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The phenylketonuria patient: A recent dietetic
therapeutic approach

Penelope D. Manta-Vogli®, Yannis Dotsikas®, Yannis L. Loukas®, Kleopatra
H. Schulpis®

Department of Clinical Nutrition & Dietetics Agia Sofia Children’s Hospital, Athens, Greece, *Department of
Pharmacy, Laboratory of Pharm. Analysis, National and Kapodestrian University of Athens, Panepistimiopolis
Zographou, GR 157 71, Athens, Greece, *Institute of Child Health Agia Sofia Children’s Hospital, Athens, Greece

Phenylalanine hydroxylase (PAH) deficiency, commonly named phenylketonuria (PKU) is a disorder of
phenylalanine (Phe) metabolism inherited with an autosomal recessive trait. It is characterized by high
blood and cerebral Phe levels, resulting in intellectual disabilities, seizures, etc. Early diagnosis and
treatment of the patients prevent major neuro-cognitive deficits. Treatment consists of a lifelong restriction
of Phe intake, combined with the supplementation of special medical foods, such as Amino Acid medical
food (AA-mf), enriched in tyrosine (Tyr) and other amino acids and nutrients to avoid nutritional deficits.
Developmental and neurocognitive outcomes for patients, however, remain suboptimal, especially when
adherence to the demanding diet is poor. Additions to treatment include new, more palatable foods,
based on Glycomacropeptide that contains limited amounts of Phe, the administration of large neutral
amino acids to prevent phenylalanine entry into the brain and tetrahydrobiopterin cofactor capable of
increasing residual PAH activity. Moreover, further efforts are underway to develop an oral therapy
containing phenylalanine ammonia-lyase. Nutritional support of PKU future mothers (maternal PKU) is also

discussed. This review aims to summarize the current literature on new PKU treatment strategies.

Keywords: PAH deficiency, PKU diet, Glycomacropeptide, LNAAs, Sapropterin dihydrochloride

Introduction

Phenylalanine hydroxylase (PAH) deficiency com-
monly named phenylketonuria (PKU) is a rare autoso-
mal recessive inborn error of phenylalanine (Phe)
metabolism (Figure 1). Deficiency of this hepatic
enzyme results in elevated concentrations of Phe
levels in the blood and brain, causing complications,
most notably severe neurocognitive and neuromotor
impairments.! Newborn screening for PKU, along
with early initiation of dietary treatment, have success-
fully ameliorated or prevented the above clinical
findings.”

Dietary management with restriction of Phe intake
remains the mainstay therapy of these patients, requir-
ing a decrease in the intake of natural protein and
replacing it with a protein source devoid of Phe.
Widespread consensus exists regarding the importance
of blood Phe control and dietary treatment.>* The rec-
ommendations for the appropriate target blood Phe
concentrations and treatment duration have evolved
over the years as our understanding of the disease
has improved.
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Very recently, the need for more standardized man-
agement tailored for optimal outcomes in Europe has
emerged>® and the European guidelines for the diag-
nosis and management of patients with PKU were
developed.” According to these guidelines, untreated
blood Phe concentrations determine management of
people with PKU, setting an age-dependent target
blood Phe threshold. Therefore an upper target Phe
blood concentration of 360 umol/l is recommended
for the first 12 years of life, and an upper target Phe
blood concentration of 600 pmol/l for all individuals
older than 12 years.

American College of Medical Genetics and
Genomics (ACMG) guidelines note that although
individuals with PAH deficiency are presented by a
spectrum of residual enzyme activity, some prac-
titioners find practical utility in referring to the older
categories: ‘classic/severe’, ‘moderate’, ‘mild PKU’
and ‘mild hyperphenylalaninaemia (HPA)’; the latter
does not usually need Phe restriction. According to
the Phe blood levels, the following classification is
still used: classic PKU presenting with Phe pretreat-
ment levels typically >1200 umol/l, moderate PKU
with Phe pretreatment levels of 900-1200 pmol/l,

Athens, Greece. Email: loukas@pharm.uoa.gr mild PKU with Phe pretreatment levels of
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Figure 1 Schematic presentation of the metabolism of Phe

600-900 umol/1 and mild HPA with Phe pretreatment
level <600 umol/1.}

In ACMG guideline, individuals with PAH
deficiency have been also categorized by phenotype
and genotype. Phe tolerance is defined as the
amount of dietary Phe per kg/body weight per day
that an individual with PAH deficiency can tolerate
in order to achieve plasma Phe concentrations within
a target range.>’ Four different phenotypes may be
classified by using Phe tolerance: classic PKU with a

Table 1 Guidelines for Phe, Tyr, and protein intake for
individuals with PKU (Adapted from Singh et al.*)

Phe Tyr Protein
AGE (mg/day)*  (mg/day)*  (g/kg/day)
Infants to <4years®
0 to 3 months® 130-430 1100-1300 2.5-3.0
3 to 6 months 135-400 1400-2100 2.0-3.0
6 to 9 months 145-370 2500-3000 2.0-2.5
9 to <12months 135-330 2500-3000 2.0-2.5
1to <4 yearsd 200-320 2800-3500 1.5-21
After early childhood®
>4years to adult 200-1100 4000-6000 120-140%

RDA for age'

Pregnancy/lactation®
Trimester 1 265-770 6000-7600 >70
Trimester 2 400-1650
Trimester 3 700-2275
Lactation” 700-2275

#Recommendations for Phe and Tyr intake for infants and
children <4 years with more severe PKU and treated with Phe-
restricted diet alone. Tyr intake recommendations may require
adjustment based on blood Tyr monitoring.

PPhe recommendations for premature infants may be higher.
°Phe tolerance usually stabilized by 2-5 years of age.
Recommendations are based on size and growth rate.
Individual Phe intake recommendations should be adjusted
based on frequent blood Phe monitoring.

9Range of recommended Phe intake applies to spectrum of
PKU severity.

°Recommended protein intake greater than the DRI is
necessary to support normal growth in PKU.
‘Recommendations are slightly higher for pregnant women
<19years of age.

9Recommended nutrient intake during lactation is same as the
for third trimester of pregnancy for all women.

"Protein recommendations for individuals consuming medical
foods as the major protein source.

Noradrenaline

Dopamine

Phe tolerance <20 mg/kg/day (250-300 mg/day),
moderate PKU with a Phe tolerance of 20-25 mg/
kg/day (350-400 mg/day), mild HPA with a Phe tol-
erance 25-50 mg/kg/day (400-600 mg/day), and

HPA with patients off diet.®

According to the latest European guidelines, a new
classification is proposed on the basis of whether
patients with PAH deficiency, in order to maintain
blood Phe concentrations in the recommended range,
do not need treatment or require dietary interven-
tion/tetrahydrobiopterin (BH4) or both. For women
preconception and during pregnancy (maternal
PKU), untreated Phe blood concentrations of more
than 360 umol/l must be reduced.” The dietary man-
agement of PKU is based on four parts: (a) natural
protein restriction limiting intake of Phe, (b) consider-
ing individual Phe tolerance, (c¢) Phe-free L-Amino
Acid (AA) supplements and (d) special low protein
foods (SLPFs).

A) The restriction of dietary Phe remains the mainstay
of PAH deficient management and usually begins
immediately after confirmation of the diagnosis
during the perinatal period. Phe is an essential
AA for protein synthesis and tyrosine (Tyr) pro-
duction. Adequate intake of Phe, protein and
energy must be provided to prevent breakdown of
body tissues which can lead to elevated plasma
Phe concentrations. The wide ranges given for
Phe intake* (Table 1) reflect the influence of
many factors on Phe requirements, including
residual PAH activity, patient’s age, growth rate,
genotype, sapropterin-responsiveness, etc. When
L-amino acids provide the primary source of
protein equivalents in the PKU diet, total protein
intake should provide approximately 40% above
the age-related safe levels of protein intake rec-
ommended by the FAO/WHO (FAO/WHO/
UNU 2007) because of inefficient utilization of
amino acids to support protein synthesis.

PKU patients have to accept the Phe-free formula
and avoid foods rich in protein (e.g. meat, fish, eggs,
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standard bread, etc.) and drinks containing aspar-
tame. Phe comprises 4-6% of all dietary protein-con-
taining foods. Practical methods for prescribing Phe
intake vary throughout the world and it is either allo-
cated by prescribing total daily allowance, where all
Phe-containing foods are calculated in the diet, or by
Phe exchange systems that comprises of weighted por-
tions of food all containing the same amount of Phe.'”
Low protein foods in the diet, such as potatoes, some
vegetables and most cereals can be eaten but only in
severely restricted amounts that should contain
50 mg of phenylalanine or less per 100 g (equivalent
to 1 g of protein per 100 g) of dry product. Fruit and
vegetables containing less than 75 mg of phenylalanine
per 100 g of food product should not adversely affect
blood Phe control and can be characterized free.'!

The optimal amount of Tyr provided in a low-Phe

diet is unknown, but regular monitoring is necessary
to ensure that supplementation is adequate to main-
tain blood Tyr concentration in the normal range.
Additional supplementation in excess of amounts pro-
vided by AA supplements is not associated with a
benefit.!? Tyr is a precursor of the neurotransmitters
(dopamine, norepinephrine and epinephrine).
Investigations into the biochemical markers associated
with executive function (EF) impairment in children
with early and continuously treated PKU remain
largely Phe-only focused, despite experimental data
showing that a high Phe:Tyr ratio is more strongly
associated with EF deficit than Phe alone.'
Although the diet is supplemented with Tyr, it has
been demonstrated that blood Tyr concentrations fluc-
tuate throughout the day, and may decrease after pro-
longed fasting.'*

B) The individual dietary Phe tolerance is pragmati-
cally determined as mentioned above.

C) To guarantee a sufficient intake of daily protein,
the patients, use a designated Phe-free AA-
medical food (AA-mf), supplemented with Tyr
and containing the right mixture of essential
AAs, vitamins, minerals and trace nutrients,
with the aim of meeting the nutritional require-
ments for a specific age targeted population.'>
There is now evidence that the quantity, compo-
sition, diurnal distribution, acceptability and
administration of the protein substitute could
influence blood Phe control. Nutritional compo-
sition, labeling and manufacturing of these
special formulas, is regulated by the European
legislation.'®

Phe-free protein substitute is essential to prevent

protein deficiency, optimize metabolic control,!’
improve growth,'® prevent micronutrient deficiency.'”
It may block Phe transport across the blood-brain
barrier (BBB)** and has an important role in helping
to prevent neurological disability.?! Several studies
documented differences in gut absorption rate of

Nutritional Neuroscience 2020 voL. 23 NO. 8

AAs between medical formulas and natural
protein.’> Efficient utilization of AAs for body
protein synthesis is influenced by many factors, includ-
ing the rate of protein digestion and absorption of AAs
into blood, the presence of all essential or indispensa-
ble AAs at the same time and adequate intake of
energy and total dietary nitrogen to support the high
metabolic cost of protein synthesis. A more rapid
and elevated increase in AA plasma concentrations,
followed by a rapid decline, has been noted after inges-
tion of free AAs compared to an equivalent amount of
AAs provided as intact protein.”® Thus, a higher dose
of Phe-free AAs is required when giving AAs instead
of intact protein as the main source of protein
intake.** Today, AA-mf is presented in several types,
as amino acid powders, gels, etc., supplemented with
vitamins, minerals, fat and carbohydrates; the latter
playing a role in reducing leucine oxidation and
increasing net protein synthesis.”* This elemental mf
often provide an osmolality that exceeds physiologic
tolerance of the patient. Abdominal cramping, diar-
rhea, distention, nausea, and vomiting may result
from hyperosmolar feeds, especially in young children
if protein substitute is diluted with less water than rec-
ommended. It is important to divide the daily intake
of AA-mf into at least three to four equal parts
throughout the day and given each dose with other
foods containing natural protein or beverages to try
to slow the absorption rate, minimizing in this way
fluctuations in blood Phe variability.'” Infrequent
administration of large doses of AA-mf increases
nitrogen excretion, as well as oxidative utilization of
AAs, so this practice is not advocated.”> Although
the mean nutritional composition of the AA-mf
designed for different ages may be similar, the AA-
mf developed for specific age ranges of patients vary
widely in nutrient composition, and not all are formu-
lated to meet the specific nutritional requirements of
patients or the widely varying disorder severity
spectrum.26

Although these products, with added vitamins and
minerals provide the major source of micronutrients
for the majority of patients, the biochemical micronu-
trient deficiencies are common.?’ In particular, low
plasma levels of carnitine, selenium, and zinc have pro-
moted increased supplementation, as it is widely
known that they are involved in the anti-oxidant
status.”®* % Iron deficiency and iron deficiency
anemia have been reported and routine evaluation of
iron status, including ferritin is recommended.'**°
High concentrations of blood folate and low in vita-
mins, especially vitamin B12, have been noticed.*'*
A high content of folic acid in protein substitutes for
the patients results in high plasma folate levels and
low plasma homocysteine levels.*> Functional B12
deficiency can exist despite levels within the reference



range, and it is recommended to evaluate vitamin B12
levels against methylmalonic acid or homocysteine
levels. Although mineral and vitamin deficiencies
have been reported among individuals with PKU, it
is not clear that PKU in and of itself, leads to a specific
nutrient deficiency (except Tyr)."

Additionally, a typical PKU diet provides low satu-
rated and polyunsaturated fat intake, due to the low
intake of Phe-containing animal products. As a conse-
quence, PKU patients have a poor long-chain polyun-
saturated fatty acids (LC-PUFAs) status in plasma and
erythrocytes, as compared to healthy controls,*
especially when fat-free AA-mf is consumed. The
dietary supply of LC-PUFAs in the first months of
life increased erythrocyte status in infants** and may
have long-term consequences for the development of
some cognitive functions in later childhood.®
Osteopenia and osteoporosis have been reported in
children and adults with PKU?® and may be due to
long-standing dietary deficiencies in natural protein,
calcium, vitamin D, and/or trace elements, or a
primary defect in bone turnover inherent to the
disease itself.'> Other dietary nutrients positively cor-
related with bone health include docosahexaenoic
acid, eicosapentaenoic acid, and total omega-3 fatty
acids.’’ Individuals with PKU have significantly
diminished plasma levels of these nutrients compared
with controls unless the AA-mf is enriched.*®

D) Additionally, for better dietary control SLPFs are

administered to people with PKU to provide
energy, variety and satiety in the diet.*

Recently, an alternative source of protein substitute,
Glycomacropeptide (GMP), with a significant pro-
portion of large neutral amino acids (LNAAs),
seems to ameliorate the quality of the PKU diet.*
Medical food enriched with LNAAs, is especially
very important for the dietary control of adolescents
and adult PKU patients.*! Despite a generous nutrient
intake for the majority of patients with PKU, achiev-
ing the optimal nutrient status is challenging, particu-
larly when a substantial proportion of the nutrient
intake is from chemically derived sources with poor
bioavailability and little natural protein to aid absorp-
tion and utilization. The addition of BH4 (Figure 2),
also known as sapropterin dihydrochloride (Kuvan)
in those patients who respond by reducing Phe blood
levels, is also a cornerstone for the management of
the disease.*> Another promising agent for the lower-
ing blood Phe is Phe ammonia-lyase (PAL), which is

o R
3 \‘/\t 7 NH - 2HC
OH \ N/)\NHZ

Figure 2 Chemical structure of BH4
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still under clinical evaluation.*® Special attention
should always be payed to future mothers with PKU
in order to avoid complications during pregnancy
and the presence of microcephaly, congenital heart
disease etc in their offsprings.**

The important role of LNAAs

The oral ingestion of a LNAA mixture, excluding Phe
with the purpose of lowering brain Phe concentrations
was first studied in rats in 1976.* Targeting the brain
requirements, LNAAs supplementation including,
tyrosine, tryptophan, threonine, methionine, valine,
1soleucine, leucine and histidine aims to restore the dis-
turbed LNAA transport across the BBB, with or
without the traditional diet. LNAA enrichment
could serve to: (i) decrease brain Phe, (ii) increase
brain non-Phe LNAAs, and/or (iii) increase brain
monoaminergic neurotransmitter concentrations.*®

LNAA transporter 1 (LAT 1) is the predominant
transport system for all LNAAs across BBB and it is
saturated for >95%.*” Combined with the fact that
LAT 1 shows a high affinity to Phe, increased blood
Phe concentrations in poorly controlled PKU, strongly
increase brain Phe influx, outcompeting the transport
of other LNAAs across the intestinal mucosa into the
blood and across the BBB into the brain.*® High brain
Phe concentrations have been found to be neurotoxic,
consequently, the role of other LNAAs for protein
synthesis is diminished. Additionally, impaired cer-
ebral monoaminergic neurotransmitter synthesis may
result from outcompeted brain uptake of their AA pre-
cursors Tyr and tryptophan (Trp). Specific supplemen-
tation with Tyr and Trp improved metabolism of
dopamine and serotonin in PKU patients with an
unrestricted natural protein intake, however, later
studies with large doses of Tyr and Trp had no
further effect.** LNAA supplementation in the
patients was recently found to increase blood and
urine melatonin concentrations, resulting in increased
brain serotonin synthesis*’ and better cognitive func-
tion. This treatment is recommended for adults who
are usually on a loose diet.”° Differences in outcome
have been reported depending on the composition,
dosing, route of administration and duration of the
supplementation period.*¢->*->"!

LNAAs typically provide 20-30% of the total
protein requirement with 70-80% of protein supplied
by natural sources.*® Total protein has been limited
to the DRI of 0.8 g/kg or 1 g/kg.*® A recent study
has tested a new nutritionally complete formula con-
taining LNAAs in patients with PKU, with the
purpose of improving the compliance and lowering
blood Phe. It was concluded that the older aged chil-
dren who responded less to the treatment can manip-
ulate their intake and follow the diet incoherently.*!
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Overall, the administration of LNAAs, either alone
or in combination with a low-Phe diet, has a potential
to improve health outcomes for the older patients who
are unable to follow the low-Phe diet. Accordingly to
the latest European guidelines, the use of LNAAs
cannot be easily adapted for children under the age
of 10 years.” Further investigation on this field
should be done.

Glycomacropeptide (GMP): a new hopeful
natural medical food

Glycomacropeptide is a 64-amino acid phosphory-
lated glycopeptide, released from kappa casein by
the action of chymosin during the cheese-making
process that has been adapted for use as a protein sub-
stitute in PKU.** While GMP in pure form contains
no Phe, the process of extracting and refining GMP
results in inclusion of trace quantities of this AA.%>>3
However, given the low-Phe content of GMP, it has
been used in the manufacturing of a variety of palata-
ble GMP-MF that are low in Phe and high in protein
content.””

Pure GMP presents an absence of the aromatic AAs
(Phe, Trp and Tyr) with the content of the LNAAsS,
threonine and isoleucine to be two to three times the
amount of other protein substitutes based on L-AA
supplements. Commercial preparations of GMP-MF
are modified by enhancing levels of Trp, arginine,
leucine, histidine and Tyr, which are naturally deficient
in pure GMP.>*% This addition is necessary in order
to meet the daily intake requirement of these essential
AAs, which cannot be synthesized de novo by the
body.! Medical food based on GMP is also sup-
plemented with small amounts of indispensable AAs,
including methionine and lysine, which are important
for endogenous biosynthesis of carnitine, as well as
with vitamins and minerals to be ideally suited for
the PKU diet as mentioned above.

High concentrations of LNAAs in GMP-mf may
reduce intestinal absorption of Phe and transport
into the brain. PKU mice fed a low-Phe diet contain-
ing GMP showed a significant 20% reduction in brain
concentration of Phe compared with PKU mice fed a
low-Phe amino acid diet.>* The expansion of plasma
Threonine from GMP may also improve Phe toler-
ance. GMP-MF, compared to conventional AA-MF,
improves protein retention and Phe utilization,*
potentially improves long-term bone health®> and
has an intestinal anti-inflammatory activity that may
be important in the long-term health in PKU.*
Reduced gastrointestinal side effects noted by patients
consuming GMP-mf are supported by evidence that
GMP is a prebiotic.’® It demonstrates several unique
biological properties and is currently used as a food
ingredient with applications to infant formula, gastro-
intestinal health, and obesity.>’

Nutritional Neuroscience 2020 voL. 23 NO. 8

Highly acceptable low-Phe, high protein food and
beverages that provide 5-15g of protein and only
15-25 mg Phe per serving can be made with GMP to
provide an alternative to AA formula for those with
PKU with a daily allowance of =300 mg Phe. These
GMP foods include beverages, either milkshake-like
or clear, fruit flavored, pudding, puffed cereal, crack-
ers, salad dressings, and a snack bar.>?

So far, many studies have shown that GMP may be
suitable for the management of PKU.** % Zaki and
coworkers concluded that GMP may be used to
replace 50% of the protein intake to improve the nutri-
tive value and palatability of diet and to provide a
more satisfactory diet with no toxicity or side effects
reported in patients on that regimen.®® Oppositely,
Daly and coworkers,*> assumed that GMP-mf was
more acceptable than AA-mf, blood Phe control
declined with GMP-mf but when titrating the dose,
blood Phe control remained within target range.
They concluded that the additional intake of Phe
may have contributed to the change in blood Phe con-
centration. As commercial GMP-mf contain residual
Phe (1.5-1.8 mg/g protein), it is important to establish
via longitudinal, long-term studies the safety both in
terms of growth and Phe control in children.’

Very recently, it was reported that GMP-mf con-
tains no or tiny amount of carnitine.®* The US
national Institute of Health reports®® that carnitine
biosynthesis occurs primarily in the liver and kidneys
from the AAs lysine and methionine, as mentioned
above. This endogenous production of carnitine
covers only 25% of the daily requirements, whereas
the rest (75%) should be administered by food.
Carnitine plays a critical role in energy production.
It transports long-chain fatty acids into the mitochon-
dria so that they can be oxidized to produce energy. It
also transports the toxic compounds generated out of
these cellular organelles to prevent their accumulation.
Given these key functions, carnitine is concentrated in
tissues such as skeletal and cardiac muscles that use
fatty acids as a dietary fuel.** The human body pro-
duces sufficient quantities of carnitine to meet the
requirements of most healthy people. For genetic or
medical reasons, some individuals, such as preterm
infants®® and PAH deficiency patients® do not have
enough carnitine in their blood, so for them carnitine
is a conditionally essential nutrient. In 1990, our team
was the first who reported the necessity of carnitine in
PKU diet. We concluded that in those patients, low
carnitine blood levels were established.”® Recent
studies also reported reduced plasma carnitine concen-
trations in children with PKU.°® Thus carnitine sup-
plementation of AA-MFs does not seem to affect
carnitine and acylcarnitine status in patients with
PKU.?*°” More recently, Stroup et al.®®, from metabo-
lomics evidence relating supplementation of medical



foods with carnitine, showed no significant differences
in plasma carnitine concentrations of adolescent and
adult patients receiving AA-MFs versus GMP-MFs,
despite higher supplementation of AA-MFs with car-
nitine compared with GMP-MFs. Additionally,
excretion of trimethylamine N-oxide (TMAO), a
product of bacterial metabolism of carnitine and
choline, was determined high in patients receiving
AA-MF versus those supplemented with GMP-MF.
They concluded that carnitine supplementation of
AA-MFs showed reduced bioavailability due, in
part, to bacterial degradation to TMAOQO, whereas the
bioavailability of carnitine is greater with prebiotic
GMP-MFs.

AA-mf vs. GMP-mf administration

The target point for PKU control is the restriction of
natural protein, so the diet should be supplemented
with a Phe-free mf. Consequently, the AA-based low-
Phe diet provides approximately 80% of protein needs
from synthetic AAs and 20% from the intact protein
found in fruits and vegetables.” Oppositely, a GMP-
based low-Phe diet supplemented with limiting AAs
provides approximately 70% of protein needs from
intact protein and only 30% of protein from synthetic
AAs. This is an example to replace the current PKU
diet from synthetic AA to natural, based on intact
protein. Van Calsar et al. reported that GMP-mf pro-
vides 30% more histidine, methionine, leucine and
tryptophan and 50% more tyrosine than AA dietary
reference values.*” It is clear that in PKU patients L-
AAs may be poorly used and are less efficacious than
the low Phe-peptide based Glycomacropeptide.®

As compared to the casein-rich protein, there is evi-
dence of less efficient transfer of AAs into tissue and
plasma proteins with AA supplements.”’ AAs deliv-
ered as dietary protein (casein) may support whole-
body protein metabolism better than ingestion of
crystalline [L-AAs, casein hydrolysates or soy
protein,”! with nitrogen losses to be lower with intact
protein than with free-AAs. The slower digestion and
absorption of GMP compared to AA-mf promotes
satiety and may modulate control of postprandial
blood glucose levels.””> This is important given that
many individuals with PKU have a hungry feeling
when consuming a diet with AA-mf. GMP has the
advantage of being of lower osmolarity than the
regular AA formula.”

Another beneficial effect of GMP is its prebiotic
function in reducing the enteric bacteria and enhancing
the synthesis of beneficial short-chain fatty acids. It is
well known that there is no prebiotics in many infant
AA-mf as has been previously reported, taking into
account that the full nutritional characteristics of
these products do not usually represent the nutrient
profile typically found in the regular infant formulas.”

Manta-Vogli et al. The phenylketonuria patient

AA patterns of Phe-free AAs prepared for infants, chil-
dren and adults are primarily based on that of human
milk. In different formulations of Phe-free AAs, there
are variations in the AA patterns as well as the
amount of essential and no essential AAs per 100 g/
AAs, which may influence bioavailability.
Additionally, the amount of Tyr and the Branch
Chain Amino Acids (BCAAs) added to Phe-free AAs,
vary between individual products.**® This may be par-
ticularly important as the BCAAs share the same Phe
transporter system in the BBB and the gut, reducing
Phe absorption and consequently brain Phe levels.'*

Among young adults patients with PKU-treated
since birth with an AA diet, increasing dietary
protein intake was associated with decreasing glomer-
ular filtration rate.”> In an inpatient metabolic study,
the AA diet introduced a greater dietary potential
renal acid load and evoked adaptions consistent with
metabolic acidosis based on reduced serum bicarbon-
ate levels, compared with the GMP diet.”®”’
Reduced renal function in PKU could decrease renal
1,25(0OH),D synthesis and reduce fractional calcium
absorption, leading to a decline in bone mineral
density (BMD), contributing to skeletal fragility in
PKU. This hypothesis was tested by Stroup et al.,
and they also concluded that, AA-mfs provide a high
dietary acid load and increase urinary excretion of
renal net acid, calcium and magnesium, compared
with GMP-mfs.”® GMP also attenuated the metabolic
stress and bone fragility compared to a low amino acid
supplemented diet in PKU mice.’>” In contrast,
GMP-mfs contain no or tiny amounts of carnitine as
mentioned above, whereas AA-mfs products are
enriched with this biocatalyst.

Itis clear that GMP-mf offer several advantages com-
pared to conventional AA-mf administration. In the
future, advances in biotechnology and the development
of new protein purification technologies will speed the
transition from AAs to intact protein in designing
medical foods for inherited metabolic disorders.

Special low protein foods (SLPFs)

SLPFs organized in sub-groups include baby cereals,
bread, breakfast cereals, cakes/mix cake/pancake
mix, chocolate/energy bars/jelly, cookies, flour, ice
cream, milk replacers, pasta, rice and savory foods.
People with PKU need these products to provide
energy, variety and satiety in the diet. While their
ingestion satisfies energy needs, they also help
support free AAs anabolism, improve dietary adher-
ence and thereby help maintain blood Phe control
within target ranges.’ It is estimated that in patients
with the most severe forms of the disorder, SLPF
provide 50% of the total energy intake. Patients with
milder phenotypes, with a higher natural protein toler-
ance are likely to be less dependent on their use.®”
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Pena et al., identified the number of SLPF available
in Europe and analyzed their nutritional composition.
They found that Lipid and CHO composition of
SLPF subgroups as compared with those of regular
foods was higher in 58 and 92%, respectively.
Additionally in 75% of the SLPF sub-groups the
energy content was higher than in regular foods.®* As
overweight is a matter of concern in PKU, especially
in older females'> with poor Phe control, it is essential
to prevent nutritional status imbalances and examine
other aspects of nutrition (e.g. differences in dietary pat-
terns) that may influence cardiometabolic markers,®’
beyond blood Phe control. It is important that industry
ensures a high quality of SLPF in respect to taste,
acceptability, palatability and appearance to help
improve patient adherence with the diet, but a careful
analysis of nutritional profile of all products is also
desirable to improve the quality of information, in
order to better match the nutrient needs of each
patient.®”

The utilization of sapropterin dihydrochloride
(Kuvan)

Tetrahydrobiopterin (BH4) is an essential cofactor of
the PAH enzyme. The aromatic amino acid hydroxy-
lases, PAH, tyrosine hydroxylase and tryptophan
hydroxylase, all require (6R)-L-erythro-5,6,7,8-tetra-
hydrobiopterin  (BH4) for catalytic activity.
Sapropterin is a synthetic dihydrochloride salt formu-
lation of the naturally occurring, biologically-active
6R-diastereomer of BH4.

The safety and efficacy of BH4 are approved by
FDA and it is recommended for PAH responders
and deficient patients. The therapeutic efficacy of
BH4 depends on a number of factors, such as pharma-
cokinetics and pharmacodynamics properties.®?
Pharmacological response following oral adminis-
tration of BH4 appears to be delayed, as demonstrated
by a reduction in blood Phe concentrations 8-24 h
after each administration. The recommended dose of
sapropterin is 5-20 mg/kg/day.®* Greater reductions
in plasma Phe occur with doses of 10 or 20 mg/kg/
day compared with 5mg/kg/day.®® Responsiveness
to BH4 has been arbitrary, defined as a reduction of
at least 30% of plasma Phe levels during a loading
test with BH4 compared to the baseline Phe
value.”®*% 1t is estimated that 20-60% of PKU
patients are BH4-responsive, whereas patients with
mild PKU are more likely to respond.** Criteria to
identify individuals for which a trial of sapropterin
therapy may be appropriate vary widely and range
from including all patients, prioritizing patients by
clinical need or adherence history, or limiting
therapy to a known mutation or enzyme activity.'>*

In the neonatal period, a BH4 loading test is per-
formed immediately after a positive newborn screening
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result, using 20 mg/kg BH4/24 h, that allows the
differentiation between responders and deficient
patients. The drug is administered orally directly
after taking a baseline blood Phe sample and blood
samples are also taken at 4, 8 and 24 h after the
loading, with the patients being on a normal diet
during the test. However, this kind of test can be
more useful knowing the genotype of the patient.3%’

In most parts of the world, BH4 is prescribed to
patients from four years of age onwards and in accord-
ance with the latest European guidelines: in any
patient without two known null mutations for PKU
or two known BH4 responsive mutations, a 48 h
BH4 loading test should be done by analyzing the
blood Phe concentrations before and after a single
daily dose (20 mg/kg /day) on two consecutive days.®’

Treatment with BH4 should only be described in
cases of proven long-term BH4 responsiveness,
defined as an increase in the amount of natural
protein intake, during a 6 month trial with BH4. The
treatment trial starts at 10-20 mg of BH4 per kg body-
weight and natural protein intake is increased (with the
advice of a dietician), the BH4 dose is adjusted, and
the AA supplements are decreased accordingly, while
blood Phe concentrations are still maintained in the
target range.” Increases in dietary Phe intake from
natural protein are reported to range from less than
two-fold to more than three- or four-fold over baseline
intake.**%® The best approach for determining
increased Phe tolerance is to add incrementally a
natural protein (e.g. powdered milk) that can be
easily calculated, measured and adjusted without sig-
nificantly affecting the patient’s usual diet. This can
then be converted to dietary protein if the Phe levels
remain in the target range. Regular blood Phe moni-
toring and evaluation of dietary intake records are
important throughout the Phe challenge and sub-
sequent dietary modification. Illness, missed saprop-
terin dosage, or changes in diet, exercise or lifestyle
may complicate the evaluation of the test. After deter-
mining increased Phe tolerance, dietary modification
can be made to include reevaluation of requirements
for medical food and SLPFs. Reeducation of the
patient and/or family on implementation of the new
dietary regimen is essential.'” Regular monitoring of
blood Phe levels and dietary intake is required to
assess compliance and nutritional adequacy. A reas-
sessment of Phe tolerance may be needed subsequent
to major changes in growth, body mass, or lifestyle.
There are few studies describing the long-term effect
of sapropterin therapy along with modified dietary
management.®**® Diet liberalization has the potential
to augment improved adherence to treatment with
associated flexibility in food choices and quantity in
addition to enhancing the nutritional quality of the
diet.*



Several studies provide a relationship between pre-
dictors of BH4 responsiveness and BH4 long-term
response, including Phe levels at diagnosis, Phe:Tyr
ratio, Phe tolerance before BH4 treatment and geno-
type.??*2 There are mutations of PAH involved,
typically ‘mild’ such as p.Y414C or p.E390G that
strongly predict BH4 responsiveness, while others
strongly predict non-responsiveness, e.g. p.R408W.”
Although there is a general relationship between the
particular variants in the PAH gene and patient’s
BH4 responsiveness, the PAH genotype is not always
related to phenotype.”*?

BH4 treatment below the age of four years may be
promising” because starting BH4 treatment at a
young age can be beneficial for a healthy dietary
pattern, containing more natural protein intake.***
Based on the results of the SPARK (Safety
Paediatric EfficAcy PhaRmacokinetics with Kuvan)
study, the European Medicines Agency has recently
included children below 4 years old, for whom the pre-
vious standard care was a Phe-restrictive diet.”> The
results of this study, which was the first clinical trial
of sapropterin in patients aged less than 4 years old
with BH4-responsive PKU, mild PKU or mild HPA
in Europe, showed that daily dosing with 10 or
20 mg/kg/day sapropterin was well tolerated and in
combination with a Phe-restricted diet, led to a signifi-
cant improvement in Phe tolerance compared with
only a Phe-restrictive diet.

Clinical data regarding the safety and efficacy of the
use of this drug in pregnancy is limited. However,
sapropterin dihydrochloride has been used during
pregnancy anecdotally, but only if women are known
to be BH4 responders before pregnancy.”® Since drug
studies in pregnancy are not feasible, experience is
based on a small number of case reports and small
cohort studies. Therefore, no prospective data are
available regarding the indication, dose and manage-
ment of BH4 during pregnancy.’

Phenylalanine ammonia-lyase (PAL)
Phenylalanine ammonia lyase (PAL) is a prokaryotic
enzyme that converts phenylalanine to ammonia and
trans-cinnamic acid, which is then quickly converted
into hippurate and excreted in urine.”” Attempts
have been focused for the utilization of PAL in the
PKU control administrating it orally to decrease Phe
content in the gut or injected to reduce blood phenyl-
alanine levels.

Unhappily, issues involving immunogenicity and
other side effects appeared. The evaluation of PAL
enzymes from multiple species, and subsequent
studies in animal models led to the development of a
recombinant Anabaena variabilis produced in
Escherichia coli conjucated with PEG (pegylated
PAL) to reduce immunogenicity (rAvPAL-PEG).*
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Recently in another experimental model the
rAvPAL-PEG given orally, showed promising results
with a mean blood Phe level reduction of around
40% with no serious adverse reactions. It was observed
that Phe reduction occurred in a dose- and loading-
dependent way.”® More recently, the administration
of pegvaliase, (rAvPAL-PEG) to PKU adults showed
promising results in lowering Phe levels, without/or
little immunoreaction symptoms.””-'%

Maternal PKU

Maternal PKU syndrome refers to the teratogenic
effects of elevated maternal blood Phe during preg-
nancy.** Untreated maternal PKU or hyperphenylala-
ninemia may result in nonphenylketonuric offspring
with neonatal sequelae, especially intellectual disabil-
ity, microcephaly and congenital heart disease. The
risk of congenital abnormalities increases with increas-
ing maternal blood Phe concentration.**

The aim of managing maternal PKU is for women
to be on strictly controlled diet preconception and
onwards, with regular Phe monitoring showing levels
between 120 and 360 pumol/1.”'°" For women trying
to conceive and during pregnancy, untreated Phe
blood concentrations above 360 umol/l should be
reduced.®” Contraceptive strategies should only be dis-
continued after stable Phe concentrations, within the
target range, have been achieved for at least 2 weeks,
thus preventing sustained Phe concentrations above
or below the target range.’

In addition to elevated maternal blood Phe concen-
trations, evidence of harm has also been shown for
blood Phe concentrations <120 pmol/l during preg-
nancy.'”” In this case, Phe intake must immediately
be increased by 50-100 mg per day, especially during
the second and third trimester of pregnancy, where
there is an increased Phe requirement, due to fetal-
maternal anabolism. Otherwise, PKU pregnant
women who remain constantly in a low natural
protein intake with blood Phe concentrations below
120 pmol/I are at higher risk to deliver Intrauterine
Growth Restricted (IUGR) fetuses. Other significant
factors associated with abnormalities found in the
infant include low pre-pregnancy weight, poor
weight gain during pregnancy and low intake of
protein from medical food.” Inadequate energy
intake, with weight loss especially during the first tri-
mester is common due to poor appetite associated
with nausea and vomiting, dislike of low protein
foods and inability to consume the Phe-free L-amino
acid supplements. Therefore, frequent monitoring of
dietary intake during pregnancy is essential to ensure
nutrient adequacy, with proper proportion of
protein, fat, and carbohydrates, and adequate but
not excessive energy intake. AA supplements usually
supply sufficient Tyr (intake should be at least 6 g
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per day). The recommendations for folic acid is 400 pg
per day preconceptually and during the first 12 weeks
of pregnancy.’

In the presence of these risks, all females with PKU
must be monitored for the duration of their lives (levels
should be determined with protocols similar with the
ones used for neonatal screening),'®® being counseled
early in their childhood and having a longstanding
trusting relationship with their PKU team.'® Co-
monitor in conjunction with practitioners from an
experienced metabolic center and close collaboration
with the obstetrician should be considered essential
during pregnancy, and in the post-partum period.
High blood Phe concentrations above target range
imply a high-risk pregnancy, necessitating the need
for high-resolution ultrasound and fetal echocardio-
gram. Laboratory examinations included, vitamins
B12, 25-OH D, folic acid, ferritin, total protein and
albumin concentrations in serum should be done at
regular intervals. Close dietetic advise in relation to
the results of the above-mentioned laboratory tests is
indicated.

BH4 treatment in maternal PKU should be con-
sidered with caution, only if women are known to be
BH4 responders and strict dietary management does
not adequately reduce blood Phe levels.>”!%
Breastfeeding may be pursued if the infant does not
have PAH deficiency, but the provision of breastfeed-
ing to an infant with PKU whose mother also has
PKU requires careful monitoring with regard to the
Phe concentrations both in the mother and the infant.”

Conclusions

The most serious neurological manifestations pre-
sented in PKU are now preventable with early diagno-
sis of the disease by neonatal screening, as well as the
establishment and adherence to the special PKU
therapeutic diet. In contrast, a variety of subtle phys-
ical, neuropsychological and behavioral impairments
have been recognized, even if the PKU patients
adhere strictly to the special dietary recommendation.
These outcomes stem from a complex array of factors,
including the severity of PKU and a variety of other
genetic and environmental effects. Full access to
medical foods and foods modified to be low in
protein, the coordination of medical follow up, dietetic
adherence to the special diet, psychological support
not only of the patients but also of their parents and
genetic counseling, as well as biochemical laboratory
tests at regular intervals facilitate good care of individ-
uals with PKU. An interdisciplinary approach is also
required to ensure successful transition from pediatric
to adult care. New medical foods such as GMP-MF,
LNAAs and SPLFs make easier the control of this
metabolic disorder as compared previously. BH4 is
mostly administrated to those of patients in whom
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certain mutations are identified. The utilization of
the drug results in lowering Phe blood levels even
though patients Phe intake is increased. Other drugs,
such as PAL, are under investigation, representing a
long-awaited potential therapy of this metabolic dis-
order. Gene therapy is expected to be the future for
the management of such a disease.
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