and blood samples were further processed for the analyses of brain and
plasma amino acid and monoaminergic neurotransmitter (monoamine)
concentrations as described previously [24]. Monoamines and associated
metabolites for which brain concentrations were assessed included dopamine, norepinephrine, 3-methoxytyramine, and normetanephrine in the
catecholamine pathway, and serotonin and 5-hydroxyindoleacetic acid
(5-HIAA) in the serotonergic pathway.

2. Material & methods
2.5. Statistical analyses
2.1. Animals
Statistical analyses were performed using the software IBM SPSS Statistics for Windows, Version 24.0 (Armonk, NY: IBM Corp.). All tests
were performed two-sided at a signiﬁcance level of α = 0.05. Data
are expressed as mean ± standard deviation (SD) unless otherwise
indicated.
Brain and plasma amino acid and brain monoamine concentrations
were analyzed in two steps. First, brain and plasma biochemistry in
PKU mice on a severe or liberalized Phe-restricted diet were compared
to PKU and WT mice on AIN-93 M diet. Secondly, brain and plasma biochemistry in both groups of PKU mice on LNAA treatment (with unrestricted or semi Phe-restricted diet) were compared to a severe and
semi Phe-restricted diet without LNAA supplementation. Data were
ﬁrst analyzed for normal distribution by the Shapiro-Wilk test and for
equal variances by the Levene's test. In case of normal distribution, analyses were performed by one-way ANOVA and Tukey post-hoc analyses.
In case of non-Gaussian distributed data, data were analyzed after logtransformation. In cases of non-Gaussian distributed log-transformed
data or unequal variances, analyses were performed by Kruskal-Wallis
tests and Mann-Whitney U post-hoc analyses with Bonferroni corrections for multiple comparisons.
Body weight was analyzed by one-way ANOVA and Tukey's post-hoc
analysis, separately for male and female mice. Weekly food intake

Breeding pairs of BTBR Pah-enu2 mice had originally been kindly provided by Prof. S. Puglisi-Allegra from the Sapienza University and
Fondazione Santa Lucia, Rome, Italy to establish our own breeding colony.
From heterozygous (HTZ, +/−) mating, we obtained wild-type (WT,
+/+), HTZ, and PKU (−/−) mice of both sexes. After weaning at age
four weeks, genetic characterization was performed by quantitative PCR
analysis on DNA extracted from ear tissue. Water and RMH-B food pellets
(Arie Block BV, Woerden, The Netherlands) were offered ad libitum. From
the start of the experiment, animals were individually housed at 21 ± 1 °C
on a 12-h light-dark cycle. In total, we used 14 WT (7 male, 7 female) and
70 PKU (35 male, 35 female). All procedures and treatments were carried
out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health.
The experimental protocol was approved by the Institutional Animal
Care and Use Committee of the University of Groningen.
2.2. Experimental design
At four to ﬁve weeks of age, animals were included in the experiment, and PKU mice were assigned to one of four experimental dietary
treatment groups or the control group receiving normal chow. This
28
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Fig. 1. Protein contents of the various experimental diets. The dashed line indicates the total protein content of the AIN-93 M control diet.

(expressed as g food · g body weight−1 · wk.−1) was analyzed by oneway ANOVA with Tukey's post-hoc analysis.

supplementation), brain monoamine concentrations were not signiﬁcantly different between PKU mice on LNAA treatment and the severe
Phe-restricted diet. However, LNAA treatment was associated with statistically signiﬁcantly higher brain monoamine concentrations compared to a semi Phe-restricted diet (p < 0.01 for norepinephrine and
5-HIAA; p < 0.05 for serotonin), but concentrations did not completely
reach WT levels.

3. Results
3.1. General health and dietary intake
In general, all experimental diets were well-tolerated by the mice of
all groups. Of the 84 mice included in the experiment, one animal (PKU
male on AIN-93 M diet) was euthanized in the 9th week after inclusion,
because of a wound in his neck after he had injured himself. Moreover,
one PKU female mouse on Phe-restricted diet unexpectedly died six
weeks after inclusion. Postmortem macroscopic examination did not reveal any pathology. At the start of dietary treatment, body weight of WT
mice was signiﬁcantly higher than of PKU mice (p < 0.001 for male and
p < 0.05 for female mice), but did not signiﬁcantly differ between PKU
mice in the various experimental groups. At the end of the 10-week dietary treatment, body weight did not signiﬁcantly differ between any of
the experimental and control groups (p = 0.116 for male; p = 0.076 for
female) (Supplemental Fig. 2).
Food intake (expressed as g food · g body weight−1 · wk.−1) during
the ﬁrst week of dietary treatment was signiﬁcantly lower in WT mice
on AIN-93 M compared to any of the PKU experimental groups
(p < 0.001). Weekly food intake decreased after the ﬁrst week for all experimental and control groups, and remained relatively stable in the
later treatment weeks (Supplemental Fig. 3).

3.3. Brain LNAA
Brain concentrations of individual LNAA in PKU mice on the various
experimental diets as well as in PKU and WT control mice on AIN-93 M
diet are shown in Fig. 3. When assessing the effect of various degrees of
Phe restriction in the diet, brain Phe concentrations in PKU mice on an
unrestricted, semi Phe-restricted, and severe Phe-restricted diet were,
respectively, 670%, 499%, and 231% higher than concentrations in WT
mice on AIN-93 M diet (p < 0.001). In contrast, brain concentrations
of all other LNAA, with the exception of histidine, were signiﬁcantly
lower (p < 0.05) in PKU mice on AIN-93 M than in corresponding WT
mice. These reduced cerebral concentrations were partially restored
on the severe Phe-restricted diet for brain tyrosine, tryptophan, valine,
and threonine, with concentrations being signiﬁcantly higher compared
to those in PKU mice on the AIN-93 M diet (p < 0.01 for tyrosine and valine; p < 0.05 for tryptophan and threonine), but still signiﬁcantly lower
compared to those in WT mice on AIN-93 M diet for tyrosine (p < 0.01),
valine and methionine (p < 0.001), and threonine (p < 0.05).
Addition of a semi Phe-restricted diet to the LNAA treatment was not
associated with signiﬁcantly different brain Phe concentrations (p =
0.274). Also, brain concentrations of other LNAA did not signiﬁcantly
differ between PKU mice on a semi Phe-restricted diet with LNAA and
a semi Phe-restricted diet (without LNAA supplementation).
Brain Phe concentrations in PKU mice on LNAA supplementation
(without Phe-restricted diet) were signiﬁcantly higher than brain Phe
concentrations in PKU mice on a severe Phe-restricted diet (without
LNAA supplementation) (p < 0.001). On LNAA treatment, brain valine
and histidine concentrations were signiﬁcantly higher (p < 0.05 and
p < 0.001, respectively), while brain threonine concentrations were signiﬁcantly lower compared to a severe Phe-restricted diet (p < 0.001).
Compared to a semi Phe-restricted diet, brain Phe concentrations on
LNAA treatment did not signiﬁcantly differ (p = 0.399). On LNAA treatment, brain tyrosine, valine, and methionine concentrations in PKU
mice on LNAA treatment were signiﬁcantly higher (p < 0.001 for tyrosine and valine, and p < 0.05 for methionine), while brain threonine
concentrations were signiﬁcantly lower (p < 0.001) compared to the
semi Phe-restricted diet.

3.2. Brain monoamines
Brain monoamine and associated metabolite concentrations in PKU
mice on the various experimental diets as well as in PKU and WT control
mice on AIN-93 M diet are shown in Fig. 2. In PKU mice on AIN-93 M
diet, brain concentrations of dopamine, norepinephrine, serotonin,
normetanephrine, and 5-HIAA were, respectively, 77% (p < 0.01), 62%
(p < 0.001), 44% (p < 0.001), 73% (p < 0.001), and 28% (p < 0.001)
of concentrations in WT mice on AIN-93 M diet. These cerebral
monoamine deﬁciencies were (partially) restored on the severe Pherestricted and semi Phe-restricted diets, with a tendency of concentrations being higher on the severe Phe-restricted diet than on the semi
Phe-restricted diet, which was statistically signiﬁcant for brain norepinephrine (p < 0.001), serotonin (p < 0.05), and 5-HIAA (p < 0.001).
Addition of a semi Phe-restricted diet to the LNAA treatment was not
associated with signiﬁcantly different brain monoamine concentrations.
When assessing LNAA treatment (without Phe-restricted diet) in comparison to different levels of a Phe-restricted diet (without LNAA
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Fig. 2. Brain concentrations of A) dopamine, B) norepinephrine, C) serotonin, D) 3-methoxytyramine, E) normetanephrine, and F) 5-hydroxyindoleacetic acid (5-HIAA) in WT and PKU
mice after ten weeks of receiving various diets. Numbers of mice are n = 13–14 for all experimental groups. Untransformed data are expressed as mean ± SEM. * p < 0.05;
** p < 0.01; *** p < 0.001 (two-sided) compared to PKU mice on the severe Phe-restricted diet unless otherwise indicated. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 (two-sided)
compared to PKU mice on the semi Phe-restricted diet. Statistical analyses were performed in two steps: 1) PKU mice on a severe and semi Phe-restricted diet were compared with
PKU and WT mice on AIN-93 M diet, and 2) PKU mice on LNAA treatment to either an unrestricted or semi Phe-restricted diet were compared to a severe and semi Phe-restricted diet
without LNAA supplementation. Analyses were performed by one-way ANOVA and Tukey post-hoc analyses. In case of not normally distributed data, data were analyzed after logtransformation. In cases of not normally distributed log-transformed data (assessed by Shapiro-Wilk test) or unequal variances (assessed by Levene's test), analyses were performed
by Kruskal-Wallis tests and Mann-Whitney U post-hoc analyses. LNAA, large neutral amino acid; Phe, phenylalanine; PKU, phenylketonuria; WT, wild-type.

diet for optimal effect. Secondly, it aimed to determine how LNAA treatment relates to various degrees of a Phe-restricted diet in PKU mice. The
three most important ﬁndings were that: 1) on a semi Phe-restricted
diet as in addition to LNAA supplementation, brain amino acid and
monoamine concentrations did not signiﬁcantly differ, while plasma
Phe concentrations were signiﬁcantly lower; 2) on LNAA treatment,
brain monoamine concentrations were comparable to those on the severe Phe-restricted diet and signiﬁcantly higher than those on the
semi Phe-restricted diet; and 3) on LNAA treatment, brain Phe concentrations were signiﬁcantly higher than those on the severe Pherestricted diet, and lower than those on the semi Phe-restricted diet.
The present study aimed to provide an answer to one of the old controversies regarding the concept and deﬁnition of LNAA treatment in
PKU [30]. What actually is LNAA treatment, and how should it be applied? When LNAA supplementation was ﬁrst proposed as a possible alternative treatment strategy for PKU by Andersen et al. in 1976, LNAA
were injected to hyperphenylalaninemic rats, which reduced brain
Phe concentrations [5]. The ﬁrst clinical studies on LNAA treatment investigated supplementation of combinations of selected LNAA (valine
+isoleucine+leucine or tyrosine and/or tryptophan), often on top of a
Phe-restricted diet [31–41]. It was only in 1999 that Pietz et al. again
assessed the effect of LNAA supplementation (including all LNAA but
threonine) in combination with an oral Phe load, similar to the ﬁrst
study in rats [13]. Further studies on LNAA treatment continued to
show this variation in applications, adding LNAA to an unrestricted as
well as to (different severities of) a Phe-restricted diet [8,10–12,
14–20]. The deﬁnition of LNAA treatment thereby has become even
more unclear [30]. More importantly, however, none of these studies
actually compared both applications of LNAA treatment. The present
data in PKU mice show that, despite the fact that plasma Phe concentrations were signiﬁcantly lower when a semi Phe-restricted diet was
added to LNAA treatment, brain amino acid and neurotransmitter concentrations did not signiﬁcantly differ. Thereby, the present data in
PKU mice show no additional value of a semi Phe-restricted diet to
LNAA treatment with respect to brain biochemistry. Arguing the other
way round, current data suggest that, with higher plasma Phe concentrations (due to increased relaxation of the Phe-restricted diet with

3.4. Plasma LNAA
Plasma concentrations of individual LNAA in PKU mice on the various experimental diets as well as in PKU and WT control mice on AIN93 M diet are shown in Fig. 4. Plasma Phe concentrations in PKU mice
on an unrestricted, semi Phe-restricted, and severe Phe-restricted diet
were, respectively, 2160%, 1570%, and 440% of the 79 μmol/l in WT
mice on AIN-93 M diet (p < 0.001). In contrast, plasma concentrations
for all other LNAA except for isoleucine and histidine were signiﬁcantly
lower in PKU mice on AIN-93 M than in WT mice on AIN-93 M
(p < 0.05). These reductions were partially restored in PKU mice on
the severe Phe-restricted diet for tyrosine, tryptophan, and threonine
with concentrations being signiﬁcantly higher compared to mice on
AIN-93 M diet (p < 0.05).
Addition of a semi Phe-restricted diet to LNAA supplementation resulted in signiﬁcantly lower plasma Phe concentrations (p < 0.001).
Plasma concentrations of other LNAA did not signiﬁcantly differ between PKU mice on a semi Phe-restricted diet with LNAA and a semi
Phe-restricted diet (without LNAA supplementation).
Plasma Phe concentrations in PKU mice on LNAA treatment (without
Phe-restricted diet) were signiﬁcantly higher than on a severe Pherestricted diet (p < 0.001). Compared to a semi Phe-restricted diet,
however, plasma Phe concentrations in PKU mice on LNAA supplementation did not signiﬁcantly differ (p = 0.168). With respect to the other
LNAA, plasma concentrations of supplemented LNAA except for tryptophan, histidine, and threonine were signiﬁcantly higher in PKU mice on
LNAA treatment than on the severe and semi Phe-restricted diets.

4. Discussion
Insufﬁcient understanding of whether LNAA treatment requires
some degree of additional Phe-restricted diet, and to what extend
LNAA treatment could replace the current Phe-restricted diet, hampers
its clinical application as alternative treatment in PKU. Therefore, the
present study served two purposes. Firstly, it aimed to determine
whether LNAA treatment requires addition of a semi Phe-restricted
30
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Fig. 3. Brain concentrations of A) phenylalanine, B) tyrosine, C) tryptophan, D) valine, E) isoleucine, F) leucine, G) methionine, H) histidine, and I) threonine in WT and PKU mice after ten
weeks of receiving various diets. Numbers of mice are n = 13–14 for all experimental groups. Untransformed data are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 (twosided) compared to PKU mice on the severe Phe-restricted diet unless otherwise indicated. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 (two-sided) compared to PKU mice on the semi Pherestricted diet. Statistical analyses were performed in two steps: 1) PKU mice on a severe and semi Phe-restricted diet were compared with PKU and WT mice on AIN-93 M diet, and
2) PKU mice on LNAA treatment to either an unrestricted or semi Phe-restricted diet were compared to a severe and semi Phe-restricted diet without LNAA supplementation. Analyses
were performed by one-way ANOVA and Tukey post-hoc analyses. In case of not normally distributed data, data were analyzed after log-transformation. In cases of not normally
distributed log-transformed data (assessed by Shapiro-Wilk test) or unequal variances (assessed by Levene's test), analyses were performed by Kruskal-Wallis tests and MannWhitney U post-hoc analyses. LNAA, large neutral amino acid; Phe, phenylalanine; PKU, phenylketonuria; WT, wild-type.

Against these accepted treatment recommendations, however, adult
patients often (further) relax their dietary restrictions, showing plasma
Phe concentrations around or above 1200 μmol/l, which has been associated with aggravated symptomatology [43]. Supplementation of LNAA
has previously been suggested as a less-demanding alternative treatment strategy to improve neuropsychological outcome, especially in
adult PKU patients who have liberalized or would like to liberalize
their dietary restrictions [23]. To such purpose, the question arose to
what level of the Phe-restricted diet LNAA treatment corresponds. In
the present study, LNAA treatment showed comparable effect to improve brain monoamine concentrations in PKU mice as was the severe
Phe-restricted diet in which natural protein was restricted by 75% and
plasma Phe concentrations were 347 μmol/l (approximately 4.4 times
plasma Phe concentrations in WT mice). This ﬁnding is in agreement
with our previous data on LNAA treatment obtained in adult PKU mice
[23]. Brain Phe concentrations on LNAA treatment, on the other hand,
were found to be signiﬁcantly higher than on the severe Pherestricted diet, but lower than on the semi Phe-restricted diet in
which natural protein was restricted by 33% and plasma Phe concentrations were 1230 μmol/l (approximately 15.7 times plasma Phe concentrations in WT mice). Thereby, when it comes to a clinical application of
LNAA treatment for PKU patients, the value of LNAA treatment in

age), the advantage that can be gained by LNAA supplementation becomes larger. This shows one of the principal differences between the
application of the synthetic amino acid mixture as part of the Pherestricted diet and LNAA treatment, besides the fact that the composition of LNAA in both supplements is different [23]. While the amino
acid mixture primarily aims to prevent nutritional deﬁciencies due to
reduced natural protein intake, and thus could be decreased with relaxation of dietary restrictions, LNAA treatment primarily aims to optimize
brain amino acid and monoamine biochemistry by competition with
Phe for transport across the BBB and supplementation of more amino
acid precursors for monoamine synthesis. Thereby, with higher plasma
Phe concentrations, LNAA supplementation seems to become increasingly important.
Besides the question how LNAA treatment should be applied, the
present study aimed to determine how LNAA treatment relates to various degrees of a Phe-restricted diet in PKU mice. Today, treatment recommendations according to both the European PKU guideline and USA
consensus statement advocate upper target plasma Phe levels of
360 μmol/l for children up to the age of 12 years. Thereafter, advocated
upper target plasma Phe levels differ across the globe, remaining
360 μmol/l according to the USA consensus statement, while being liberalized to 600 μmol/l according to the European guideline [3,42].
31
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Fig. 4. Plasma concentrations of A) phenylalanine, B) tyrosine, C) tryptophan, D) valine, E) isoleucine, F) leucine, G) methionine, H) histidine, and I) threonine in WT and PKU mice after ten
weeks of receiving various diets. Numbers of mice are n = 13–14 for all experimental groups. Untransformed data are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 (twosided) compared to PKU mice on the severe Phe-restricted diet unless otherwise indicated. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 (two-sided) compared to PKU mice on the semi Pherestricted diet. Statistical analyses were performed in two steps: 1) PKU mice on a severe and semi Phe-restricted diet were compared with PKU and WT mice on AIN-93 M diet, and
2) PKU mice on LNAA treatment to either an unrestricted or semi Phe-restricted diet were compared to a severe and semi Phe-restricted diet without LNAA supplementation. Analyses
were performed by one-way ANOVA and Tukey post-hoc analyses. In case of not normally distributed data, data were analyzed after log-transformation. In cases of not normally
distributed log-transformed data (assessed by Shapiro-Wilk test) or unequal variances (assessed by Levene's test), analyses were performed by Kruskal-Wallis tests and MannWhitney U post-hoc analyses. LNAA, large neutral amino acid; Phe, phenylalanine; PKU, phenylketonuria; WT, wild-type.

Phe-restricted diet. Results in PKU mice suggest that LNAA treatment
for PKU patients can be a treatment on its own, with no signiﬁcant additional value of a semi Phe-restricted diet to LNAA treatment with respect to brain amino acid or monoamine concentrations. Moreover,
LNAA treatment was comparable to a severe Phe-restricted diet with respect to brain monoamine, and comparable to a semi Phe-restricted diet
with respect to brain Phe concentrations.

relation to the current Phe-restricted diet seems to primarily depend on
the relative importance of brain monoamine versus brain Phe concentrations to neuropsychological outcome of PKU patients. In this assessment, the age of the patient could be an important factor, as results
suggest that PKU symptomatology in adult PKU patients is associated
with impaired cerebral monoamine synthesis [2,44], while the risk of
(severe) intellectual disability in un(der)treated PKU patients during
childhood has been primarily associated with direct Phe neurotoxicity.
Considering the strong effect of LNAA treatment on brain monoaminergic neurotransmitter levels in adult PKU mice, even if not accompanied
by a Phe-restricted diet, LNAA treatment seems to be a promising alternative treatment strategy for those adult PKU patients who cannot comply with the severe dietary restrictions. Moreover, to enable comparison
between LNAA treatment and the Phe-restricted diet with respect to
their effect on brain (Phe) biochemistry in the clinical setting (as well
as for the possible purpose of LNAA treatment monitoring), further research should focus on the identiﬁcation of peripheral biomarkers that
would reﬂect brain biochemistry.
In conclusion, the present study in PKU mice investigated whether
LNAA treatment requires some degree of additional dietary Pherestriction, and how LNAA treatment relates to various degrees of a
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