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Abstract: Phenylketonuria (PKU) is an autosomal recessive inborn error of metabolism caused by a
deficiency in the hepatic enzyme phenylalanine hydroxylase (PAH). If left untreated, the main clinical
feature is intellectual disability. Treatment, which includes a low Phe diet supplemented with amino acid
formulas, commences soon after diagnosis within the first weeks of life. Although dietary treatment has
been successful in preventing intellectual disability in early treated PKU patients, there are major issues
with dietary compliance due to palatability of the diet. Other potential issues associated with dietary
therapy include nutritional deficiencies especially vitamin D and B12. Suboptimal outcomes in cognitive
and executive functioning have been reported in patients who adhere poorly to dietary therapy. There have
been continuous attempts at improving the quality of medical foods including their palatability. Advances
in dietary therapy such as the use of large neutral amino acids (LNAA) and glycomacropeptides (GMP;
found within the whey fraction of bovine milk) have been explored. Gene therapy and enzyme replacement
or substitution therapy have yielded more promising data in the recent years. In this review the current and
possible future treatments for PKU are discussed.
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Introduction

Phenylketonuria (PKU; OMIM 261600) is an inborn error
of metabolism caused predominantly by mutations in the
phenylalanine hydroxylase (PAH) gene (1). Mutations in
the PAH gene result in decreased catalytic activity affecting
the catabolic pathway of phenylalanine (Phe) (Figure I).
PAH is a hepatic enzyme that requires the cofactor
tetrahydrobiopterin (BH,) to convert Phe to tyrosine
(Tyr) (Figure I). A deficiency in PAH or its cofactor BH,,
results in the accumulation of excess phenylalanine, whose
toxic effects can cause severe and irreversible intellectual
disability if untreated (1). Other clinical features associated
with untreated PKU may include autistic behaviours,
motor deficits, eczematous rash and seizures. Behavioural
impairment as well as psychiatric disturbances can become
apparent with age (3).

Diagnosis is initially undertaken through newborn
screening programs in the first weeks of life and all cases
are further screened for BH, responsiveness (Packman,
2003). PKU has been described in all ethnic groups and its
incidence varies widely around the world, affecting of one in
every 10,000 births in Caucasians (4), and with the highest
incidence being in Northern Europe. Finland has the
lowest incidence in Europe with one case in every 100,000
live births, while Turkey has the highest incidence with
one in every 4000 births due to high consanguinity within
the population (5). In Australia, approximately 25 babies
are diagnosed with PKU each year (based on the recorded
incidence of new cases).

Currently, there is no cure for PKU, however, the
prevailing treatment is predominantly through dietary
restriction of Phe to the minimum required for normal
growth, supplemented with specifically designed
medical foods. The establishment of newborn screening
programs along with the prompt institution of dietary
treatment has prevented intellectual disability, however,
neurophysiological and neuropsychological impairments
may still persist in treated PKU patients (6-10).
Furthermore, there are often problems associated with
dietary therapy, including nutritional deficiencies (11-13) as
well as non-compliance due to poor palatability.

More advanced medical foods and formulas and
improved palatability, including large neutral amino acids
(LNAA) and glycomacropeptides (GMP), have been
explored (14-16), however, long term studies are still
needed to understand the full impact of these treatments.
BH, therapy has been successful in BH, responsive patients;
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however, only about 30% of all PKU patients can benefit
from this treatment (17). Enzyme replacement therapy
through viral delivery of protein fusions targeting the
liver has been promising in recent years (18,19) as well as
enzyme substitution therapy where phenylalanine ammonia
lyase is used as a substitute to PAH. In this review we aim to
summarise recent literature on current treatments and the
concerns associated with them, as well as exploring novel
approaches, their limitations and possible future therapies.

Current treatments
Dietary therapy

Dietary restriction of phenylalanine remains to be the
mainstay of treatment for PKU since its introduction
in 1953 by Bickel and colleagues (20). To prevent any
irreversible neurological damage that results from excess
blood and consequently brain Phe in PKU patients, dietary
treatment must commence in the neonatal period and
adhered to for life. Patients with PKU must strictly limit
their intake of foods rich in protein, such as meats, fish,
eggs and dairy products. Low-protein high-starch natural
foods such as potatoes, some vegetables (such as peas)
can be eaten but only in restricted amounts. Due to the
severe restriction of protein intake, PKU patients must be
supplemented with medical food substitutes containing the
right mix of essential amino acids, vitamins, minerals and
trace nutrients (21). Normally, about 90% of the dietary
phenylalanine intake is converted into tyrosine; therefore a
crucial part of the treatment is tyrosine supplementation (22).

Controversy regarding the continuation of the dietary
therapy after childhood was ongoing (23-26), as many
practitioners in the early 1970s believed that elevated
Phe has no detrimental effect once the brain is fully
developed (27). However, a US-based National Collaborative
Study for PKU showed that discontinuation of dietary
control correlated with a decline in school performance in
children and an increase in behavioural and psychosocial
problems in adults (28). Furthermore, females with PKU
are at high risk of having a child with the so-called maternal
PKU syndrome, causing microcephaly, intra-uterine growth
restriction, congenital heart defects, a characteristic facial
appearance and cognitive impairment in the affected infant
(29,30). As a result of these studies, the recommendation
was to continue life-long diet therapy.

Problems associated with dietary therapy
While there is no cure for PKU, the current dietary
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Figure 1 Metabolic pathway of phenylalanine (Phe). “The primary pathway (blue box) is the catalytic conversion of L-Phe to L-Tyr by

phenylalanine hydroxylase (PAH). In phenylketonuria (PKU), the deficiency of PAH enzyme leads to the production of phenylketones

by an alternative pathway (red box). A third pathway (green box) can be found in plants and yeast involving the enzyme (adopted from

Ho G 2014) (2).

restriction of Phe has been very successful in curtailing
intellectual disability and achieving near normal IQ.
However, there still remain four major issues with
current dietary treatment; (I) dietary compliance due to
unpalatability of the diet; (II) persisting neurological or
psychosocial issues and poor quality of life despite early
intervention; (III) potential nutritional deficiencies resulting
from restrictive diet; (IV) financial burden due to the cost of
special medical food and dietary supplements.

Adherence to the diet is usually straightforward in
the neonatal period and during early childhood, as
the child’s parents control the diet. However, dietary
compliance becomes increasingly difficult as children
approach adolescence due to palatability of the diet. This
is clearly reflected by poor control of blood phenylalanine
concentrations in a proportion of individuals in this age
group (31-33).

Adolescent and adult patients, who have failed to adhere
to dietary therapy, although intellectually normal, have
been shown to have an increased incidence of anxiety
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and depression, and there is also evidence of difficulty in
forming stable social relationships (34,35). Furthermore,
an increased incidence of attention deficit-hyperactivity
disorder has been reported in this group (36). Problems
in executive functioning at various ages have been
identified through neuropsychometric testing (8,9,37-41).
Poor concentration, headaches, and sleep disturbances
have also been reported (34,40), all of which support
previous findings from The National PKU collaborative
studies (28,42,43).

Early treated PKU patients with well-controlled Phe
levels have normal development and were thought to have a
generally normal IQ. However, recent neuropsychological
studies indicate that despite strict adherence, early treated
PKU patients generally have a lower mean IQ than their
unaffected siblings or the normal population (44). Treated
PKU patients may also experience suboptimal outcomes in
abstract reasoning and problem solving (35). Recent studies
showed that the degree of psychological and psychosocial
impairments, as well as executive and cognitive functioning,
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is correlated in adult PKU patients with the life-long
variability of Phe levels (39,45,46).

Due to the stringent dietary therapy, nutritional
deficiencies are common in PKU patients especially those
who do not fully consume the prescribed medical food
substitutes. PKU Patients are also likely to be at risk of
deficiencies in vitamin B12, vitamin D, calcium (12,47,48),
iron (13), and unsaturated long chain fatty acids (10). Such
deficiencies may exacerbate the neurological problems and
result in reduced bone density in PKU patients (49,50).

The high cost of special medical foods and formula,
as well as frequent visits to health professionals, pose a
substantial financial burden on PKU patients and their
carers (51-54). The main components of PKU treatment
cost are the special formula foods and amino acid
supplements (52), and depending on the age of the patient
it has been estimated to cost £4,000 per year in the UK (52).
Furthermore, effective dietary compliance may be hindered
by lack of health insurance or non-coverage of certain
expenses by insurance companies in countries without a
nationalised health system (55). In spite of the success of
dietary therapy for the treatment and management of PKU
patients, there is mounting evidence regarding issues with
dietary compliance and nutritional deficiencies. All of these
findings suggest the need to develop novel interventions
that may improve the outcome for patients with
PKU (4,22,56,57).

Tetrabydrobiopterin (BH,) therapy

In the 1970s it became apparent that there was a subset
of patients with hyperphenylalaninemia who developed
neurological complications despite prompt adherence to
dietary therapy (58). This subgroup of patients (known
to have atypical PKU) turned out to have mutations that
cause defects in BH, synthesis or recycling (59). Synthetic
biopterin compounds were made available in the late 70s (60)
and the benefit of administering this preparation in patients
with atypical PKU was first demonstrated by Schaub et 4.
(1978) (61). These patients also require neurotransmitter
precursors (L-dopa/carbidopa and 5-hydroxytryptophan) as
part of their treatment, and for dihydropteridine reductase
deficiency, folinic acid supplementation, reviewed in (62).
The distinction between PKU due to PAH deficiency
and BH, deficiency is clarified through the performance
of a BH, loading test, and the quantitation of the
neurotransmitters (dopamine, noradrenaline and adrenaline)
and their metabolites and pterins in urine and/or CSF (63).
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The BH, loading test is considered positive when initial
plasma Phe concentrations decrease by at least 30% after
8 h (64) or by 50% after 24 h. Using the above protocol for
the oral loading test, 60-70% of patients with mild PKU
responded significantly (65). Using an extended protocol
of more than 24 hrs with repeated administration of 10 mg
BH,/kg/day, enabled the detection of additional mild or
moderate PKU patients who are considered to be slow
responders (66).

In recent years, an additional synthetic analogue to BH,,
sapropterin, has been developed, which can also be used to
treat this subset of patients. The BH, loading test was first
used to differentiate between patients with elevated Phe
levels either due to PAH deficiency or BH, deficiency. Kure
and colleagues demonstrated for the first time that a subset
of PAH-deficient PKU patients were BH, responsive (67),
however this response is noted predominantly in mild to
moderate cases of PKU (68-71). The responsiveness to BH,
therapy is likely to be associated with mutations in the PAH
gene resulting in some residual enzyme activity, however
genotype-phenotype correlations are inconsistent (65).
Treatment with the cofactor BH, or sapropterin (72) in
BH, responsive PKU patients has proven successful in
significantly increasing Phe tolerance allowing patients to
relax their diet and in some cases discontinuing the Phe
free diet altogether (73,74). However, for 90% of patients
with classical PKU, who comprise about 50-80% of patients
detected by newborn screening (P4Hdb; http://www.pahdb.
mcgill.ca), BH, therapy has no beneficial effects (75). These
patients may therefore benefit from alternative treatments
for which efficacy is not dependent on genetic variations in

the PAH gene.

Large neutral amino acids (LNAA)
The LNAAs, Phe, tyrosine, tryptophan, and the branched-

chain amino acids share the same amino acid transport
system across the blood-brain barrier. Therefore, at high
concentrations, phenylalanine in the blood will compete
with other LNAAs for transport across the blood-brain
barrier (76). Large neutral amino acid supplementation has
been shown to reduce cerebral Phe concentrations despite
the observed increase in plasma Phe levels (76). However,
others have shown decreased blood Phe levels in PKU
patients with LNAA supplementation (10,77-79) suggesting
that LNNAs not only compete with Phe for transport
across the blood-brain barrier (76), but may also exert its
effect by competing with Phe for active transport across the
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intestinal mucosa (77,78,80).

Supplementation of tyrosine and tryptophan has shown
improved metabolism of dopamine and serotonin in PKU
patients, however studies with larger doses of tyrosine and
tryptophan did not show positive outcomes (22) LNAA
treatment appears to have a beneficial effect on executive
functioning (10), however this treatment is really only
suitable for adults who are not adhering to a low Phe diet
(10,40,81). Furthermore, clinical data regarding long term
outcome using this treatment strategy are not yet available
(3,10,40,81), requiring additional studies to prove the safety
and efficacy of this treatment (82).

Glycomacropeptides (GMP)

GMP is a protein derived from cheese whey that is
naturally low in Phe and is rich in valine, isoleucine and
threonine (83). GMP, manufactured to sufficient purity
and supplemented with the essential amino acids tyrosine,
tryptophan, arginine, cysteine and histidine can be a useful
adjunct to the Phe restricted diet (14-16). Studies suggest
that PKU patients find foods containing GMP more
palatable than their usual amino acid formula, preferring
a diet supplemented with GMP (14,16,84). The potential
benefits of having GMP in the PKU diet have been
explored and data showed that the GMP diet significantly
reduced ureagenesis, improved protein retention and Phe
utilisation (16). Another study found that consuming the
GMP diet for breakfast promoted satiety as reflected by
decreased levels of the postprandial ghrelin concentration
(associated with greater feelings of fullness) when compared
to an amino acid diet (85).

It has been shown that PKU mice display an increase
in energy expenditure which is consistent with increased
metabolic activity seen in PKU mice (15). This increase in
metabolic activity is accompanied by an increase in liver
mass (86), both of which are caused by the catabolism of
excess Phe to phenylketones as well as energy lost from
urinary excretion of Phe-derived organic acids (15). Another
finding from this study was that mice fed a high Phe (casein)
diet or low Phe amino acid diet may exhibit systemic
inflammation showing increased plasma concentrations of
interferon-gamma (IFN-y), interleukin-1beta (IL-1f) and
granulocyte macrophage colony-stimulating factor (GM-
CSF). Interestingly, the GMP diet attenuated these immune
responses and decreased metabolic activity in the PKU mice
as well as significantly reduced plasma Phe concentrations.
The authors conclude that the GMP diet provides a more
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natural and physiological low Phe source of intact protein
as compared with the synthetic amino acid diet (15). These
data are promising and could be used as an alternative to
the amino acid diet, however, further studies are needed
to investigate the effect of the GMP diet on systemic
inflammation in human subjects and to further evaluate the
safety and efficacy of GMP consumption for long term.

Alternative treatments
Gene therapy

In gene therapy a functional recombinant PAH gene is
targeted to the liver, since the activity of PAH is primarily in
the liver. Several types of viral vectors, including adenoviral,
and adeno-associated viral vectors, have been examined
for their potential to correct PKU in mouse models or to
correct cultured hepatocytes derived from these mouse
models. Fang et a/. (1994) infused a recombinant adenoviral
vector containing the human P4H-cDNA into the liver
through the portal vein of PKU mice. Within one week,
complete normalization of the serum phenylalanine levels
was achieved in these PKU mice (87). However, the
therapeutic effect of the adenoviral vector ceased after a
few weeks and repeated administration did not recapitulate
the original results due to development of an immune
response (87). For this treatment to be effective, adenoviral
vectors needed to be further modified in order to eliminate
the adenoviral genes responsible for the immune responses (88).

The recombinant adeno-associated virus (rAAV) vectors
have gained increasing attention as a safe vector for viral
gene transfer. They are non-pathogenic, can transduce
non-quiescent cells and have the ability to establish long-
term transgene expression in a wide variety of tissues (89).
Furthermore, the vectors do not carry any viral genes, and
therefore elicit minimal immune responses (89). A study
showed that an rAAV carrying the mouse PAH cDNA
delivered to the liver by portal vein injection reduced blood
phe levels in PKU mice (90). However, this reduction
was only noted in male PKU mice. Normalisation of phe
levels in PKU mice as well as reversal of hypopigmentation
was demonstrated, however three times more vector was
needed for female PKU mice to achieve an equivalent
reduction in serum phe levels as that seen in male mice (90).
Furthermore, correction did not persist beyond 40 weeks
with blood phe returning to pretreatment levels (90). These
authors suggested that the gender dependent response
to treatment may be due to the differences in androgen-
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dependent pathways, however, this mechanism is not clearly
understood (90).

The use of self-complementary AAV vectors resulted in
normalisation of hyperphenylalaninemia for up to 80 weeks
in both males and females (19). Although correction in
females was achieved, gender specific differences were also
apparent using this vector, and therefore larger doses of the
vector had to be used for females (19).

The transfer of foreign genes using non-viral vectors
into tissues or organs by direct injection of naked plasmid-
DNA has been achieved leading to transgene expression
and therapeutic responses (91,92). The advantage of using
non-viral vectors over viral delivery systems is that there
is no size limitation of the DNA insert, and no potential
cytopathic side-effects. However, its efficacy is hampered
by the very low gene transfer rate and transient transgene
expression (92). A recent study addressed some of these
issues by using minicircle (MC) naked-DNA vectors
devoid of any viral or bacterial sequences (18). This study
demonstrated expression of the murine Pzh complementary
DNA (¢cDNA) and normalisation of blood Phe levels as well
as reversal of hypopigmentation for 1 year in a PKU mouse
model (18). The use of MC-DNA may offer improved
safety and efficacy as a potential genetic treatment for liver
diseases (18). This study provides a step forward with regard
to increasing the efficiency and stability of the AAV vectors
and use for gene transfer. However, new strategies are
required to extend gene transfer efficacy. Furthermore, most
vectors do have some genotoxicity at the expense of stability
through mitosis (19). The possibility of having gender
dependent treatment may lead to having multiple treatment
protocols, which would potentially add complexity and
confusion. More research is required to create more robust
and stable vectors before implementing AAV mediated
therapies.

Enzyme therapy

The development of PAH-based fusion proteins to
specifically target PAH to the liver has been explored as a
novel enzyme replacement therapy (93), where a decrease
in plasma Phe levels for several hours after intravenous
administration in mice treated with PAH-based fusion
proteins (93). It is likely that multiple injections would
be required, making this approach less practical from a
clinical perspective. Furthermore, the animal model used
in this experiment was not an orthologous model to human
PKU. In fact, normal C57BL6 mice were utilized in this
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experiment. The authors concluded that their approach
has the potential as an alternative treatment for PKU (93),
however such conclusions could really only be reached based
on data from mouse models orthologous to human PKU.

Phenylalanine ammonia-lyase (PAL)

Enzyme substitution therapy using PAL (E.C.4.3.1.5) has
also been suggested as a possible therapeutic approach for
PKU. PAL is an enzyme that catalyses the conversion of Phe
to transcinnamic acid and insignificant amounts of ammonia
(Figure I). Unlike the mammalian enzyme (PAH), PAL is a
monomer and requires no cofactors (94). It is the alternative
metabolic pathway found in higher plants and yeast. In
plants, it is mainly involved in defence mechanisms (95),
while in micro-organisms, it has a catabolic role, allowing
them to utilise L-phenylalanine (L-Phe) as a sole
source of carbon and nitrogen (96). PAL is abundant in
yeast, especially in the red yeast Basidiomycetes family
Rbhodotorula (96). The biological half-life of PAL was
approximately 21 hours in several mammalian species
(including mice) after a single intravenous injection, but
diminished significantly upon repeated administration (96).
The first attempt to investigate the use of PAL as a
treatment for PKU was over three decades ago (97-99).
Early studies using PAL administered in enteric-coated
gelatin capsules to PKU patients, showed reductions in Phe
levels (99). Injecting PAL from Rbodosporidium toruloides
into a PKU mouse model lowered blood Phe levels in
treated PKU mice (100). However, following repeated
injections of the PAL enzyme, an immune response was
elicited resulting in a significant decrease in half-life. In
addition, PAL was found to have low activity in gastric
secretions due to protease degradation when administered
orally (100). To overcome these issues, more efficient forms
of PAL have been made by site-directed mutagenesis and
chemical modification with polyethylene glycol (PEG).
These modifications have led to the specific activity of PAL
being maintained, and reduced its immunogenicity, with
prolonged plasma half-life in the PKU mouse model (101-106).
The effect of different PEGylation formulations and
protocols on long-term in vivo PAL efficacy has been
explored (104). The use of a recombinant anabaena
variabilis (AV) PEG-PAL formulation showed complete
normalisation of plasma phe levels and total suppression
of an immune response, as well as reduced brain phe levels
in the PKU mouse model. In addition, reversal of PKU-
associated hypopigmentation was achieved (104). This
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PAL formulation has started phase II clinical trials (105).
Despite the progress of this PAL formulation into phase
III clinical trials (http://investors.bmrn.com/releasedetail.
cfm?ReleaseID=769256), pre-clinical studies indicate
that weekly injections are required to sustain a significant
decrease in the phe levels in the PKU mice for up to
one year (104). Moreover, response to PEG-PAL dosing
regimens was gender-dependent in the mouse model, similar
to results observed in mice undergoing genome-targeted
PAH gene therapy (90,107). Hence, a different PEG-
PAL dosing regimen is required for female mice (104). In
summary, although this therapy achieved phenylalaninemia
and reversal of PKU induced hypopigmentation in mice,
repeated injections of this agent would be invasive and
burdensome to the patients and their families, and in fact
there have been reports of adverse immune reactions (108).
Moreover, physiological stress, pain, inconvenience, cost,
and risks of infection are associated with repeated injections.
Oral administration is one of the most convenient ways
of delivering drugs, as it is less invasive than intravenous
or subcutaneous injections. However, in general oral
delivery of enzymes have been complicated by the low
gastric pH, proteolytic digestion and circulation time
in the gastrointestinal tract; resulting in insufficient
bioavailability (100). To increase oral bioavailability
of enzymes, various strategies have been used, such as
encapsulation of the protein (99,109,110), or the use of
live microorganisms as delivery systems (100,111,112). An
oral form of rAV-PEG-PAL was tested in mice with PKU
and results showed that dose response was not gender
dependent (105). These data also indicated that
administering three doses of 1 IU of rAV-PEG-PAL over
a six-hour period significantly lowered plasma Phe as
compared with a single dose of 3 TU (105). The authors
concluded that the effect of the PEG-PAL used, while
effective in lowering the plasma phe levels, is not long
lasting and requires the administration of the agent at
regular intervals (105). Approaches which use genetically
modified (GM) probiotics have gained wide attention, and
have already proved successful during clinical trials in the
treatment of such disorders as inflammatory bowel disease,
especially Crohn’s disease (113,114). Animal research
is continuing to examine the safety and efficacy of this
approach for the treatment of other disorders (115-117).

Probiotics

Probiotics are defined as “live microorganisms which, when
administered in adequate amounts, confer a health benefit
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on the host” (118). The most common microorganisms
used as probiotics belong to two types of lactic acid
producing microorganisms, the Bifidobacteria and the lactic
acid bacteria (LAB) (119). LAB are present in fermented
foods and have been consumed by humans without any
obvious adverse effects for thousands of years (120). Several
probiotic products (e.g., Yakult™) have been on the market
for over two decades, and have an excellent safety record.

There are extensive reports in the literature regarding
the beneficial effects of probiotics in certain conditions. For
example, the combined probiotic preparation VSL#3 is used
in remission maintenance therapy for ulcerative colitis (121).
Lactobacillus plantarum decreases pain and flatulence in
patients with irritable bowel syndrome (122,123), and
Lactobacillus GG significantly improved dermatitis in infants
with atopic eczema and cow’s milk allergy (124). Other reported
benefits include, cholesterol lowering effects (125); reduction
of small bowel bacterial overgrowth in renal failure (126)
and as a vehicle for oral vaccine administration (127,128).

Lactococcus lactis (L. lactis) is a Gram-positive LAB
bacterium widely used in the food industry for the
production of buttermilk and cheese; hence they are
generally regarded as safe (GRAS) organisms and it has
been proposed for use as a probiotic (129). L. lactis can
survive passage through the stomach acid (130,131),
however, depending on the strain of Lactococcus, only 10-
30% survive in the duodenum (130,131). L. lactis MG1363
and L. fermentum KLD are very sensitive to bile and have
a rather low survival in the ileum. In the presence of bile,
these bacteria release their intracellular contents making
them potential candidates as vectors to deliver metabolic
activity to the duodenum (132). Efficient genetic tools have
been developed for L. lactis to produce both heterologous
and homologous gene expression (133). Advances in genetic
engineering of probiotics have made it possible to increase
their beneficial effect potentially targeting a wider range of
disorders.

Genetically modified (GM) probiotic for the production and
delivery of metabolic enzymes

Metabolic deficiencies may cause the accumulation of
metabolites to toxic levels, which potentially results in
further damage to the body. Studies using GM probiotics
expressing metabolic enzymes have been explored. E. coli
expressing Klebsielln aerogenes urease when administered to
rats with experimental renal failure resulted in significant
reduction in plasma urea, uric acid and creatinine (134,135).
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The co-expression of fusion protein HSP65 and tandem
repeats P277 prevented hyperglycemia, improved glucose
tolerance and reduced insulitis in non-obese diabetic
mice (136). L. Lactis expressing Staphylococcus hyicus lipase
significantly improved lipid digestion in pigs with pancreatic
insufficiency (116).

PKU is another example of a metabolic disorder that
may benefit from the use of probiotic to deliver the PAL
enzyme to the intestine. PAL has been expressed in GM
organisms (100,111,137-139) and oral delivery of PAL in
microorganisms to treat PKU in animal models has already
been explored (100,111,137-139). The first study was
conducted in 1999 and showed that oral administration of
PAL expressed by genetically engineered E. coli to PKU
mice resulted in 31% reduction in plasma phe levels after
one hour and a further 44% reduction was noted after two
hours (100). They also showed that PAL contained within
E. coli was resistant to proteolytic inactivation by intestinal
enzymes in vitro (100). Although proof of principle had been
achieved, there are safety concerns regarding the use of E.
coli for delivering enzymes to the gastrointestinal tract. Non
pathogenic E. co/i, a minor component of the Proteobacteria
division, comprises 8% of the normal gut flora (140).
However, there is a potential risk that the engineered
E. coli could interact with its wild type equivalent and
could become pathogenic in humans, or may alter the
composition of luminal microbiota, leading to pathological
consequences. Furthermore, E. co/i preferentially colonises
the large intestine, however for most dietary amino acids,
including Phe, absorption takes place in the distal region of
the small intestine (141).

Liu er al. (2002) (111) sub-cloned and expressed
PAL cDNA from parsley into L. Lactis, which exerts its
beneficial effects primarily in the small intestine. The
PAL expressing L. lactis was orally administered to rats
with hyperphenylalaninemia. Results from this study
showed a significant decrease in phenylalanine levels of
the treated group as compared to the control on day 9 of
the treatment (111). Although a significant reduction in
Phe was achieved in treated rats, the animals used for this
study did not represent an orthologous model to human
PKU. This necessitates further studies to be done on
orthologous models of human PKU, such as the mouse
Pah*™ model. These data suggest that GM probiotics
may be useful as an alternative therapy for PKU and
may ultimately allow PKU patients to relax their diet.
However, more studies are needed to evaluate the safety
and efficacy of these GM modified probiotics in a short
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as well as long-term setting.

Summary

The maturation of newborn screening programs along
with the prompt institution of a low-Phe diet successfully
prevents intellectual disability in early treated PKU
patients. Dietary compliance remains to be the main issue
as patients approach adolescence and adulthood resulting
in poor blood Phe level control and leading to suboptimal
outcomes in psychosocial and cognitive assessments.
BH, therapy has been successful, however only a minor
proportion of PKU patients benefit from this treatment.
Contrasting data has been generated from studies using
LNAA as an alternative to dietary therapy and it has been
only recommended for adult PKU patients who do not
adhere to the diet. The incorporation of GMP into low-
Phe diet has improved palatability, variety and convenience
of the diet and has resulted in a better control of blood Phe
levels providing a more physiological form of amino acid
to be consumed by PKU patients. Although studies using
GMP as an alternative to the amino acid supplement has
been promising, long-term studies are needed to evaluate
the safety and efficacy. Studies using gene therapy have
been progressing and are still ongoing and the use of the
alternative enzyme, PAL (PEGylated form) as an enzyme
substitution therapy has reached phase III clinical trials,
however the efficiency of the PAL reduced over time and
immune reactions were elicited in some patients. The use
of probiotics to produce and deliver the PAL enzyme has
gained more attention, and studies are ongoing regarding
the safety and efficacy of this approach. All these data
highlight the need to find alternative therapies for PKU
that could be used safely and efficiently in all PKU patients
regardless of genotype, phenotype or gender.
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