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Summary Phenylketonuria is an inborn error of amino
acid metabolism that results in severe mental retardation
if not treated early and appropriately. The traditional
treatment, consisting of a low-phenylalanine diet, is
usually difficult to maintain throughout adolescence
and adulthood, resulting in undesirable levels of blood
phenylalanine and consequent neurotoxicity. The neurotoxicity of phenylalanine is enhanced by its transport
mechanism across the blood-brain barrier, which has the
highest affinity for phenylalanine compared with the
other large neutral amino acids that share the same
carrier. The supplementation of large neutral amino
acids in phenylketonuric patients has been showing
interesting results. Plasma phenylalanine levels can be
reduced, which may guarantee important metabolic and
clinical benefits to these patients. Although long-term
studies are needed to determine the efficacy and safety of
large neutral amino acids supplements, the present state
of knowledge seems to recommend their prescription to
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all phenylketonuric adult patients who are non-compliant
with the low-phenylalanine diet.
Abbreviations
BBB
blood-brain barrier
BH4
tetrahydrobiopterin
LNAA large neutral amino acids
PAH
phenylalanine hydroxylase
Phe
phenylalanine
PKU
phenylketonuria

Introduction
Phenylketonuria (PKU; OMIM # 261600) is an inborn
error of amino acid metabolism first described in 1934
(Centerwall and Centerwall 2000; Matalon 2001).
Eleven years later, Penrose suggested that the chemical explanation for the disease was hyperphenylalaninaemia (Scriver and Kaufman 2001). The hepatic
hydroxylation of phenylalanine (Phe) into tyrosine is
catalysed by the enzyme phenylalanine hydroxylase
(PAH; L-phenylalanine-4-monooxygenase), which uses
tetrahydrobiopterin (BH4; (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin) as a cofactor (Scriver and Kaufman
2001). Hyperphenylalaninaemia can result from mutations in the gene encoding PAH, in the loci for one of
the three enzymes in the pathway for BH4 biosynthesis, or in the loci for 4a-carbinolamine dehydratase or
dihydropteridine reductase (DHPR), the two enzymes
responsible for the regeneration of BH4 from the
oxidized form (Scriver and Kaufman 2001). BH4 is
also important as a cofactor for the hydroxylation of
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and L-tyrosine, and for nitric oxide synthase activity (Walter et al 2006) (Fig. 1).
PAH deficiency may be classified according to
plasmatic Phe concentrations when patients are ingesting a normal protein-containing diet (Walter et al
2006). Considering the neonatal screening values of
Phe plasma levels and the Portuguese Newborn
Screening Commission, the disease severity can be
classified into hyperphenylalaninaemia (blood Phe
between 3 and 6 mg/dl), mild PKU (blood Phe
between 6 and 20 mg/dl) and classical PKU (blood
Phe higher than 20 mg/dl) (Rocha et al 2007). Normal
blood Phe levels lie between 0.6 and 2 mg/dl (Hanley
2004; Scriver and Kaufman 2001). The overall global
prevalence in screened populations is approximately
1:12 000 (Walter et al 2006), with a prevalence of 1:10
914 in Portugal (Rocha et al 2007).
The clinical presentation of untreated patients shows a
progressive and irreversible neurological impairment,
with low IQ levels. The clinical signs in untreated
patients also include a mousy odour, eczema, reduced
pigmentation, reduced growth and microcephaly. In
these patients, it is also probable to find behavioural
problems such as hyperactivity, purposeless movements,
stereotypy, aggressiveness, anxiety and social withdrawal
(Walter et al 2006).

Treatment of PKU

Fig. 1 Phenylalanine metabolism. BH2, dihydrobiopterin; BH4,
tetrahydrobiopterin; DHPR, dihydropteridine reductase; GTP,
guanosine triphosphate; GTPCH, guanosine triphosphate cyclohydrolase; NO, nitric oxide; NOS, nitric oxide synthase; P,
phosphate; PAH, phenylalanine hydroxylase; PCD, pterin-4a-

carbinolamine dehydratase; PTPS, pyruvoyl-tetrahydrobiopterin
synthase; SR, sepiapterin reductase; TRPH, tryptophan hydroxylase; TYRH, tyrosine hydroxylase. The enzyme deficiencies are
represented as solid bars across the arrows. Adapted from
Walter et al (2006)

Phe levels within fluid compartments in the body are a
result of a balance between diet, endogenous catabolism of proteins and conversion of Phe to other
metabolites (Scriver and Kaufman 2001). The main
objective of the traditional and most efficacious
strategy for PKU treatment (Bickel et al 1953) is to
maintain blood Phe levels below 6 mg/dl until 12 years
of age, and below 8 mg/dl from that age onwards
(Rocha et al 2007). During the early years of life,
dietary Phe restriction is successful but, as the children
get older, the dietary adherence is poorer (Finkelson
et al 2001; Walter et al 2002). In some centres, about
60% or more of adolescents and adults are not
following the dietary treatment. Interruption of treatment results in blood Phe levels rising, with such
undesirable consequences as poor school performance,
impairment of executive function, loss of IQ and
deterioration of white matter in the brain (Burgard et
al 1997; Fisch et al 1995; Griffiths et al 1995; Pietz et al
1998; Ris et al 1994; Schmidt et al 1994; Thompson et
al 1990). One of the main reasons for discontinuation
of treatment may be the taste and the quantity of the
amino acid mixtures that usually must be prescribed to
these patients.
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As desirable metabolic control is not easily achieved
in these patients, the need for different strategies of
treatment is imperative. In a minority of patients, PKU
is due to a deficiency in one of the enzymes involved in
the synthesis or recycling of its BH4 cofactor. These
patients must thus be treated with an oral administration of BH4 in order to normalize their blood Phe
levels (Scriver and Kaufman 2001). Since 1999 (Kure
et al 1999), the number of reports of BH4 responsiveness in PAH-deficient PKU patients has been
increasing, expanding important knowledge for the
elaboration of guidelines to evaluate its responsiveness and use in PKU treatment (Levy et al 2007). In
Portugal, we hope that it will be soon possible to test
and treat at least some PAH-deficient patients with
sapropterin dihydrochloride (synthetic BH4), allowing them to have a more liberal diet, apparently with
very limited secondary effects (Burlina and Blau
2009; Lee et al 2008). Another strategy that has
recently appeared in the field of nutritional treatment
of PKU is the use of glycomacropeptide in the
production of special foods and beverages (Ney et al
2009), which apparently has promising benefits
regarding nutritional status in PKU (van Calcar et al
2009). All these strategies are of particular importance for the future treatment of PKU patients
because, at the moment, other therapeutic strategies,
such as gene therapy or treatment with Phe ammonialyase (a non-mammalian enzyme that degrades Phe),
are not yet available (Sarkissian et al 2009).
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507 amino acids with a molecular weight of ~55 kDa
(Kanai et al 1998; Mastroberardino et al 1998), and is an
amino acid exchanger with 1:1 stoichiometry (del Amo
et al 2008). This facilitative transport system exists on
both the luminal and abluminal membrane of brain
endothelial cells (Sanchez del Pino et al 1992, 1995) and
is sodium-independent (Smith 2000). Considering the
competition between LNAA for LAT1 and the different affinity of this transporter for different LNAA,
blood ratios of these LNAA and the individual affinity
of LAT1 for each of them determine their net uptake
from blood into the brain. Phe has the highest affinity
for the system, with a Km (half-saturation concentration
in the absence of competitors) of 11 2mol/L (Smith
2000). Thus, high plasma Phe concentrations impairs
uptake of the other LNAA (the branched-chain amino
acids, tyrosine and tryptophan) into the brain (Scriver
and Kaufman 2001). On the other hand, brain efflux of
some small neutral amino acids (alanine, serine and
cysteine) (Ohtsuki and Terasaki 2007) and also of
LNAA seems to occur by a sodium-dependent mechanism with energy consumption (O_Kane et al 2004;
O_Kane and Hawkins 2003). Therefore, the brain has
access to all the neutral amino acids through the
facilitative system LAT1 and has the ability to adjust
the composition of its extracellular fluid by a sodiumdependent system (Hawkins et al 2006; Ohtsuki and
Terasaki 2007).

Consequences of PKU for the transport across
the BBB
Transport of Phe across the blood-brain barrier
Although PAH deficiency occurs at the hepatic level,
the clinical effects of hyperphenylalaninaemia are on
brain development and function (Scriver and Kaufman
2001). The blood-brain barrier (BBB) is formed by the
brain capillary endothelial cells (Hawkins et al 2006).
This barrier is made through the peculiar arrangement
of these endothelial cells, characterized by a great
number of tight junctions between them (Brightman
and Reese 1969); thus, the BBB blocks the paracellular
movement and also prevents the exchange of intrinsic
proteins and lipids between the luminal (blood-facing)
and abluminal (brain-facing) domains (van Meer and
Simons 1986; van Meer et al 1986). Transport of large
neutral amino acids (LNAA; Phe, leucine, tyrosine,
tryptophan, threonine, isoleucine, valine, methionine
and histidine) across the BBB is mediated by the large
neutral amino acid transporter 1 (LAT1) (Hawkins et al
2006). LAT1 (SLC7A5) was first cloned in 1998 (Kanai
et al 1998; Mastroberardino et al 1998). It consists of

Brain Phe concentration results mainly from its transport across the BBB (McKean 1972), explicable by the
greater affinity of the LNAA carrier for Phe than for
the other LNAA (Pietz et al 1999). The primary
consequence of increased blood Phe is increased brain
Phe. The second consequence, resulting from the
competition that exists between Phe and all the other
LNAA for transport at the BBB level (LAT1-mediated), is a disturbance in brain uptake of the other LNAA
(mainly the branched-chain amino acids tyrosine and
tryptophan) (Scriver and Kaufman 2001). Brain availability of these amino acids can be seriously disturbed
by a modest supraphysiological plasma Phe concentration (in the range of 200–500 2mol/L to 3.3–8.3 mg/dl)
(Pardridge 1998). Indeed, assessment of BBB permeability to Phe and leucine using a double indicating
method at different plasma Phe concentrations in
normal volunteers and PKU patients clearly shows a
reduction in the net uptake of LNAA in PKU patients
(Knudsen et al 1995). The imbalance caused by excess
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plasmatic Phe will affect brain tryptophan availability
(Fernstrom and Wurtman 1972) with a concomitant
reduction in brain serotonin synthesis (Burlina et al
2000; Surtees and Blau 2000), as well as brain tyrosine
availability, which certainly results in reduced dopamine, noradrenaline and adrenaline biosynthesis
(Puglisi-Allegra et al 2000). As already indicated, BH4
is the essential cofactor of Phe, tyrosine and tryptophan
monooxygenases (Surtees and Blau 2000). Thus, despite
the normal bioavailability of BH4 in patients with
classical PKU, the increased brain concentrations of
Phe will promote a competitive inhibition of brain
tyrosine and tryptophan monooxygenases, resulting in a
diminished production of catecholamines and serotonin,
respectively (Surtees and Blau 2000). An additional
consequence of the impaired LNAA transport across
the BBB is perturbed protein synthesis that has been
observed in animal models (Binek-Singer and Johnson
1982; McKean et al 1968). Moreover, high brain Phe
concentrations also cause a reduction in brain weight,
cell number and deoxyribonucleic acid levels, possibly
as a consequence of some secondary undernutrition due
to the unavailability of total essential amino acids at the
brain level (Hoeksma et al 2009; Huether et al 1983;
Surtees and Blau 2000). Finally, the abnormalities in
myelinization that worsen the clinical picture of PKU
patients appear to be a combination of increased myelin
turnover and decreased myelin production, both appearing secondary to an increase in brain Phe concentrations
(Surtees and Blau 2000). All these factors contribute to
the pathophysiology of the neurological impairment
seen in PKU, especially in non-treated patients or in
those who were late-diagnosed. In summary, it seems
that a high brain Phe concentration is not the only
factor responsible for the brain dysfunction seen in
PKU patients (van Spronsen et al 2009).
Interestingly, the impact of plasma Phe concentrations on brain Phe content is not the same in all patients
with PKU. There is individual variability/susceptibility
related to the transport of LNAA across the BBB that
is not clearly explained by the genotype (Pardridge
1998). This finding helps to explain why, despite having
significantly elevated plasma Phe levels, some patients
show normal or low brain Phe concentrations and
normal executive functions (Weglage et al 2001, 2002).
Intellectual outcome seems to be more closely related
to brain Phe levels than to plasma Phe levels (Brumm
et al 2004; Koch and Guttler 2000; Koch et al 2000;
Moats et al 2000, 2003; Moller et al 2000). With this in
mind, and considering that we should always emphasize
the treatment of the patient rather than of the plasma
Phe level, it is crucial to maintain an open window for
new perspectives in the treatment of PKU patients.
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LNAA supplementation in the treatment of PKU
patients
The role of LNAA and aspects related to their
transport into the brain in PKU patients has been an
issue since 1953, with the work of Christensen, who
proposed that high blood concentrations of Phe could
interfere with the transport of the other LNAA into
the brain (Christensen 1953). However, it was only 30
years later that branched-chain amino acid supplementation (with valine, isoleucine and leucine) was shown
to result in a near 21% reduction of cerebrospinal
fluid-serum ratio of Phe, with no reported amino acid
imbalances (Berry et al 1982). A few years later, a
LNAA therapy for adult PKU patients non-compliant
with the Phe-restricted diet was proposed for the first
time. This study was developed at the John F.
Kennedy Institute in Denmark, and apparently had a
good outcome (Lou et al 1994). One year later,
Dotremont and colleagues (Dotremont et al 1995)
published a study of LNAA supplementation, for one
month, in four PKU patients. A daily supplement of
0.8 g of LNAA (lysine-free) per kg body weight,
together with a low protein diet (0.6 g/kg per day), led
to a negative nitrogen balance due to lysine deficiency.
It was concluded that the formulation was not adequate to treat PKU patients (Dotremont et al 1995).
As mentioned already, it should not be forgotten that
the main objective of dietary treatment of PKU
patients is the prevention of neurological damage.
Thus, the previous studies were important but could
not clearly show any advantage in terms of reduction
of brain Phe concentrations. The possibility of detecting brain Phe concentrations by proton magnetic
resonance spectroscopy (1H MRS) was of crucial
importance, considering the need to find a way to
quantify the real efficacy of LNAA mixtures (Kreis et
al 1995; Novotny et al 1995). With the possibility of
measuring the brain influx of Phe by 1H MRS (Pietz et
al 1995), it was finally confirmed that LNAA have the
ability to block Phe transport into the brain (Pietz et al
1999). The work of Pietz and colleagues involved
giving an oral purified L-Phe dose (100 mg/kg body
weight), with or without LNAA, and measuring the
influx of Phe into the brain (Pietz et al 1999). The
LNAA mixture was composed of 150 mg/kg body
weight of each of the following amino acids: valine,
methionine, isoleucine, leucine, tyrosine, histidine and
tryptophan. Despite the increased plasma Phe concentrations observed in response to the Phe challenge,
cerebral Phe concentrations remained unchanged, or
even decreased, during the concomitant LNAA mixture administration. Although, as the authors argued,
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there could be an increased efflux of brain Phe in the
presence of the LNAA mixture, the most plausible
mechanism involved was certainly a block in Phe brain
influx caused by the LNAA mixture. The same work
raised again the question whether young adult patients
off diet might profit from the continuing intake of
amino acid mixtures. Indeed, in most countries,
including Portugal, the concept of Bdiet for life^ is
adopted (Rocha et al 2007).
Considering that in the work of Pietz and colleagues
(Pietz et al 1999) only adult male PKU patients were
included, and that its results were found after an initial
challenge with Phe, it was important to see whether
LNAA supplementation could also be of interest for
patients on a normal diet pattern. In six patients (four
female and two male) on a relaxed diet (average
protein intake ranging from 0.6 to 1.0 g/kg per day),
the ingestion of LNAA tablets (PreKUnil, Nilab,
Denmark), at 0.4 g/kg of body weight, resulted in
slightly lower blood Phe concentrations after one and
six months of therapy, and in a gradual decline in brain
Phe concentrations. On the other hand, an increase on
blood tyrosine and tryptophan levels was observed
(Koch et al 2003). The PreKUnil tablets used were
comprised L-forms of tyrosine, tryptophan, methionine, isoleucine, threonine, valine, leucine, histidine
and arginine (Koch et al 2003). Similarly to the results
presented by Pietz and colleagues (1999), the increased
blood LNAA concentrations (mainly tyrosine and
tryptophan) possibly had an inhibitory effect of brain
Phe influx, shown by the severe reduction in brain Phe
concentrations over the six months of the study (Koch
et al 2003). The authors of this study added another
positive benefit from the better brain amino acid
profile achieved. They suggested that the higher blood
tyrosine and tryptophan concentrations could reduce
the risk of depression in PKU patients, usually
attributed to diminished dopamine and serotonin brain
levels (Blows 2000; Guttler and Lou 1986; PuglisiAllegra et al 2000).
Although the benefits for brain Phe concentrations
were clear, blood Phe levels seem not to be particularly influenced by the ingestion of LNAA mixtures.
Accordingly, a new formulation with a different amino
acid pattern (NeoPhe, Prekulab, Korsor, Denmark)
was tested in 11 patients with PKU (Matalon et al
2006). These new tablets had all the amino acids
present in preKUnil, but with changes in their
concentrations, plus added lysine (Matalon et al
2006). The inclusion of lysine, while retaining arginine,
seems to be important considering that these two
amino acids use the same carrier at the gastrointestinal
level (Hidalgo and Borchardt 1990). The daily admin-
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istration of LNAA supplements (from 0.5 to 1 g/kg
body weight) resulted in a 52–55% average reduction
of plasma Phe concentrations, probably as a result of the
competition between Phe and the other LNAA for
absorption at the gastrointestinal level (Matalon et al
2006). However, the reduction in plasma Phe concentrations could also be the result of a higher degree of
amino acid anabolism, or could result from the fact that
the lower amount of natural protein available allowed a
better competitive effect of LNAA. Nevertheless, these
results emphasized the importance of LNAA supplements also for controlling blood Phe concentrations,
even though that study did not measure its effects on
brain Phe levels (Matalon et al 2006).
Even with these encouraging results (Matalon et al
2006), the need for results from a double-blind placebo
control trial was unequivocal. Patients from six centres
were recruited in order to test the effect of LNAA
supplementation (taken daily at 0.5 g/kg body weight)
on blood Phe levels. In all of the 20 patients studied,
blood Phe concentrations dropped significantly while
on LNAA supplements. The average blood Phe
reduction with LNAA supplements was of 39%, which
was considered statistically significant, when compared
with the decline of about 5.4% of the placebo trial
(Matalon et al 2007).
Considering the beneficial effect of LNAA supplementation on plasma Phe levels, there was a great wish
to find positive correlations between blood and brain
Phe concentrations. However, and similarly to previous works (Brumm et al 2004; Koch and Guttler 2000;
Koch et al 2000; Moats et al 2000, 2003; Moller et al
2000), there was no positive correlation between blood
and brain Phe levels when plasma Phe concentration
was below 1200 2mol/L (20 mg/dl), in a very recent
report (Schindeler et al 2007). Once again, the results
confirmed the interest in LNAA supplementation in
the regulation of plasma Phe levels, most probably
because of the competitive absorption of LNAA at the
intestinal mucosa (Broer 2008). The competitive
intestinal absorption of LNAA was verified using both
rabbit and mouse intestinal tissue (Karasov et al 1986;
Munck and Munck 1994; Stevens et al 1982) and
human intestinal epithelial Caco-2 cells, where Phe
and other LNAA were shown to compete for transport
from the apical to the basolateral membrane (Berger
et al 2000).
It is important to appreciate that, although some of
the present results are encouraging, at the moment
LNAA cannot be used during pregnancy. This strategy,
therefore, does not apply to maternal PKU cases.
Finally, it should be mentioned that all the work
done in the field of LNAA supplementation in PKU
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(Table 1) may also be of special interest in the
treatment of other inherited metabolic diseases (e.g.
maple syrup urine disease, tyrosinaemia and homocysteinuria) (Matalon et al 2006).

Conclusions
Although treatment of PKU patients with LNAA
supplements has shown interesting results, this
strategy still raises some controversial questions. At
the moment, it is recommended only for noncompliant adult PKU patients who are not following
the dietary treatment. In these patients, the potential

reduction of plasma Phe levels may be of particular
importance. However, for individuals already complying with the diet and amino acid mixtures, LNAA
supplementation is of limited value. In the meantime, the future utility of LNAA treatment must be
considered, mainly because the concept of Bdiet for
life^ is adopted by several treatment centres, and
because compliance of patients seems acceptable,
even when considering the daily number of LNAA
tablets prescribed. On the other hand, the most
promising alternative strategy for treatment of PKU,
which is the use of BH4, has been tested successively,
although without the ability to normalize blood Phe
levels in all patients. We think that, at present, more

Table 1 The reported effects of LNAA supplements in patients with PKU
Authors/location

Patients Number (n) and
ages

Study design

Results

Dotremont et al
(1995)

Patients with PKU n=4

The formulation used was considered
inadequate given the negative
nitrogen balance observed

Pietz et al (1999)
Germany and
Switzerland

5 PKU patients with
moderate phenotype and
1 PKU patient with
severe phenotype n=6
(6 male) Ages: 26–30
years
Classical PKU n=6
(4 female; 2 male) Ages:
20–34 years

One-month study using a LNAA
supplement formula without lysine
on a dosage of 0.8 g/kg per day, with
patients maintaining a low-protein
diet (0.6 g/kg per day)
Cross-over study with an initial
challenge with Phe (100 mg/kg)
followed by a LNAA mixture
composed of 150 mg/kg of each
amino acid; brain PHE concentration
was measured by 1H MRS
All the subjects were treated with 0.4 g/kg
per day of a LNAA supplement
(PreKUnil, Nilab, Denmark) while on
an increased natural protein diet
Open-label study with 8 patients (mean
age 20.5 years) receiving 0.5 g/kg per
day and 3 patients (mean age 16.5
years) receiving 1.0 g/kg per day of
LNAA mixture (NeoPhe, Prekulab,
Korsor, Denmark) while maintaining
the same diet as usual prior to
enrolling in the trial
Double-blind placebo control study
using a dosage of 0.5 g/kg per day of
LNAA mixture (NeoPhe, Prekulab,
Korsor, Denmark) while maintaining
the same diet as usual prior to
enrolling in the trial
Prospective double-blind cross-over
study using a LNAA powder mix at
the dosage of 250 mg/kg per day

Koch et al (2003)
USA

Matalon et al
(2006) Russia,
Ukraine, USA
and Denmark

Patients with PKU n=11
(7 female; 4 male) Ages:
old enough to swallow
pills

Matalon et al
(2007) USA,
Italy, Brazil,
Ukraine, Russia,
Denmark

All classical PKU patients
except one n=20
(12 female; 8 male)
Ages: 11–32 years

Schindeler et al
(2007) Australia

Classical PKU n=16
(9 female, 7 male) Ages:
11–45 years

LNAA supplementation blocked PHE
influx into the brain and there was no
slowing of EEG activity

No change in blood Phe concentrations
but brain PHE concentrations
gradually decreased during the study
(6 months)
Blood PHE concentrations
significantly decreased by 50% after
one week in all the patients after
NeoPhe; with treatment
discontinuation, blood Phe levels
returned to pre-trial levels

Blood Phe concentration dropped
significantly (39%) in the 20 patients
after one week of treatment with
NeoPhe

Higher plasma Phe levels were found
when LNAA intake was lowest.
Absence of a positive correlation
between plasma and brain Phe when
plasma Phe level was under 1200
2mol/L. LNAA supplementation
alone with a positive effect on
executive functions.
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long-term studies, evaluating efficacy and safety, are
necessary in order to generalize LNAA therapy as a
recommendation for adolescents and adults with
PKU.
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