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Abstract
Phenylketonuria (PKU) is an autosomal recessive inborn error of phenylalanine (Phe) metabolism resulting from deficiency of 
phenylalanine hydroxylase (PAH). Most forms of PKU and hyperphenylalaninaemia (HPA) are caused by mutations in the PAH 
gene on chromosome 12q23.2. Untreated PKU is associated with an abnormal phenotype which includes growth failure, poor 
skin pigmentation, microcephaly, seizures, global developmental delay and severe intellectual impairment. However, since the 
introduction of newborn screening programs and with early dietary intervention, children born with PKU can now expect to lead 
relatively normal lives. A better understanding of the biochemistry, genetics and molecular basis of PKU, as well as the need for 
improved treatment options, has led to the development of new therapeutic strategies.

Introduction
PKU (OMIM 261600) and its milder variant HPA are 
genetic disorders characterised by a deficiency in PAH (EC 
1.14.16.1), an enzyme that is required to metabolise L-Phe to 
L-Tyrosine (L-Tyr). On the basis of blood Phe concentrations, 
PAH deficiency can be classified into classic PKU (Phe >1200 
μmol/L), mild PKU (Phe = 600–1200 μmol/L) and mild HPA, 
where blood Phe is elevated above upper reference limit, but 
<600 μmol/L.1 The decreased PAH activity found in most 
forms of PKU and HPA are caused by mutations in the PAH 
gene, resulting in a non-functional PAH enzyme.

Untreated PKU is associated with an abnormal phenotype 
including growth failure, microcephaly, seizures and 
intellectual impairment caused by the accumulation of toxic 
by-products of Phe metabolism. The incidence of PKU or HPA 
is highest amongst Caucasians, occurring in approximately 1 
in 10,000 births. PKU can be detected in newborn screening 
as performed in most Western countries, and early dietary 
treatment consisting of a low protein diet with Phe restriction 
can prevent the development of metabolic and pathological 
sequelae, including intellectual impairment.

History of PKU
PKU was first described by Asbjørn Følling, one of the first 
Norwegian physicians to apply chemical methods to the 

study of medicine.2 In 1934, the mother of two intellectually 
impaired children approached Følling to ascertain whether the 
strange musty odour of her children’s urine might be related 
to their intellectual impairment.3 The urine samples were 
tested for a number of substances including ketones. When 
ketones are present, urine usually develops a red-brown colour 
upon the addition of ferric chloride, but in this instance the 
urine yielded a dark-green colour.3 After confirming that the 
unusual result was not due to any medications and repeating 
the test every other day for two months, Følling proceeded 
with a more detailed chemical analysis involving organic 
extraction and purification of the responsible compound, and 
determination of its melting point.3 The basic elements were 
quantitated by combustion, and an empiric formula of C9H8O3 
derived.3 Mild oxidation of the purified substance produced 
a compound which smelled of benzoic acid, leading Følling 
to postulate that the compound was phenylpyruvic acid.3 
There was no change in the melting point upon mixing of the 
unknown compound with phenylpyruvic acid thus confirming 
the mystery compound was indeed phenylpyruvic acid.

Følling subsequently requested urine samples from 430 
intellectually impaired patients from a number of local 
institutions and observed a similar result upon addition of 
ferric chloride, in a further eight individuals.3 These eight 
individuals all presented with a mild complexion (often with 
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eczema), stooping figure with broad shoulders, a spastic 
gait, and severe intellectual impairment.3 Family studies of 
the affected individuals led to the suggestion of an inherited 
recessive autosomal trait. Dr Følling published his findings and 
suggested the name ‘imbecillitas phenylpyruvica’ relating the 
intellectual impairment to the excreted substance,4 thereafter 
renamed ‘phenylketonuria’.5

Our understanding has changed dramatically in the 70 
years that have elapsed since the discovery of PKU. Jervis 
established the metabolic block and enzyme deficiency,6,7 
and at about the same time, the link between reduced Phe 
intake and improved prognosis was shown.8 After the birth 
of his intellectually impaired son and a niece with PKU, the 
Canadian Paediatrician Robert Guthrie, changed his research 
interests and developed screening tests for PKU.9,10 In the late 
1970s, various groups began investigating the molecular basis 
of PKU. The most notable recent advance in the study of PKU 
was the establishment, in 1996, of the PAH Mutation Analysis 
Consortium Database.11

The discovery of PKU by Dr Asbjørn Følling was an important 
milestone in medicine. The PKU model was used to illustrate 
how metabolic abnormalities could have neurological effects 
and how treatment could dramatically affect the clinical 
manifestations of the disorder. The development of Guthrie’s 
screening test, and dietary treatment, led to the prevention of 
intellectual impairment in affected children throughout the 
world. Futhermore, the PKU model has since been used as 

a template to shed light on over 200 other inborn errors of 
metabolism.12,13

Biochemistry of PKU
Phe exists as D and L enantiomers, and L-Phe is an essential 
amino acid required for protein synthesis in humans.14 Figure 1 
shows the many processes which contribute to the flux of L-Phe 
in humans. As with many other metabolites, Phe concentrations 
are regulated to a steady state level with dynamic input and 
runout flux. Persistent disturbance to the flux will eventually 
result in alteration of the steady state concentrations. Dietary 
intake of Phe along with endogenous recycling of amino acid 
stores are the major sources of Phe, whereas, utilisation or 
runout of Phe occurs via integration into proteins, oxidation 
to Tyr, or conversion to other metabolites.15

Metabolic Pathways
The conversion of Phe to Tyr occurs by a hydroxylating 
system consisting of:

• PAH
• the unconjugated pterin cofactor, tetrahydrobiopterin 

(BH4)
• enzymes which serve to regenerate BH4, namely 

dihydropteridine reductase and 4α-carbinolamine 
dehydratase

While the para-hydroxylation of Phe is essential for the rupture 
of the benzene ring, it is not required for further metabolism 

Figure 1. Phe metabolism in humans. Intake of L-Phe is via the diet and it is recycled through amino acid pools. Hydroxylation by 
PAH with its cofactor BH4, in the presence of molecular O2, produces L-Tyr. Alternative metabolism of L-Phe by decarboxylation 
or transamination produces various metabolites which are excreted in urine. Based on Scriver CR and Kaufman S (2001).15 
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of the alanine side chain.16 This alternative pathway of 
transamination and decarboxylation leads to the formation 
of metabolites such as phenylpyruvate, phenyllactate, 
and o-hydroxyphenylacetate which are excreted in urine. 
Conversion of Phe to Tyr (Figure 2) has two outcomes. First, 
it drives the endogenous production of the non-essential 
amino acid Tyr.16 Second, the hydroxylation reaction is the 
rate limiting step for complete oxidation of Phe to CO2 and 
H2O and contributes to the pool of glucose and 2-carbon 
metabolites.15,17

A number of rare, related disorders due to defects in the BH4 
regeneration system can also affect Phe homeostasis, and 
catecholamine and serotonin biosynthesis, as this cofactor is 
common to the Phe, Tyr and tryptophan (Trp) hydroxylating 
enzymes.18

Phenylalanine Hydroxylase 
PAH catalyses the stereospecific hydroxylation of L-Phe, the 
committed step in the degradation of this amino acid. Phe 
catabolism and PAH activity is mainly associated with the 
liver, although minor activity has been demonstrated in rat 
kidney.19 In humans, the PAH enzyme exists as a mixture of 
tetramers and dimers; the monomer is about 50 kDa in size 
and is comprised of 452 amino acids.17 The enzyme PAH 
requires BH4 as a cofactor, as well as molecular oxygen for 
its activity.

PAH can be divided into a number of functional domains 
(Figure 3, Figure 4). The regulatory domain contains a serine 
residue which is thought to be involved in activation by 
phosphorylation. The catalytic domain contains a motif of 
26 or 27 amino acids responsible for cofactor and ferric iron 
binding. The C-terminal domain is thought to be associated 
with inter-subunit binding.17

PAH is regulated by a number of possible mechanisms. After a 
protein meal, it is postulated that the increased Phe in the amino 
acid pool causes a release of glucagon from the pancreas.21 
Hepatic PAH is subject to control by cAMP-dependent protein 
kinase and α-andrenergic agent stimulated Ca2+/calmodulin-

dependent protein kinase phosphorylation–dephosphorylation 
processes.19 It has been further reported that these control 
mechanisms influence BH4 co-factor interaction with PAH.19 
In addition, there is evidence that Phe may also be able to 
cause a conformational change in PAH, as well as up-regulate 
cAMP activity.17 X-ray crystallographic studies are consistent 
with these mechanisms.22 Taken together, these mechanisms 
enable fine regulation of Phe concentrations by balancing 
levels sufficient for maintenance of protein biosynthesis while 
minimising tissue exposure to high concentrations of Phe.

Genetics of PKU
The human PAH gene (Figure 5) is located on chromosome 
12q23.2, spans about 171 kb and contains 13 exons.23,24 The 
total cDNA length is about 2.4 kb; it encodes for a polypeptide 
of 452 amino acids of near identical sequence to the human 
PAH protein, indicating little post translational modification.24 
HPA can be caused by either mutations at the PAH locus, 
which results in PKU, or from mutations in a number of loci 
which effect BH4 synthesis and regeneration resulting in non-
PKU HPA.15 

Mutations can either be neutral with respect to phenotype, or 
pathogenic due to their disruption to enzyme structure and 
function. More than 500 disease-causing mutations have been 
identified in patients with PKU or HPA and recorded on the 
mutation database for PAH.25 The human PAH gene shows 
great allelic variation and pathogenic mutations have been 
described in all 13 exons of the PAH gene and its flanking 
region. The mutations can be of various types:25

• missense mutations: 62% of PAH alleles
• small or large deletions: 13%
• splicing defects: 11%
• silent polymorphisms: 6%
• nonsense mutations: 5%
• insertions: 2% 

Since the PAH gene is biallelic, and there are many 
disease causing mutations, most patients are compound  
heterozygotes.26 Some PAH mutations are more severe 

Figure 2. Conversion of Phe to Tyr is via a pathway involving the para-hydroxylation of the benzene by PAH, the cofactor BH4 
and molecular oxygen.
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than others depending upon their effect on enzyme structure 
and function. However, the effect of PAH mutations on the 
clinical phenotype is variable.27,28 Compliance of dietary 
treatment is the primary factor which dictates blood Phe 
concentration and so plays a pivotal role in the severity of the 
clinical manifestations of PKU in an individual.

The effect of a specific mutation on enzyme function can be 
assessed through a number of approaches including enzyme 
assays, in vivo isotopic studies, or by analysis of in vitro gene 
expression.28 Given that the crystal structures of the catalytic 
and regulatory domains have now been resolved to 2 Å, a 

fourth approach by “virtual” molecular modelling techniques 
(in silico) is also possible.22 

Large studies have shown a good correlation between 
the severity of mutation and hydroxylation rates in most 
individuals.29 However, exceptions do occur and this is to 
be expected since hydroxylation by PAH is also dependent 
on availability of its cofactor BH4. In this regard, some 
PAH genotypes are known to be more BH4-responsive than 
others.30 Although intelligence quotient (IQ) score is one of 
the most complex of human traits, some correlation between 
the severity of PAH mutations and IQ has been observed.31 

Regional Difference in PKU Incidence
The incidence of PKU in Caucasian populations is between 1 
in 10,000 and 1 in 15,000 people. Table 1 shows the variability 
in incidence in various countries and regions. It has been 
suggested that the high incidence of PKU in Turkey is due to 
the high prevalence of consanguinity and the low incidence 
seen in Finland and Japan is due to a pronounced negative 
founder effect in Finland and genetic drift in the founding of 
the Japanese island population.32,33

Clinical Manifestations of PKU
Untreated PKU is associated with an abnormal phenotype 
including growth failure, microcephaly, seizures and 
intellectual impairment caused by the accumulation of toxic  
by-products of Phe. Moreover, decreased or absent PAH 
activity can lead to a deficiency of Tyr and its downstream 
products, including melanin, L-thyroxine and the cate-
cholamine neurotransmitters.15

Pathogenesis of Intellectual Impairment in PKU
The effect of PAH mutations on hepatic enzyme function 
and the resultant disruption to Phe homeostasis has been 
well described, but the major clinical effect in PKU relates to 
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Figure 3. The domain structure of PAH. Each PAH subunit 
is classified into three functional domains which are involved  
with regulation, catalytic activity, and subunit binding. 
Reprinted from Molecular Genetics and Metabolism, 
68, Erlandsen H and Stevens RC, The structural basis of 
phenylketonuria, 103-25, Copyright (1999), with permission 
from Elsevier.

Figure 4. Structural components of PAH. The catalytic domain of PAH contains a motif of 26 or 27 amino acids which are 
responsible for ferric iron and cofactor (BH4) binding. Adapted from Huften IG et al (1995).17        
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brain development and cognitive function.28 The mechanism 
by which high Phe concentrations result in intellectual  
impairment is yet to be clarified, but the hallmark of the 
neuropathology seen in both treated and untreated PKU seems 
to involve hypomyelination and demyelination.34

A number of factors have been proposed as contributing to the 
neurotoxicity in PKU, including: Tyr deficiency, the effect of 
elevated Phe concentrations on transport of other metabolites 
across the blood brain barrier, and the effects of a potential and 
relative Tyr deficiency on neurochemistry and metabolism. Tyr 
is converted to L-DOPA (3,4-dihydroxy-L-Phe), a precursor 
of dopamine and other catecholamine neurochemicals. It has 
been suggested that the lack of PAH activity results in relative 
Tyr deficiency for the foetus, with mothers that are carriers 
for PKU possibly having limited supply of Tyr.15 However, 
there are observations which do not support this suggestion: 

a) restriction of Phe alone should not prevent the development 
of the phenotype, and b) supplementation of Tyr alone in the 
post-natal period does not prevent developmental defects nor 
improve neuropsychological functions.

The L-type amino acid carrier is the sole transporter of large 
neutral amino acids (LNAA), which includes Phe, across the 
blood brain barrier. The competition for this carrier when 
elevated concentrations of Phe exist, may have the effect 
of blocking transport of the serotonin and catecholamine 
precursors Tyr and Trp.35 Whilst some have proposed a strong 
causal link between these disrupted transport mechanisms and 
PKU, others dispute this claim.35,36 

Neurological and Neurophysiological Impact in Adulthood
Magnetic resonance imaging (MRI) has shown white matter 
lesions in the brain of adult PKU patients, the size and number 

Phenylketonuria

Region / Country Incidence of PKU

Asian Populations China 1 : 17,000
Japan 1 : 125,000

European Populations

Turkey 1 : 2,600
Yemenite Jews (in Israel) 1 : 5,300
Scotland 1 : 5,300
Czechoslovakia 1 : 7,000
Hungary 1 : 11,000
Denmark 1 : 12,000
France 1 : 13,500
Norway 1 : 14,500
United Kingdom 1 : 14,300
Italy 1 : 17,000
Canada 1 : 22,000
Finland 1 : 200,000

Arabic Populations Up to 1 : 6,000
Oceania Australia 1: 10,000

Table 1. Incidence of PKU by population. Adapted from Scriver and Kaufman (2001).15

Figure 5. The basic structure of the human PAH gene. Found on the long arm of chromosome 12 (12q23.2), the human PAH gene 
contains 13 exons which encode a polypeptide of 452 amino acids.

Chromosome 12

12q24.1
12q23
12q22
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of which directly relate with blood Phe concentration.37 Such 
changes have been reversed by lowering blood Phe levels.38,39 
This has led to the establishment of Phe treatment targets (birth 
to 8 years, Phe 100-350 μmol/L; older children and adults, 
Phe <700 μmol/L).40,41 A recent meta-analysis of the cognitive 
profile of adolescents and adults with PKU compared with 
control subjects showed significantly reduced Full Scale IQ, 
processing speed, motor control and inhibitory abilities, and 
reduced performance on tests of attention in the PKU groups.42 
The link between MRI changes and cognition in PKU remains 
elusive, although the use of electroencephalogram and event-
related potentials has been shown to be a useful tool in 
identifying the loci of neurophysiological deficiencies during 
cognitive tasks in PKU.43

Screening and Diagnosis of PKU

Guthrie Card Screening
Since the late 1960s, and following the development of 
Guthrie’s biochemical assay for diagnosis of PKU and a 
number of other diseases, Australian health services have 
been conducting newborn screening programs as part of a 
worldwide initiative.44 Collection of newborn blood by heel-
prick onto filter paper cards has become an accepted facet of 
newborn care throughout the modern world.45 These blood 
spots can be analysed by a variety of methods to (in the case 
of PKU) measure the Phe concentration in the blood.15 More 
recently, tandem mass spectrometry has been developed 
as a routine method for newborn screening tests. The cost 
effectiveness of this new approach has enabled an increase in 
the number of disorders screened in these programs from four 
(PKU, congenital hypothyroidism, galactosaemia and cystic 
fibrosis) to over 20.46 The filter paper spots are stable for many 
years and the PKU screening tests have been reported to have 
a low error rate.15

A positive screening result identifies an infant with HPA, 
but it is possible that the increased Phe concentrations may 
be transient due to other non-PKU disease (e.g. transient 
4α-carbinolamine dehydratase deficiency) or be a result of 
maternal HPA. Of the children with persistent HPA, over 
98% have the condition because of mutations at the PAH 
locus.15 Diagnosis of HPA is made on the basis of an elevated 
blood Phe concentration on a repeat blood sample. The upper 
reference limit for Phe in whole blood or plasma in neonates 
is <150 μmol/L and slightly lower (<120 μmol/L) in older 
children.15 The measurement of Phe metabolites in urine is 
not an accepted PKU screening method as excretion depends 
upon transaminase activity (which can be low in neonates) 
and great variation between blood Phe and urine metabolite 
concentrations have been demonstrated.47

Differential diagnosis of PKU from the disorders of synthesis 
or recycling of BH4 may involve various testing regimes 
including BH4 loading tests, measurement of urine and plasma 
pterin metabolites and neurotransmitter metabolites as well as 
blood spot dihydropteridine reductase measurement.15 Tests 
targeting direct enzyme measurement (PAH, 4α-carbinolamine 
dehydratase) would require tissue biopsy.

Molecular Diagnosis of PKU
As discussed above, conventional PKU diagnosis is based on 
the aberrant metabolic phenotype, disease causing mutations 
and associated polymorphic haplotypes can be analysed at the 
PAH locus. PKU mutation analysis is particularly useful in the 
detection of carriers, for prenatal diagnosis. A wide variety 
of molecular genetic techniques have been utilised including 
Southern blotting, restriction enzyme digestion, detection 
of mutations by sequencing and multiplex ligation probe 
amplification.48,49

Treatment of PKU
The foundation of PKU treatment is a low Phe diet which, 
by reducing or normalising Phe concentrations, prevents the 
development of the neurological and psychological changes. 
Since neurological changes have been demonstrated within 
one month of birth, it is recommended that dietary restriction 
should be started early and be continued through childhood 
when neural development is maximal.23 Clinical neurological 
abnormalities, affected neuropsychological performance and 
brain imaging in adults with PKU has led to a consensus 
opinion that the PKU diet should be followed for life.50,51 As 
discussed later, an even more stringent regime of Phe restriction 
is required for women with PKU contemplating starting a 
family, particularly during pregnancy, as elevated blood Phe 
concentrations are teratogenic towards the developing foetus.

Dietary Restriction
A low Phe diet is used for treatment with, initially, the small 
amounts of Phe coming from breast milk or commercial 
infant formula considered sufficient intake in babies. In older 
children, protein intake is calculated each day, whereby a child 
is allocated a certain number of grams or units of daily protein, 
depending upon longitudinal plasma Phe concentrations. 
Foods such as eggs, milk, cheese, meat, poultry, fish, dried 
beans and legumes which are high in protein are excluded 
from the diet.26 However, this regime would not normally 
provide enough protein for growth requirements and 
therefore, commercially available supplements of essential 
amino acids, lacking Phe, need to be taken on a daily basis. 
Children undergo regular blood Phe testing which, in concert 
with complete food diaries, are used by dieticians to make 
adjustments to the recommended diets.26 A special problem 
persists in the PKU diet with aspartame (L-aspartyl-L-Phe 

Williams RA et al.
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methyl ester) an artificial sweetener which, when metabolised, 
releases Phe, L-aspartic acid and methanol.

The benefits of the Phe-restricted, low protein diet, are clear and 
include: avoidance of the biochemical abnormality (increased 
Phe concentrations), improved neurological and psychological 
performance, and prevention of neurological damage. However, 
dietary treatment does not come without challenges such as: 
compliance with the diet, the requirement of social support, and 
risk of imbalances in essential dietary nutrients.1

Phe Monitoring in PKU
Blood Phe concentrations are determined by both the severity 
of the PAH mutation, and by intake of Phe through dietary 
protein. In milder forms of PKU (non-PKU HPA), where 
there is residual enzyme activity, blood Phe concentrations 
may be only mildly elevated even under conditions of poor 
treatment diet compliance. It is accepted that the best indicator 
of dietary compliance in classical PKU is regular monitoring 
of blood Phe concentrations.

Potential Nutritional Deficiencies in PKU
The Phe-restricted diet with semi-synthetic supplementation 
is not without risk. PKU patients under dietary treatment can 
have low concentrations of trace elements and cholesterol, and 
some disturbance to folate metabolism as well as distortion of 
their fatty acid profile.52-54 However, it remains controversial 
as to whether all of these dietary imbalances occur as a result 
of insufficient intake and supplementation, or are due to 
endogenous disturbances in the biosynthesis of these essential 
constituents.

The finding of low serum cholesterol concentrations in PKU 
patients, whilst having been clearly established by various 
groups (presumably across a wide genotypic spectrum) 
remains unexplained.54-59 This association could be due 
to dietary influences, variation in lipoprotein metabolism 
between individuals due to their lipid controlling mechanisms, 
or perhaps due to influence of increased concentrations of Phe 
or its metabolites. While much work remains to be done, the 
low cholesterol concentrations in PKU may have broader 
implications to both the pathophysiology of PKU and the 
development of cardiovascular disease (CVD).

Phe and Cholesterol Biosynthesis
Animal models have been used to demonstrate inhibition of 
sterol synthesis by various phenolic compounds.60,61 This led 
to work that investigated inhibition of a number of important 
enzymes involved in cholesterol biosynthesis; again in 
animal models under conditions of induced HPA.62 Dietary 
supplementation of L-Phe has been shown to be associated 
with inhibition of the rate determining enzyme for cholesterol 

biosynthesis, 3-hydroxy-3-methylglutaryl coenzyme A 
reductase (EC 1.1.1.88), in the liver and brain and decreased 
concentrations of mevalonic acid.

Decreased coenzyme Q10 (ubiquinone-10; CoQ10)  concen-
trations have been found in both plasma and in lymphocytes 
from patients with PKU.63,64 CoQ10 shares a common 
biosynthetic pathway (the mevalonate pathway) to cholesterol. 
Apart from being a cofactor in the mitochondrial electron 
transport chain, the reduced form of CoQ10 has an important 
role as an antioxidant in both the mitochondria and lipid 
membranes as well as in preventing LDL oxidation.63 The 
effect of decreased CoQ10 concentrations and, presumably 
increased oxidative stress in PKU would support an inhibitory 
effect of Phe upon the cholesterol, and CoQ10 pathways.

Cardiovascular Disease in PKU
There is a paucity of studies investigating CVD risk and 
cardiovascular events in PKU. Vascular risk factors and 
homocysteine were assessed in children with PKU under 
dietary treatment and they were found to have low total 
cholesterol, vitamin B6, B12 and folate concentrations resulting 
in moderate hyperhomocysteinaemia.65 It is possible, that the 
hypocholesterolaemia in adult PKU patients may confer a 
protective effect against CVD. However, an assessment of 
adult PKU patients using biochemical markers along with non-
invasive imaging techniques is needed to test this hypothesis.

Maternal PKU 
Highly elevated concentrations of Phe are teratogenic and are 
a cause of increased risk of miscarriage.66 Specifically, the 
foetus can be affected by elevated Phe concentrations which 
lead to intrauterine growth retardation, facial dysmorphism, 
microcephaly, congenital heart disease and developmental 
delay and has led to families consisting of multiple children 
with birth defects and intellectual impairment.67-69 Foetal 
exposure to HPA in PKU affected pregnancies is exacerbated 
by the transplacental gradient for Phe; an average foetal/
maternal ratio of 1.5 is suggested although ratios up to 2.9 
can be seen in early pregnancy when foetal development is 
maximal.15 Because of the foetal morbidities associated with 
HPA, a more stringent control of blood Phe concentrations 
is required in mothers with PKU. A preconception diet is 
required with a Phe target interval of between 100 and 360 
μmol/L in affected mothers.68 In addition, weekly monitoring 
of the Phe concentrations is advised to aid in achieving low 
baseline levels.40 

Emerging PKU Therapies
Although dietary restriction of Phe is the cornerstone of 
treatment for PKU, the practicalities of following the strict 
diet have led to trials of additional therapies.
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BH4 Therapy
Recent clinical trials have shown that a subset of ‘classical’ 
PKU children respond to BH4 therapy, dependent upon 
their PAH gene mutation(s).70 Sapropterin dihydrochloride 
(Kuvan, Biomarin Pharma) is an orally active synthetic form 
of BH4 that has received Orphan Drug status and Fast Track 
designation for the treatment of PKU. Phase II and III clinical 
trials have shown that Kuvan is a safe and effective therapy in 
selected patients with HPA and mild-to-moderate PKU who 
responded to a BH4 loading test.71

Enzyme Replacement Therapy
Unfortunately, patients with more severe forms of classic PKU 
and some non-PKU HPA do not respond to BH4 treatment, 
presumably because these individuals lack sufficient residual 
PAH activity for stimulation by BH4. Such nonresponders 
could benefit most from enzyme replacement therapy. Unlike 
BH4 treatment, enzyme replacement is not dependent on 
the PAH genotype. Replacement of the enzyme could be 
facilitated by partial liver or normal hepatocyte transplantation. 
Although liver transplantation would correct the metabolic 
phenotype in PKU, the high risk of major surgery and life-
long immunosuppression precludes its routine use.72

An alternative enzyme therapy for PKU has been trialled 
which involves the substitution of PAH with Phe ammonia-
lyase (PAL, EC 4.3.1.5), a non-cofactor dependent plant 
protein involved in Phe degradation. This treatment has been 
shown to be effective in mouse models causing modest but 
short-lived falls in Phe concentrations.73 Indeed, PhenylaseTM 
(PAL), Biomarin Pharma is currently under investigation 
for the potential treatment of patients with PKU who do not 
respond to BH4.

Large Neutral Amino Acid Therapy
As discussed previously, it is hypothesised that competition 
for the L-type amino acid carrier by Phe with other LNAAs 
may occur in PKU. This hypothesis has led to LNAA 
supplementation trials.35 Increasing the blood concentrations 
of various LNAAs has led to reduced brain concentrations 
of Phe.35 Furthermore, the increased Tyr and Trp intake may 
be of benefit in disorders of BH4 regeneration. A new LNAA 
formulation (NeoPhe, Solace Nutrition) has been effective in 
reducing blood Phe concentrations.74

Gene Therapy
Complete and persistent correction of HPA has been reported 
in the Pahenu2 mouse using somatic gene therapy, site specific 
genome integration of Pah cDNA and by liver directed 
recombinant adeno-associated virus vectors.75-77 Early work 
on gene therapy for children with PKU was considered 
inappropriate as the therapy involved administration of 

immunosuppressant agents to block the immune response to 
the vector so as to prolong the therapeutic effect.76 These trials 
involved the use of recombinant adenoviral vectors. Other 
trials involving the use of recombinant retroviral vectors have 
been abandoned following the observation that these vectors 
may induce leukaemia-like disorders.76

PAH-deficient (Pahenu2) mouse models have been used to trial 
gene transfer via a recombinant adeno-associated virus vector 
encoding the human PAH gene with promising results.78 This 
vector appears to be a safer mode of transfer as it possesses 
minimal antigenicity and showed no signs of inducing liver 
damage.78 However, administration of the vector would ideally 
be facilitated by a less intrusive means than via the hepatic 
portal vein, which was used in the aforementioned study.

Conclusion
PKU is a historically significant inborn error of metabolism. 
Its discovery over 70 years ago and scientific investigation 
has established the link between metabolic disease and 
intellectual impairment, led to the development of neonatal 
screening programs across the globe, and demonstrated how 
effective treatment can lead to a near normal outcome for 
affected individuals. However, despite the intensive study, the 
mechanism by which the aberrant Phe metabolism leads to 
intellectual impairment is yet to be explained. The successes 
of the PKU story lie squarely in the hands of the health 
professionals who diagnose PKU through establishing and 
managing neonatal screening programs, and the paediatricians, 
dieticians and carers who then supervise PKU treatment. The 
study of PKU has revealed genomic components of health 
and disease.76 A better understanding of the biochemistry, 
genetics and molecular basis of PKU, as well as the need for 
improved treatment options, has led to the development of 
new therapeutic strategies.

Competing Interests: None declared.
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