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Accumulating evidence suggests that hyperphenylalaninemia in phenylketonuria (PKU) can cause neuropsycho-
logical and psychosocial problems in diet-off adult patients, and that such symptoms improve after resumption of
phenylalanine-restricted diet, indicating the need for lifetime low-phenylalanine diet. While limiting protein in-
take, dietary therapy should provide adequate daily intake of energy, carbohydrates, fat, vitamins, and microel-
ements. We evaluated nutrient balance in 14 patients with classical PKU aged 4-38 years. Approximately
80-85% of the recommended dietary allowance (RDA) of protein in Japanese was supplied through phenylala-
nine-free (Phe-free) milk and Phe-free amino acid substitutes. Nutritional evaluation showed that the
calorie and protein intakes were equivalent to the RDA. Phenylalanine intake was 9.8 4 2.2 mg/kg of body
weight/day, which maintained normal blood phenylalanine concentration by the 80% Phe-free protein rule.
The protein, fat, and carbohydrate ratio was 9.5:23.9:66.6% with relative carbohydrate excess. Phe-free milk
and amino acid substitutes provided 33.7% of carbohydrate, 82.1% of protein, and 66.7% of fat intake in all. Sele-
nium and biotin intakes were 25.0% and 18.1% of the RDA and adequate intake (Al) for Japanese, respectively;
both were not included in Phe-free milk. PKU patients showed low serum selenium, low urinary biotin, and
high urinary 3-hydroxyisovaleric acid in this study. The intakes of magnesium, zinc, and iodine were low
(71.5%, 79.5%, and 71.0% of the RDA, respectively) and that of phosphorus was 79.7% of the Al, although they
were supplemented in Phe-free milk. PKU patients depend on Phe-free milk and substitutes for daily require-
ment of microelements and vitamins as well as protein and fat. Development of low-protein food makes it pos-
sible to achieve the aimed phenylalanine blood level, but this lowers the intake of microelements and vitamins
from natural foods. The dietary habits vary continuously with age and environment in PKU patients. We recom-
mend the addition of selenium and biotin to Phe-free milk in Japan and the need to review the composition of

microelements and vitamins in A-1 and MP-11 preparations.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

affected infants through early-intervention dietary treatment, and
markedly improved long-term prognosis. At first, restriction of phenyl-

Phenylketonuria (PKU) is an autosomal recessive disorder caused by
deficiency in hepatic phenylalanine hydroxylase and is usually diag-
nosed early in life. Unless the affected child is maintained on a strict
low-phenylalanine diet, PKU leads to mental retardation, seizures, be-
havioral difficulties, and other neurological symptoms [1]. The introduc-
tion of newborn mass screening for this disorder allowed early
diagnosis of PKU, increased the chance of normal development of
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alanine intake was thought to be necessary for brain development in in-
fants and children with PKU. The initial protocol did not state the low-
phenylalanine diet prescribed for classical PKU in the second decade
of life. However, accumulating evidence in the last several years sug-
gested that hyperphenylalaninemia can cause neuropsychological and
psychosocial problems in diet-off adults, and that such symptoms im-
proved after resumption of phenylalanine-restricted diet [2-5]. Thus,
diet therapy is necessary and important over the lifetime of patients
with PKU.

The dietary therapy for PKU includes restriction of intake of natural
foods, such as high protein, but at the same provides protein at amounts

2214-4269/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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similar to those consumed by age- and sex-matched healthy subjects,
using phenylalanine-free (Phe-free) protein substitutes to maintain
blood phenylalanine concentration within the therapeutic range. Fur-
thermore, it is important that the daily intake includes the same amount
of energy and balanced diet of carbohydrate, fat and protein, similar to
sex- and age-matched healthy individuals. Therefore, Phe-free milk,
A-1, MP-11, and low-protein rice, noodle, and bread are used for dietary
therapy of PKU.

Phe-free milk, A-1 (a Phe-free amino acid substitute) and MP-11 (a
low Phe peptide substitute) are available in Japan. The Phe-free milk is
used with breast milk or general formula milk during the newborn pe-
riod. It was approved for use as a medical product in 1980, and is sup-
plied as a pharmaceutical product by Snow Brand Meg Milk Co., Ltd.
(Tokyo). A-1 was developed by Snow Brand Meg Milk in 1981, and is
comprised mainly of the same amino acids of Phe-free milk but does
not contain fat, carbohydrates, microelements, or vitamins. On the
other hand, MP-11 was developed in 1998 by Morinaga Milk Industry
Co., Ltd. (Tokyo), and based on the nutritional requirements of PKU pa-
tients at that time; the product contains high concentrations of microel-
ements but not vitamins [6]. MP-11 contains 280 mg of phenylalanine
per 100 g. MP-11 consists of the amino acids dimers, and thus its diges-
tion and absorption are better than the mixture of amino acid substi-
tutes without the smell of amino acids. Patients can obtain A-1 and/or
MP-11 through the Special Milk Safety Development Committee free
of charge as social contribution from the companies and government
subsidies.

Even if PKU patients have been detected in the newborn mass
screening, patients with high blood phenylalanine concentration
showed low 1Q. Moreover, previous studies showed a negative correla-
tion between blood phenylalanine concentration and I1Q [7]. Magnetic
resonance imaging (MRI) and electroencephalographic (EEG) findings
indicate the need to maintain blood phenylalanine concentration
below 480 pmol/L [8,9]. Blood phenylalanine concentration
(>600 pmol/L) are reported to be associated with oxidative stress
state in human [10]. Therefore, recent recommendations impose more
strict limitation on phenylalanine intake in adults to maintain low phe-
nylalanine concentration, compared with previous recommendations.
At present, a threshold value of 600 umol/L or less is set in many coun-
tries as the upper limit for blood phenylalanine concentration for pa-
tients aged >16 years [11]. The first Japanese guideline published in
1977 did not place a cap on blood phenylalanine concentration in
adult patients with PKU. However, the second 1995 guidelines limited
blood phenylalanine in such patients within the range of 180 to
900 pmol/L. On the other hand, the most recent Japanese guidelines in
2012 set the preferred blood phenylalanine concentration in adult
PKU patients between 120 and 600 pmol/L.

Various types of low protein diet products (rice, noodles, bread) have
been recently developed for patients with renal diseases. The develop-
ment of low-protein rice (1/5-1/30 protein of normal rice) of good flavor
has made it easier for PKU patients to maintain blood phenylalanine with-
in the above range. This is particularly important for Japanese patients
since boiled rice is the staple food in Japan. Strict limitation of consump-
tion of natural protein may be associated with low intake of microele-
ments and vitamins that are only present in natural protein. In addition,
the Ministry of Health, Labour and Welfare has prohibited to supplement
with biotin, selenium, and carnitine to formula milk including Phe-free
milk and Phe-free amino acid substitutes. Biotin was permitted recently.
Thus, the use of only these preparations could potentially lead to deficien-
cy of microelements and vitamins. Thus far, there are hardly any reports
on nutritional assessment of PKU patients in Japan, though zinc, selenium,
iron, and vitamin B, deficiency have been reported in PKU patients living
in other countries [12-15].

In the present report, we demonstrate that 80 to 85% of daily protein
intake should be from Phe-free milk, A-1, and MP-11 in PKU patients.
We evaluate the nutritional intake, including those of the three major
nutrients, microelements, and vitamins, in Japanese patients with

PKU. We also report preliminary results of serum selenium, serum bio-
tin, urinary biotin, and urinary 3-hydroxyisovaleric acid (3HIA).

2. Methods
2.1. Subjects

Nutritional evaluation was conducted in 14 patients (nine males)
with classical PKU aged 4 to 38 years. All patients showed
>1200 pmol/L of phenylalanine without dietary treatment and had se-
vere phenotypic mutations in both alleles. In the dietary therapy of
these PKU patients, 80-85% of age- and gender-specific recommended
dietary allowance (RDA) for protein according to the Dietary Reference
Intakes for Japanese 2010 [16] was taken from the Phe-free protein
comprising Phe-free milk with/without Phe-free amino acid powder
(A-1), and low phenylalanine peptide powder (MP-11). The natural
protein taken is within 15-20% of the RDA. PKU patients generally con-
sumed natural low-protein food and rice, noodle, and bread that
have been improved to a low protein content. We have regulated the di-
etary food, protein restriction, and Phe-free materials in PKU patient ac-
cording to the blood phenylalanine value and nutritional assessment.
Table 1 lists the composition of Phe-free milk, A-1, and MP-11.

2.2. Nutritional evaluation

In the Dietary Reference Intakes for Japanese 2010, the “Estimated
average requirement (EAR)” represents the estimated daily intake re-
quired by 50% of the population. Furthermore, the RDA means the esti-
mated daily intake by 97-98% of the Japanese population, with a
probability of lack of 2.5%. When the EAR and the RDA cannot be used
based on scientific grounds, the “adequate intake (Al)” is set as the suf-
ficient amount to maintain constant nutritional status, which is, in gen-
eral, larger than the RDA. The “Tolerable upper intake level (UL)” is the

Table 1
Nutritive composition of Phe-free milk and medical amino acid substitutions for PKU pa-
tients in Japan.

Phe-free milk  Phe-free amino acid
powder (A-1)

Low Phe peptide
powder (MP-11)

Protein (g) 15.8 93.7 75
Fat (g) 171 0 0
Carbohydrate (g) 60.4 0 7.2
Ash content (g) 3.68 29 7.4
Water substance (g) 297 34 2.8
Energy (kcal) 458 375 329
Phe (mg) 0 0 280
Ca (mg) 360 0 1100
Mg (mg) 34 0 300
Na (mg) 168 880 620
K (mg) 440 0 1400
P (mg) 270 0 600
Cl (mg) 320 1900 300
Fe (mg) 6 0 15
Zn (mg) 2.5 0 20
Cu (pg) 280 0 1000
I (ug) 25 0 150
Se (ug) 1 2 11
Vit A (IU) 1500 0 0
Vit B1 (mg) 0.36 0 0
Vit B2 (mg) 0.6 0 0
Vit B6 (mg) 0.4 0 0
Vit B12 1 0 0
Vit C (mg) 48 0 0
Vit D (IU) 300 0 0
Vit E (mg) 438 0 0
Ca pantothenate (mg) 2 0 0
Niacin (mg) 5 0 0
Folate (mg) 0.1 0 0
Choline (mg) 50 0 0
Biotin (ug) 0 0 0.6
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excessive intake amount that could potentially cause health
disturbances.

We evaluated food charts described by the patients, their parents,
and/or caretakers from 2010 to 2014, and evaluated the three major nu-
trients, microelements, and vitamins, using the Standard Tables of Food
Composition in Japan 2010 [17]. The average values from the 2-4 days
food charts were considered for analysis. Each nutrient was calculated
relative to that of gender- and age-specific RDA or Al amount. For nutri-
tional evaluation, the subjects were divided in two groups; the Phe-free
milk group (subjects who used Phe-free milk alone) and the A-1/MP-11
group (subjects who were provided with A-1/MP-11, including Phe-free
milk for adequate protein supply) (Table 2). In patients who underwent
several nutritional evaluations, we evaluated food charts at one year or
more intervals. In each group, a maximum of only two nutritional eval-
uations were conducted per patient.

2.3. Measurement of phenylalanine, selenium, biotin, and 3-

hydroxyisovaleric acid

The blood phenylalanine was measured quantitatively by tandem
mass spectrometry (The TQ Detector of Waters Company) for newborn
mass screening with non-derivatization method [18], set at the Multiple
Reaction Monitoring mode. Labeled Amino Acid Standards SET A (NSK-
A-OP) and Labeled Carnitine Standards SET B (NSK-B-OP) (Cambridge
Isotope Laboratories Company) were used as the internal standards. Bi-
otin contents, free and protein-binding biotin, in the serum and urine
were determined separately using microtiter plate by the microbiolog-
ical assay with Lactobacillus plantarum ATCC 8014, as described else-
where [19]. Urinary 3HIA was determined using HPLC after
derivatization with 2-nitrophenylhydrazine hydrochloride as described
elsewhere [20]. Measurement of serum selenium level was outsourced
to the LSI Medience Co. (Tokyo).

2.4. Statistical analysis

Values were expressed as mean + SD. Differences between two
groups were examined for statistical significance using the two-tailed
Student's t-test. A P value < 0.05 was considered statistically significant.

3. Results
3.1. Patients

Six PKU patients aged < 10 years could be treated with Phe-free milk
alone. To secure sufficient daily protein intake, 12 patients
aged > 10 years required A-1/MP-11 with Phe-free milk (Table 2). Dur-
ing the study period, three males and one female were switched from
the Phe-free milk group to the A-1/MP-11 group for proper body
growth. In the A-1/MP-11 group, A-1 was used in 10 patients, while
MP-11 was used in 3 patients. One female patient was switched from
A-1 to MP-11. The average intake of Phe-free milk was 200-250 g and
this value was not significantly different between the two groups
(Table 2). Fig. 1 shows blood phenylalanine concentration according
to age and nutritional group. Blood phenylalanine concentration tended
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Fig. 1. Blood phenylalanine concentration in PKU patients where Phe-free milk and amino
acid substitutes account for 80-85% of protein intake.

to increase with age, but was <600 pmol/L in all except for a patient
(Fig. 1).

3.2. Intake of energy and of three major food components

We investigated the gender- and age-specific energy requirements
(intermediate physical activity level) and the nutritional balance of pro-
tein, lipid, and carbohydrates (Fig. 2). The average energy intake in both
of Phe-free milk and A-1/MP-11 groups was 100.6 + 18.4% of the RDA,
which was approximately equivalent to that of healthy individuals.
There was also no significant difference in energy intake between Phe-
free milk group (105.6 + 20.2%) and A-1/MP-11 group (97.6 +
17.2%). About half of the energy intake was obtained from Phe-free
milk with/without A-1/MP-11 (49.4 + 8.9%). The protein, fat, and car-
bohydrates calorie (PFC) ratio was 9.5%: 23.9%: 66.6% for all patients, in-
dicating slightly excessive carbohydrate intake (Fig. 2C). The
percentages of protein and carbohydrate calories were not significantly
different between the Phe-free milk and A-1/MP-11 groups. However,
fat calorie in PFC ratio was significantly higher in the Phe-free milk
group (26.6%) than the A-1/MP-11 group (22.4%). A lot of the fat in
the PKU patients is supplied from Phe-free milk. With regard to the
source of each food component, 37.7 + 10.2% of carbohydrates,
66.7 £ 9.7% of fat, and 82.1 4 5.5% of protein were obtained from the
Phe-free milk and A-1/MP-11.

The protein intake was 106.4 4 18.7% of the RDA, and was approxi-
mately equivalent to that in healthy individuals. There was no signifi-
cant difference in protein intake between the Phe-free milk group
(107.1 £ 21.0%) and A-1/MP-11 group (106.1 & 17.9%) (Fig. 3). Analy-
sis of protein intake in the Phe-free milk group indicated that 17.4 +
4.2% of such protein was natural protein while 82.6 + 4.2% was from
Phe-free milk. In comparison, 16.7 &+ 6.7% was from natural protein,
22.1 + 9.2% from A-1/MP-11, and 61.2 4+ 8.1% from Phe-free milk in
the A-1/MP-11 group. The intake of natural protein as a percentage of
total protein was <20% in both groups.

Table 2
Background of PKU patients and intake of Phe-free milk and A-1/MP-11 in the nutritional evaluation.
Phe-free milk group A-1/MP-11 group Total

Number of patients 6 (males: 5) 12 (males: 7) 14 (males: 9)
Number of nutritional evaluation 10 17 27
Age (years) 4-10 10-38 4-38
A-1(g)* 0 10 patients (12 + 6, 6-27)
MP-11 (g)* 0 3 patients (24 + 6,16-28)

Phe-free milk (g)* 203 + 33 (130-240)

215 + 36 (180-300)

* Intake of amino acid substitutes (mean + SD, min-max)
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(A) Calorie/RDA calorie (%) (B) Phe Intake (mg/kg)

160 18
140 L G 1‘61 * @ Phe-free milk group
120 o @ A-1group
100 10 <> MP-11 group
80 8
60 5
40 4
Mean | 105.6 | 97.6 10.8 | 9.3
SD | 202 | 172 19 | 22
(C) PFC calorie balance
Protein (%) Fat (%) Carbohydrate (%)
14 40 80
12 35 £l 75 0
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6 15 55
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Mean | 89 | 9.8 26.6 | 22.4 64.5 | 68.1
SD | 14 | 17 28 | 34 38 | 5.1

Fig. 2. Status of calorie intake, protein intake, and calorie balance for protein, fat, and carbohydrates in the Phe-free milk group and A-1/MP-11 group. (A) Ratio of calorie intake to age-and
gender-specific RDA. (B) Average phenylalanine intake per body weight per day. (C) Calorie balance according to protein, fat, and carbohydrates. Data are mean 4 SD. P values by Student's

t-test.

Phenylalanine intake in the Phe-free milk group (10.8 &+ 1.9 mg/kg
body weight/day) was comparable to that of the A-1/MP-11 group
(9.3 &+ 2.2 mg/kg/day), and the average of the entire group was 9.8 +
2.2 mg/kg/day, indicating good control (Fig. 2).
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Fig. 3. Intake of microelements in PKU patients relative to age-and gender-specific RDA or
Alin the Phe-free milk and A-1/MP-11 groups. Data are mean + SD. P values by Student's
t-test.

3.3. Microelements and vitamins

Selenium intake was significantly lower in PKU patients (25.3 +
16.2% of the RDA, Fig. 3). Furthermore, the intake levels of phosphorus
(79.7 + 16.0% of the Al), magnesium (71.5 £ 19.0% of the RDA), zinc
(79.5 + 21.0% of the RDA), and iodine (71.0 4 17.5% of the RDA) were
significantly lower in PKU patients. The respective intake levels of mag-
nesium, zinc, and iodine were also lower 84.1 4 22.3%, 93.5 4 24.7%,
and 95.6 4 22.2% of the EAR. The intake levels of magnesium and copper
were significantly higher in the Phe-free milk group (age, <10 year)
compared with the A-1/MP-11 group (age, 210 years), since the RDA
levels of magnesium and copper in 5-year-old children are three times
lower than those of adults.

Biotin intake was low in PKU patients (18.1 4+ 13.5% of the Al)
(Fig. 4), mainly because this vitamin was not a component of the Phe-
free milk. The intake levels of the other tested vitamins in PKU patients
were generally close to those of the RDA and Al, and were not beyond
the upper limits in any of the patients. The intake levels of vitamin B
group, vitamin C, and vitamin D were significantly higher in the Phe-
free milk group compared to the A-1/MP-11 group. The Phe-free milk
contains high supplements of vitamins. Phe-free milk intake was higher
in the Phe-free milk group than A-1/MP-11 group due to differences in
body physique. Biotin intake level was not significantly different be-
tween the Phe-free milk group and A-1/MP-11 group.

Fig. 5 shows the relative levels of microelements and vitamins. The
intake levels of the majority of microelements in natural foods were
<50% of the RDA or Al The sources of these microelements were mainly
the Phe-free milk and MP-11. The total intake of selenium was only
25.3% of the RDA. Selenium intake from natural foods represented
only 14.3% of the RDA.

Any vitamin K or biotin has not been added to Phe-free milk. There-
fore, biotin intake came from natural foods and only 18% of the Al. On
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Fig. 4. Vitamin intake in PKU patients relative to age-and gender-specific RDA or Al in the Phe-free milk and A-1/MP-11 groups. Data are mean + SD. P values by Student's t-test.

the other hand, vitamin K intake in natural foods amounted to 170% of
the RDA. Except for vitamin E, vitamin K, niacin, and vitamin C, which
are available in natural foods, the intake of other vitamins present in
natural foods was inadequate in PKU patients. The most important
source of vitamins was Phe-free milk.

3.4. Improvement of microelements and vitamins

MP-11 contained various micronutrients, such as calcium, magne-
sium, iron, zinc, copper, but not biotin or selenium (Table 1). While
the use of MP-11 increased zinc intake (Fig. 3), it did not improve
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Fig. 5. Percentages of intake of microelements and vitamins from natural foods and Phe-
free milk, A-1, and MP-11 relative to age-and gender-specific RDA or Al Blue (Lower)
bars: percentage intake from natural foods relative to the RDA or Al. Orange (Upper)
bars: percentage of intake from Phe-free milk, A-1, and MP-11 relative to the RDA or AL
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

magnesium, phosphorus, and iodine intake levels. Therefore, we exam-
ined whether it was possible to improve the intake of microelements by
increasing the intake of MP-11. In the Phe-free milk group, we estimat-
ed that 20% of the RDA of protein was obtained from MP-11, and that
the same amount of protein should be reduced from Phe-free milk. In
other words, the source of protein intake was adjusted to be 20% from
natural protein, 20% from MP-11, and 60% from Phe-free milk. In the
A-1/MP-11 group, we estimated that 40% of the RDA of protein was ob-
tained from MP-11. In other words, the source of protein intake was ad-
justed to be 20% from natural protein, 40% from MP-11, and 40% from
Phe-free milk. These adjustments increased zinc intake, and the intake
became approximately equivalent to the RDA of zinc in the A-1/MP-11
group (Fig. 6). However, increase in the intake of MP-11 did not im-
prove the intake of magnesium, phosphorus, or iodine in both the
Phe-free milk group and the A-1/MP-11 group, and zinc in the Phe-
free milk group. These results indicated that we cannot expect improve-
ment in microelements intake by increasing the amount of the MP-11,
rather, improvement in microelement contents of MP-11 is required.

3.5. Preliminary results of selenium, biotin, and 3-hydroxyisovaleric acid
(Fig. 7)

The serum selenium of all 11 PKU patients were less than the refer-
ence value (10.6-17.4 pg/dL) and the average decreased to 5.66 +
2.12 pg/dL. The lack of the selenium intake conducted to a decrease in
serum selenium. The total biotin and free biotin did not decrease in
the blood samples. However, urinary free biotin in 6 out of 7 patients
were less than the reference value (4.4-25 umol/mol creat). The mean
value also reduced to 1.48 4+ 1.66 umol/mol creat. Urinary 3HIA in-
creased in all 6 patients. The insufficient intake of biotin did not affect
biotin in serum, but resulted in the decrease of urinary biotin, and the
increase of urinary 3HIA.

4. Discussion
Dietary regulation in PKU is a delicate and difficult therapy. Since

food is strongly restricted, compliance is a major factor that determines
blood phenylalanine concentration. The basic concept and protocol
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this figure legend, the reader is referred to the web version of this article.)

used for dietary treatment of PKU are common across the world. How-
ever, since each country, area, and individuals have different dietary
habits, it is necessary to build dietary treatment protocol according to
the lifestyle. The PFC balance for Japanese is 13% protein, 29% fat, and
58% carbohydrates; whereas the PFC balance for European and Ameri-
can adults is 13% protein, 36-42% fat, and 45-50% carbohydrates.
Thus, the Japanese diet is low fat high carbohydrate food compared
with the Western diet [21]. In other words, the intake of meat, milk,

Y. Okano et al. / Molecular Genetics and Metabolism Reports 8 (2016) 103-110

oils, and fats is less in Japan than in the US and European countries.
These differences in food could explain why protein restriction is well
tolerated by Japanese PKU patients.

With respect to dietary therapy, we determined the need of Phe-free
protein for classical PKU, which generally provides 80-85% of the RDA
for protein. Next, we evaluated and adjusted the restriction on dietary
contents of protein from natural foods, which form 20% of the RDA for
protein. This protein amount can introduce to phenylalanine intake of
10-16 mg/kg/day in all ages since early childhood. And this phenylala-
nine intake satisfies 10-20 mg/kg/day which can maintain blood phe-
nylalanine in <600 umol/L in classical PKU patients [22]. Actually,
patients were able to achieve the target blood phenylalanine concentra-
tion. At the same time, we demonstrated that energy need of PKU pa-
tients was similar to that of age- and gender-matched healthy
individuals, and that about 50% of energy requirement in PKU patients
was from Phe-free milk and A-1/MP-11. With regard to the source of
nutrients, natural food included 62% carbohydrates, 33% fat and 18%
protein. In other words, Phe-free milk does not only supplement phe-
nylalanine-free protein, but also supplements fat.

Biotin is an essential water soluble vitamin that cannot be synthe-
sized in humans, and the required amount is maintained by both dietary
intake from foods and synthesis from intestinal bacteria. Biotin mostly
couples with protein in food. Biotin is present in the liver, egg yolk, soy-
bean, and grains, and in small amounts in vegetables and fruits [23-25].
In PKU patients, the intake of protein is strictly limited and the intake of
biotin supplied with protein is also greatly reduced. Phe-free milk and
A-1 do not contain biotin, while MP-11 contains a tiny amount of biotin
(0.6 pug/100 g). Nutritional evaluation showed that biotin intake was
very low (18.1 4 13.5% of the Al). Then, insufficient biotin intake in
PKU patients did not provide a decrease in serum total and free biotin,
but a decrease in urinary free biotin and an increase in urinary 3HIA.
This increased urinary excretion of 3HIA reflects decreased activity of bi-
otin-dependent enzyme; 3-methylcrotonil-CoA carboxylase, meaning
the lack of biotin in the diet including Phe-free milk. The decrease of uri-
nary free biotin and the increase of urinary 3HIA were observed to be in
similar level, both of which are sensitive indicators for the lack of biotin.
Watanabe et al. [26,27] also reported that the serum total and free biotin
levels in PKU Japanese patients of all age were similar to those of normal
subjects. Their results showed significantly lower urinary biotin levels in
infants with PKU compared with control infants. Interestingly, urinary
biotin levels in young children and adults with PKU were lower than
those of the control and infants with PKU. This difference is due to the

Serum selenium Serum biotin Urinary biotin ~ Urinary 3-hydroxy
isovalelic acid
(pg/dl) (ng/ml) (umol/mol creat) (nmol/mol creat)
18 4 25 30
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6
9 ¢ 2 o) 15 —L
4 -
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1
R ¢ ; 2 5
2 4 ¥ ]
0 0 0 = 0
Total  Free
Mean 5.66 1.58 0.54 1.48 17.8
SD 212 0.39 0.22 1.66 4.59
n 11 9 9 9 6

Fig. 7. The distribution of serum selenium, serum free and total biotin, urinary free biotin, and urinary 3-hydroxyisovaleric acid levels in classical PKU patients. Data are mean + SD. n:

number of examined patients. Dark box: reference values.
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fact that infant with PKU uses both biotin-free Phe-free milk and biotin-
containing breast milk/general formula milk and that young children
and adults with PKU are mainly on Phe-free milk, A-1, MP-11, and
low-protein foods that contain only small amounts of biotin. Thus, Jap-
anese young children and adults with PKU appear to be on low intake of
biotin from food and show a lack of biotin.

Biotin deficiency is associated with lack of appetite, dry skin, erosion,
hair loss, ataxia, muscular hypotonia, and developmental delays
[23-25]. In Japan, skin abnormalities and hair loss are reported to be
due to low contents of biotin in special formulas for inborn metabolic
disease and milk allergy [28,29]. In this regard, administration of biotin
improved skin lesions found in PKU patients (personal communica-
tion). Biotin deficiency is also related to teratogenicity in animal studies
[30,31]. Female PKU patients planning pregnancy are often placed on
limited protein intake to prevent maternal PKU, which can result in se-
vere biotin deficiency. The biotin should be supplemented in Phe-free
milk.

Selenium is an essential microelement and is present in fish, meat,
cereals, and egg. Selenium insufficiency has not been reported in Japa-
nese on normal diet. However, low blood selenium levels have been re-
ported in PKU patients and selenium deficiency has been reported
in patients on long-term intravenous nutrition and enteral feeding
[32-39]. In Japan, Phe-free milk, A-1 and MP-11 contain small amounts
of selenium; 1 pg, 2 pg, 11 pug/100 g, respectively. Our nutritional evalu-
ation showed low selenium intake of 25.3 + 16.2% of the RDA. Selenium
intake in the Phe-free milk group was significantly lower than that of
the A-1/MP-11 group (Fig. 3). This is probably due to intake of fewer se-
lenium-containing natural foods by PKU patients of Phe-free milk group
(children aged 4-10 years), compared with the A-1/MP-11 group. Actu-
ally, the serum selenium in classical PKU patients largely decreased.
Owada et al. [6] also reported low blood selenium levels in Japanese
PKU patients.

The clinical features of selenium deficiency vary widely and include
those related to immunodeficiency, gastrointestinal dysfunction, hair
loss, diarrhea, fatigue, garlic breath, sloughing off of nails, heart
failure and pulmonary edema. These features are rare in patients with
PKU [14,40]. Low selenium intake and resultant low selenium blood
levels are associated with hypothyroidism through a decrease in
iodothyronine deiodination enzyme and oxidative stress status through
a decrease in glutathione peroxidase [41-43]. Evaluation of various ox-
idative stress markers suggested a state of oxidative stress in PKU pa-
tients [10,44]. Furthermore, selenium supplementation with recovery
of glutathione peroxidase activity resulted in improvement of oxidative
stress markers in PKU patients [45,46]. Strong restriction of protein in-
take in pregnant PKU patients to maintain low phenylalanine blood
level could lead to severe hyposelenemia [39]. To our knowledge,
there are no reports of PKU patients with selenium deficiency in
Japan. However, we recommend selenium supplementation in Phe-
free milk to prevent selenium deficiency in patients with PKU.

In the present study, magnesium, phosphorus, zinc, and iodine in-
takes were <80% of the RDA/AI and did not attain the EAR. These levels
should be worrisome. Most microelements such as magnesium, phos-
phorus, zinc, and iodine are present in protein-rich food. These low
levels are probably due to the limited intake of natural protein in PKU
patients on diet therapy. The amount of most microelements in natural
foods is <50% and thus PKU patients greatly depend on Phe-free milk
and amino acid substitutes. While vitamins are also added at sufficient
concentrations to Phe-free milk, with the exception of biotin,
microelements should also be added in sufficient amount to Phe-free
milk and A-1/MP-11.

The nutrients of Phe-free milk are added with the assumption that it
is being used with breast milk or as a general formula milk for neonates
and infants. Therefore, Phe-free milk alone is not nutritious to be used
for diet therapy of PKU patients after the neonatal weaning age to adult-
hood. Reliance on Phe-free milk alone is probably the reason for iron,
copper, zinc, manganese, serine, vitamin B6, and B12 deficiencies

reported in PKU patients [47-50]. Phe-free amino acid substitutes for
young children and adults other than Phe-free milk are available in Eu-
ropean and American countries. These preparations contain various mi-
croelement and vitamin supplements based on the diet requirements of
each age group [51].

MP-11 is a low-phenylalanine peptide powder used as a supplement
to Phe-free peptide and microelements (calcium, magnesium, iron, cop-
per, zinc, and iodine) in Japan. We simulated that MP-11 provided 20%
and 40% of RDA of protein in the Phe-free milk group and the A-1/MP-
11 group, respectively. Based on the above property, the use of MP-11
in large amounts would not improve the lack of microelements (magne-
sium, phosphorus, iodine, zinc). MP-11 was prepared based on nutri-
tional evaluation of PKU patients during development, which target
blood phenylalanine concentration was <900 pumol/L in adults. It has
recently changed to 600 umol/L. The development of low-protein food
resulted in limited use of natural protein, with subsequent reduction
in the intake of microelements from natural foods and deficiency in mi-
croelement levels in the circulation even in those patients using MP-11.
It is necessary to increase the concentrations of magnesium, phospho-
rus, iodine, and zinc in MP-11. To prevent low blood levels of microele-
ments, MP-11 should be recommended for Japanese PKU patients from
young child to adulthood.

In the dietary therapy of PKU, the target level of blood phenylalanine
has been set lower based on accumulation of data from clinical studies.
Furthermore, the development of Phe-free amino acid substitutes and
low-protein food allowed the achievement of the targeted value of
blood phenylalanine. In this regard, diet and eating habits in each coun-
try change, including the diet of PKU patients. In other words, the eating
habits of PKU patients change with age and time, and are not rigidly
constant. It is necessary to check the diet contents of PKU patients and
conduct nutritional evaluation at various ages. The results of such eval-
uations should be incorporated in the diet therapy of individual PKU pa-
tients, which must also be designed to include Phe-free milk, A-1, and
MP-11. It is most important that PKU patients should take in restricted
phenylalanine and the same amount of energy and micronutrients
and balanced diet of carbohydrate, fat and protein, similar to those of
healthy individuals. In other words, PKU patients should be in a condi-
tion to intake the sufficient amount of RDA and Al in all nutrients.
Now, we are not able to provide enough nutritional contents and quan-
tity for PKU patients as those of healthy individuals using Japanese phe-
nylalanine-free milk, A-1, and MP-11. Importantly, selenium and biotin
deficiency is in a serious condition and these food elements should be
added in Phe-free milk immediately or should be provided as a supple-
ment. It is also necessary to supplement MP-11 and A-1 with sufficient
concentrations of magnesium, phosphorus, iodine, and zinc.
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