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Abstract

Background: Individuals with phenylketonuria (PKU) have a risk of cognitive impairment and inflammation. Many follow
a low-phenylalanine (low-Phe) diet devoid of animal protein in combination with medical foods (MFs).

Obijective: To assess lipid metabolism in participants with PKU consuming amino acid MFs (AA-MFs) or glycomacropep-
tide MFs (GMP-MFs), we conducted fatty acid and metabolomics analyses.

Methods: We used subsets of fasting plasma and urine samples from our randomized crossover trial in which partici-
pants with early-treated classical and variant (milder) PKU consumed a low-Phe diet combined with AA-MFs or GMP-MFs
for 3 wk each. Fatty acid profiles of red blood cell (RBC) membranes were determined for 25 adults (aged 18-49 y) with
PKU and 143 control participants. Metabolomics analyses of plasma and urine samples were conducted by Metabolon
for 9-10 adolescent and adult participants with PKU and for 15 control participants.

Results: RBC fatty acid profiles were not significantly different with AA-MFs or GMP-MFs. PKU participants showed
higher total n-6:n-3 (w-6:w-3) fatty acids (mean £ SD percentages of total fatty acids: AA-MF = 5.45% 4+ 1.07%;
controls = 4.33%; P < 0.001) and lower docosahexaenoic acid (DHA; AA-MF = 3.21% 4 0.98%; controls = 3.70% =+
1.01%; P=0.02) and eicosapentaenoic acid (AA-MF = 0.33% =+ 0.12%; controls = 0.60% =+ 0.43%; P < 0.001) in RBCs
than did control participants. Despite higher carnitine intake from AA-MFs than GMP-MFs (mean + SE intake: AA-MFs
= 58.6 + 5.3 mg/d; GMP-MFs = 0.3 + 0.01 mg/d; P < 0.001), plasma concentrations of carnitine were similar and not
different from those in the control group (AA-MF compared with GMP-MF, P = 0.73). AA-MFs resulted in higher urinary
excretion of trimethylamine N-oxide (TMAQ), which is synthesized by bacteria from carnitine, compared with GMP-MFs
(mean 4 SE scaled intensity—TMAO: AA-MFs = 1.2 4+ 0.1, GMP-MFs = 0.9 + 0.1; P = 0.005). Plasma deoxycarnitine
was lower in PKU participants than in control participants, suggesting reduced carnitine biosynthesis in PKU (AA-MF =
0.9 + 0.1; GMP-MF = 1.0 & 0.1; controls = 1.3 + 0.1; AA-MF compared with controls, P = 0.01; GMP-MF compared
with controls, P = 0.04).

Conclusions: Supplementation with DHA is needed in PKU. Carnitine supplementation of AA-MFs shows reduced
bioavailability due, in part, to bacterial degradation to TMAO, whereas the bioavailability of carnitine is greater with
prebiotic GMP-MFs. This trial was registered at www.clinicaltrials.gov as NCT01428258. J Nutr 2018;148:194-201.
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acid, eicosapentaenoic acid, gamma-linolenic acid, inflammation, trimethylamine, trimethylamine N-oxide

Introduction

Phenylketonuria (PKU; Online Mendelian Inheritance in Man
261600) is an inherited disorder of Phe metabolism character-
ized by a loss of function of hepatic phenylalanine hydroxylase
(PAH; EC 1.14.16.1), thereby limiting the hydroxylation of
phenylalanine to tyrosine (1). Diagnosis and initiation of a
low-Phe diet in infancy are required to prevent severe cogni-
tive impairment caused by accumulation of Phe in the brain

(2). The mechanism of the neurotoxicity of elevated Phe is
unknown and may involve oxidative stress and inflammation
in the brain (3, 4). A strict low-Phe diet eliminates all animal
protein and consists of a controlled amount of natural protein
from plant sources to provide minimum Phe requirements
and relies on the consumption of either elemental amino acid
medical foods (AA-MFs) or glycomacropeptide medical foods
(GMP-MFs) to provide the majority of dietary nitrogen and
variable amounts of calories, carbohydrate, fat, minerals, and
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micronutrients (5, 6). Individuals with PKU have low intakes
of long-chain (LC)-PUFAs, cholesterol, and carnitine due to
the elimination of animal-based, protein-rich foods from their
diets, which are the main dietary sources of LC-PUFAs,
cholesterol, and carnitine. Instead, they obtain dietary fat from
medical foods or whole foods, such as avocados, vegetable and
tropical oils, and animal fats (i.e., bacon fat, lard, butter), that
are used for cooking and baking. The FA content and com-
position of current medical foods, particularly the LC-PUFA
content, vary greatly; many medical foods contain minimal or
no fat.

Alterations in lipid intake leading to oxidative stress and in-
flammation observed in individuals with PKU managed with
AA-MFs (7) are especially relevant to the brain, which has a
high lipid content (3). A greater potential for oxidative stress
and inflammation in PKU may reflect higher intakes of n—
6 relative to n-3 PUFAs and changes in the gut microbiota
(8-10). Reduced intake of LC-PUFAs is of concern because
these FAs are found preformed only in animal foods and there
is evidence of reduced concentrations of EPA (20:5n-3) and
DHA (22:6n-3) in plasma and RBCs of individuals with treated
PKU (11-14) that has been associated with cognition (15-18).
There is also evidence in children with PKU of reduced free
carnitine and acylcarnitines (activated FAs conjugated to car-
nitine) that may affect transport of FAs into the mitochondria
for B-oxidation (14). Moreover, the concentration of choles-
terol in plasma is noted to be lower in children with PKU
with good metabolic control who consume minimal dietary
cholesterol (11, 19).

Studies addressing lipid metabolism in PKU have largely
focused on the essential FA and LC-PUFA status of children
with PKU, not adults. Carnitine and cholesterol metabolism in
PKU is poorly understood and has not been studied in ado-
lescents and adults. To our knowledge, the impact on lipid
metabolism of a low-Phe diet in combination with GMP-
MFs compared with AA-MFs has not been reported and is
of significance given the increased utilization of GMP-MFs
to manage PKU. Moreover, GMP shows prebiotic properties
associated with reduced inflammation (20, 21) and increases
the bioavailability of Tyr compared with AA-MFs (22). Our
objective was to assess lipid metabolism by using FA and
metabolomics analyses in adults and adolescents with PKU
who completed our randomized, controlled crossover study and
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TABLE 1 Participant characteristics’
Study design
FA profile of RBC Plasma Urine
membranes  metabolomics metabolomics

Variable (n=25) (n=10) (n=9)
Sex (F/M), n 15/10 6/4 5/4
Age group, n

Adults (>18y) 25 8 6

Adolescents (15-17y) 0 2 3
Age,y 29+7 28 £ 10 25+9
Genotype, n

Classical PKU 18 5 4

Variant PKU 7 5 5
Sapropterin dihydrochloride use, n 3 1 2
BMI, kg/m? 262 £ 4.7 273 £ 58 258 4+ 3.9
Plasma Phe, umol/L 703 + 295 635 + 288 722 + 257
Plasma glucose, mg/dL 84 + 8 86 + 9 87 +9

"Values are means + SDs unless otherwise indicated. Information on participant char
acteristics shown here was obtained during visit 1 of the previously reported clinical
trial (23). PKU, phenylketonuria.

consumed a low-Phe diet in combination with AA-MFs and
GMP-MFs (23).

Methods

Study design and protocol. We determined the FA profiles of
RBC membranes (7 = 25 adults) and completed metabolomics analy-
sis of plasma and urine (7 = 9-10 adolescents and adults) from subsets
of participants with early-treated PKU who completed our randomized,
controlled crossover trial in which each participant consumed, for 3 wk
each, their usual low-Phe diet combined with a mean intake of 0.74-
0.76 g protein equivalent (PE) - kg=! - d~! from AA-MFs or GMP-MFs
(23) (Table 1). Intake of medical foods, composed of primarily amino
acids, are referred to as PEs. The treatments were separated by a 3-wk
washout period with AA-MFs. The study protocol included baseline
(day 1) and final (day 22) study visits for both AA-MF and GMP-MF
treatments, at which fasting blood samples and 3-d food records were
obtained (23). Food records were analyzed with Food Processor SQL
(version 10.12.0; ESHA) to estimate the nutrient content of medical
foods and natural foods as previously reported (23).

To evaluate lipid metabolism in PKU, 3 study designs were used and
included the following:

1. FA profiles of RBC membranes in 25 adult participants were an-
alyzed. We removed 5 participants aged <18 y from the analysis
due to limitations in age-matched control samples.

2. Metabolomics analysis of fasting plasma samples obtained from
10 participants with PKU who consumed AA-MFs and GMP-
MFs for 3 wk each and from 15 age- and sex-matched control
participants provided by Metabolon were evaluated.

3. Metabolomics analysis of urine samples obtained from 24-h urine
collections in 9 participants with PKU who consumed AA-MFs
and GMP-MFs were evaluated. Details of the design of this study
have been previously reported (4).

Participants completed the study protocol at either the Wais-
man Center or at Boston Children’s Hospital (23). The University of
Wisconsin-Madison Health Sciences Institutional Review Board ap-
proved the study protocol. All of the participants provided written
informed consent. The trial is registered at www.clinicaltrials.gov as
NCT01428258. Participants consumed their preferred AA-MFs, result-
ing in the use of 15 different AA-MFs as previously reported (23). The
GMP-MFs were donated by Cambrooke Therapeutics and contained
Glytactin, a proprietary formulation of ~70% GMP (cGMP-20; Arla
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Foods Ingredients) and ~30% supplemental amino acids (Arg, His, Leu,
Trp, Tyr).

Analytical methods. The total lipid FA profile of RBC membranes
was determined on fasting samples at the Kennedy Krieger Institute (Bal-
timore, Maryland) by using capillary GC/MS (24). Briefly, 4 mL venous
blood collected in EDTA-coated tubes was obtained in the Clinical Re-
search Units at the University of Wisconsin Hospital and Clinics and
Boston Children’s Hospital. Plasma and RBCs were separated by cen-
trifugation at 1700 x g for 20 min at 4°C, and the plasma removed.
The buffy coat was discarded, and the RBCs were washed twice by re-
suspension in cold 0.01-M PBS, pH 7.4, followed by centrifugation at
4°C. The packed cells were stored under nitrogen at —70°C until anal-
ysis. The total lipid FAs were derivatized to pentafluorobenzyl bromide
FA esters of chain lengths C10:0 to C30:0 and separated and quanti-
fied by capillary GC/MS (24). RBC FAs are presented as percentages of
a total of 55 FAs measured. Data for PKU participants represent mean
percentages of total FAs in RBC membranes on the basis of 3 determina-
tions of fasting blood samples in 25 adult participants with PKU who
consumed AA-MFs. RBC FA profiles of participants with PKU were
compared with adult reference control participants that were also ana-
lyzed at the Kennedy Krieger Institute (mean + SD age: 49.5 + 17.0 y;
range: 19-82 y; n = 143).

Metabolon, Inc. (Morrisville, NC), conducted the nontargeted
metabolomics analysis on plasma and urine samples (7 = 9-10). The
data obtained for urine samples were normalized for osmolality be-
fore statistical analysis. Plasma and urine samples were processed and
stored frozen at —70°C until analyzed. Compounds were identified by
comparison to Metabolon’s library of authenticated standards or re-
current unknown entities. The analysis identified significantly different
concentrations of 185 and 214 known biochemicals in plasma of PKU
participants (total of 766 compounds identified) with the ingestion
of AA-MFs and GMP-MFs, respectively, compared with 15 healthy
age- and sex-matched control participants. The profile of acylcar-
nitines in plasma determined with metabolomics analysis is shown in
Supplemental Table 1.

Statistical analysis. Statistical analyses for the dietary intake and
RBC FA percentage composition were performed in SAS version 9.4
(SAS Institute, Inc.). Assumptions of normality and equal variance were
tested. Log transformations or nonparametric tests were used when data
were skewed. RBC FA percentage composition data were analyzed by
using PROC UNIVARIATE to compare participant mean + SD percent-
ages of composition against a control population. Dietary intake data
were analyzed by using PROC MIXED. Analyses for dietary intake were
analyzed by using ANOVA with effects for treatment (AA-MFs or GMP-
MFs), genotype, and treatment by genotype interactions.

Statistical analyses for the metabolomics were conducted in Array
Studio (Omicsoft, NC) version 7.2 and R (R Foundation for Statis-
tical Computing) version 3.02. Biochemicals in the Metabolon analy-
ses for plasma and urine samples were rescaled to set the median to 1,
based on all samples. Statistical analyses were conducted to detect dif-
ferences in fold-change (i.e., scaled intensity). To detect differences in the
metabolomics of the plasma and urine samples, paired ¢ tests were used
to compare differences between dietary treatments. Welch’s 2-sample
t tests were used to detect differences between a dietary treatment or a
PKU genotype against a control population. P values <0.05 were con-
sidered significant.

Results

Participants. The characteristics of all participants are sum-
marized in Table 1. Participants were categorized with classical
PKU on the basis of having a PAH genotype, an inadequate re-
sponse to sapropterin dihydrochloride resulting in a severe PKU
phenotype, or both. Sapropterin dihydrochloride is a synthetic
form of the tetrahydrobiopterin cofactor for PAH (BioMarin
Pharmaceutical, Inc.), which increases Phe tolerance in PKU
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patients with milder or variant forms of PKU (2). Participants
were categorized with variant PKU on the basis of having a
mild PAH genotype, a positive response to sapropterin dihy-
drochloride resulting in a mild PKU phenotype, or both. Par-
ticipants taking sapropterin dihydrochloride maintained a con-
sistent dosage throughout the study.

Intake profile of the diets. The low-Phe diets in combination
with AA-MFs and GMP-MFs were generally constant with sim-
ilar total intakes of energy, protein, carbohydrate, fat, Phe, and
PE from medical foods (median: 53-59 g PEs/d), as shown in
Supplemental Table 2 (25). Although total fat intake was not
different between treatments, fat intake from medical foods was
significantly greater with GMP-MFs than with AA-MFs. No-
tably, 22 of 25 adult participants consumed a Glytactin GMP-
MEF that provided a meaningful source of fat (>1 g fat/10 g
PEs from medical foods), whereas only 8 of 25 adult partici-
pants consumed an AA-MF that provided a meaningful source
of fat during the AA-MF treatment. Furthermore, 18 of 25 par-
ticipants used a GMP-MF that was supplemented with DHA,
whereas only 6 of 25 adult participants used an AA-MF that
was supplemented with DHA. One of 25 adult participants used
an AA-MF supplemented with both DHA and EPA. The GMP-
MF products used by our participants in this study were not
supplemented with EPA.

Erythrocyte membrane and plasma FA profiles. The pro-
file of FAs in RBC membranes provides a reliable index of long-
term intake of dietary FAs over the past several months (26).
Thus, it is not surprising that the FA profile of RBC mem-
branes was not different with the consumption of GMP-MFs
compared with AA-MFs for 3 wk (data not shown). A com-
parison of the fasting RBC FA profile in 25 adult participants
with PKU who consumed AA-MFs, based on measurements at
3 study visits compared with a control population, is shown in
Table 2.

The majority of fat is provided by vegetable oils within
natural foods in the PKU diet because the fat content of the
medical foods is generally low. Consistent with the absence of
animal-derived products in the PKU diet, concentrations of oleic
acid (18:1n-9), total SFAs, and trans FAs in RBCs were lower
in PKU participants than in control participants. For the n—6
PUFAs in RBCs, PKU participants had higher concentra-
tions of a-linoleic acid (18:2n-6), y-linolenic acid (18:3n—
6), and dihomo-y-linolenic acid (20:3n-6), but similar
concentrations of arachidonic acid (20:4n-6) and 4,7,10,13,16-
docosapentaenoic acid (22:5n-6) compared with control
participants.

For the n-3 PUFAs in RBCs, participants with PKU had
significantly higher «-linolenic acid (18:3n-3) and no change
for 7,10,13,16,19-docosapentaenoic acid (22:5n-3), but sig-
nificantly lower EPA and DHA than did control participants.
Metabolomics analysis showed higher plasma concentrations
of stearidonic acid (18:4n-3), a precursor for EPA and DHA
synthesized from 18:3n-3, in PKU participants compared with
control participants (plasma stearidonic acid—scaled intensity
means & SEMs: control = 0.88 + 0.20; GMP-MF = 1.88 +
0.38; AA-MF = 1.95 + 0.35; controls compared with PKU,
P = 0.003; controls compared with AA-MF, P = 0.009; con-
trols compared with GMP-ME P = 0.02). Concentrations of
DHA in PKU participants were 84% of control levels; 20 of
25 participants had DHA concentrations >1 SD below the
mean control level with a low probability of adequacy. Inter-
estingly, 4 of the 5 participants with DHA concentrations at or



TABLE 2 RBC FA profile in adult participants with PKU consuming a low-Phe diet in combination with AA-MFs compared
with a control population’

RBC FA percentage comparisons

RBC FAs PKU,2 % Controls,® % P RBC FAs in participants with PKU,* ug/mL
n—9 FAs
Oleic (18:1n-9) 10.48 + 1.06 11.31 4+ 0.83 <0.001 136.65 (125.4-157.8)
Mead (20:3n-9) 0.03 & 0.01 0.04 & 0.01 0.51 0.43(0.31-0.57)
Eicosenoic (20:1n-9) 0.21 4 0.09 0.20 & 0.04 0.68 3.03(2.29-3.87)
Nervonic (24:1n-9) 464 + 1.04 375 & 052 <0.01 59.24 (50.99-69.22)
Total n-9 FAs 15.75 £ 1.47 15.59 4 1.67 0.60 206.27 (187.40-240.10)
n—6 FAs
a-Linoleic (18:2n-6)° 9.60 + 1.24 919 + 1.46 0.12 119.54 (114.9-141.4)
y-Linolenic (18:3n—6) 0.05 & 0.02 0.03 & 0.01 0.01 0.51(0.38-0.74)
Dihomo-y-linolenic (20:3n-6) 1.77 £ 0.38 1.27 £ 029 <0.001 21.91(20.11-24.95)
Arachidonic (20:4n—6) 12.10 £ 162 12.04 4+ 1.27 0.85 153.78 (146.5-179.6)
Adrenic (22:4n—6) 3.30 & 0.60 2.46 4 0.58 <0.001 45.05 (40.35-48.88)
Docosapentaenoic (22:5n—6) 0.59 4+ 0.15 0.55 4+ 0.19 0.39 7.69 (6.53-8.80)
Tetracosadienoic acid (24:2n—6) 093 + 0.23 0.55 4+ 0.12 <0.001 12.17 (10.93-14.13)
Total n-6 FAs 29.22 + 197 26.62 + 2.03 <0.001 388.94 (365.60—422.40)
n—-3 FAs
a-Linolenic (18:3n-3)° 0.13 4 0.04 0.11 4 0.03 0.003 1.67 (1.45-2.03)
EPA (20:5n-3) 033 4+ 0.12 0.60 4 0.43 <0.001 4.07 (3.40-4.90)
Docosapentaenoic (22:5n-3) 1874+ 0.41 181 £ 0.36 0.47 24.64 (20.22-29.38)
DHA (22:6n-3) 321 4098 370 £ 1.01 0.02 38.06 (33.11-50.45)
Total n-3 FAs 5.55 4 0.93 6.14 4 1.50 <0.01 72.38 (64.88-83.29)
SFAs
Palmitic (16:0) 19.94 £ 123 19.62 4 1.08 0.20 266.37 (246.50-287.96)
Dimethyl acetyl (16:0) 1.70 £ 0.28 1.56 + 0.22 0.02 22.90(19.97-24.32)
Stearic (18:0) 1390 £ 1.13 15.60 & 1.03 <0.001 185.40 (172.30-196.40)
Dimethyl acetyl (18:0) 287+ 044 291 +0.36 0.66 39.00 (33.49-40.92)
Behenic (22:0)° 1.56 + 0.22 1.71 £ 019 <0.01 20.55(18.57-22.26)
Lignoceric (24:0)° 485 + 0.66 5.07 4 0.46 012 64.53 (57.65-70.76)
Total SFAs 4201 £ 2.14 4378 £ 151 <0.001 557.10 (509.70-600.60)
Total n—7 and n-5 FAs 131 £ 025 1.60 £ 0.17 <0.001 17.23(14.86-19.87)
Total trans FAs 0.60 & 0.25 0.89 & 0.29 <0.001 7.47 (5.59-8.71)
Ratios
n—6 to n-3 5.45 4+ 1.07 433 <0.001 5.44 (4.65-6.12)
n-3ton-6 0.19 4 0.04 0.23 <0.001 0.19(0.16-0.22)
20:3n-9 to 20:4n-6 0.01 £ 0.01 <0.01 0.61 0.0025 (0.002-0.003)
20:4n—6 to 22:6n-3 410 &+ 1.24 350 &+ 1.14 0.02 4.13(3.35-4.80)
20:4n—6 to 20:3n-6 714 £1.72 9.45 <0.001 7.16 (6.09-8.76)

"Values are means + SDs unless otherwise indicated. AA-MF, amino acid medical food; PKU, phenylketonuria.
2Values are expressed as percentages of total FAs, based on fasting blood samples at 3 study visits in adult participants with PKU who consumed AA-MFs (n = 25).

3Population mean reference values were based on male and female adult participants aged 19-82 y from the Kennedy Krieger Institute (n = 143).
4Values are medians (25th-75th percentiles) in adult participants with PKU who consumed AA-MFs (n = 25).

5Qutliers were removed (n = 24).

6Means are based on 2 determinations due to the baseline effect of treatment by sequence interaction (n = 25).

above the mean control level consumed AA-MFs that contained
supplemental DHA according to the manufacturer’s ingredi-
ent list, whereas the majority of the 20 participants with DHA
concentrations >1 SD below the mean control level consumed
AA-MFs without supplemental DHA. Concentrations of EPA
in PKU participants were 56 % of those in control participants;
24 of 25 participants had EPA concentrations 1 SD below the
mean control level with a low probability of adequacy. Taken
together, it appears that supplementation of medical foods with
DHA is needed to ensure adequate intake in adults with PKU.
The sum of all n—3 FAs in RBCs was reduced in participants
with PKU compared with control participants, whereas the
sum of all n-6 FAs in RBCs increased compared with control
participants. This resulted in a significantly higher ratio
of n—-6 to n-3 FAs based on percentage composition

in participants with PKU. There were increased plasma
concentrations of 13-hydroxyoctadecadienoic acid and
9-hydroxyoctadecadienoic  acid, which are oxidized
derivatives of 18:2n-6 (9), in participants with PKU who
consumed AA-MFs compared with control participants
(plasma 13-hydroxyoctadecadienoic ~ acid  and  9-
hydroxyoctadecadienoic acid—scaled intensity means + SEMs:
control = 0.88 + 0.17; AA-MF = 1.43 £+ 0.23; GMP-MF =
1.12 £ 0.20; 1.63-fold of change increase in participants with
PKU consuming AA-MFs compared with control participants,
P < 0.04; GMP-MFs compared with control participants,
P = 0.31). At the same time, a significantly lower ratio of
20:4n-6 to 20:3n-6 in RBCs was observed in participants with
PKU compared with control participants, which may indicate
a compensatory anti-inflammatory response (8). Consistent
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FIGURE 1 Metabolomics of carnitine metabolism in participants with phenylketonuria with the use of AA-MFs and GMP-MFs. Values for
dietary intakes of carnitine (A) and choline (B) are means + SEMs and are based on 3-d food records; n = 30/treatment group. Values are scaled
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are scaled intensity means + SEMs for urinary deoxycarnitine (F), carnitine (G), and TMAQO (H); n = 9/treatment group. Labeled means without
a common letter differ, P < 0.05. AA-MF, amino acid medical foods; GMP-MF, glycomacropeptide medical foods; PKU, phenylketonuria; TMAQO,

trimethylamine N-oxide.

with adequate intakes of the essential FAs, the ratio of 20:3n-9
to 20:4n—6 in RBCs, an index of essential FA deficiency, was
similar in PKU and control participants (27).

Metabolomics evidence relating supplementation of med-
ical foods with carnitine. We found no significant dif-
ferences in plasma carnitine concentrations, despite higher
supplementation of AA-MFs with carnitine compared with
GMP-MFs (Figure 1). The supplementation of AA-MFs with
L-carnitine (~5 umol - kg=! - d~') provides an intake simi-
lar to typical carnitine intake from omnivorous Western diets
of 2-10 pumol - kg=' - d=' (28). However, this is much less
than typical carnitine supplementation of 100 mg L-carnitine -
kg™' - d' used in the treatment of other inborn errors of
metabolism (29). Consistent with higher carnitine intake from
AA-MFs, we observed a nonsignificant increase in the urinary
excretion of carnitine and deoxycarnitine, the last intermedi-
ate in endogenous carnitine synthesis from Lys and Met (30),
and 4-OH phenacetyl-carnitine (31), and a significant increase
in the urinary excretion of trimethylamine N-oxide (TMAO),
a product of bacterial metabolism of carnitine and choline
(28,32, 33), with AA-MFs compared with GMP-MFs (Figure 1
and Figure 2). Carnitine and choline are metabolized to
trimethylamine by intestinal bacteria, which is further oxidized

— TMAO
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'
,

Deoxycarnitine —> ;’ Carnitine—>_TMA

*TMA is made by gut
microbes.

FIGURE 2 Carnitine synthesis and degradation
trimethylamine; TMAO, Trimethylamine N-oxide.

pathway. TMA,
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by the host to TMAO. In the current study, despite signifi-
cantly higher choline intake from GMP-MFs compared with
AA-MFs, urinary excretion of TMAQO was significantly lower
with GMP-MFs, suggesting that it was derived from carnitine
and not choline degradation. Participants with PKU who con-
sumed either AA-MFs or GMP-MFs showed 70% lower con-
centrations of deoxycarnitine in plasma compared with con-
trol levels, suggesting reduced endogenous carnitine synthesis.
Plasma Phe based on metabolomics analysis was not signif-
icantly different with the ingestion of GMP-MFs than with
AA-MFs, suggesting that observed changes in carnitine
metabolism are independent of Phe concentrations. Overall,
plasma concentrations of carnitine, acetylcarnitine (highest con-
centration and most functionally important acylcarnitine ester)
(34), and >235 specific acylcarnitine species were not different
with ingestion of AA-MFs or GMP-MFs than in control partic-
ipants (Supplemental Table 1).

Metabolomics evidence of alterations in cholesterol
metabolism in variant compared with classical PKU. Be-
cause the PKU diet does not contain animal foods, which are
the main dietary source of cholesterol, cholesterol consumption
was minimal in participants with PKU, with <30% of typical
cholesterol intakes of 240-350 mg cholesterol/d observed in the
US population (Figure 3) (35). Participants with classical PKU
had significantly lower plasma cholesterol concentrations com-
pared with both variant PKU and control participants, whereas
cholesterol concentrations in variant PKU were not significantly
different from control participants despite much lower choles-
terol intake. The higher plasma cholesterol concentrations in
participants with variant PKU may reflect higher endogenous
cholesterol synthesis, given significantly higher concentrations
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FIGURE 3 Metabolomics of cholesterol metabolism in participants with PKU using AA-MFs and GMP-MFs. Intake of dietary cholesterol (A)
and the metabolomics of cholesterol metabolism (B, C) are shown. Values are scaled intensity means + SEMs for metabolites in plasma (classical
PKU, n= 5; variant PKU, n = 5; controls, n = 15). Values for dietary intake are means + SEMs. Total dietary cholesterol intakes are based on 3-d
food records (classical PKU, n = 20; variant PKU, n = 10). Labeled means without a common letter differ, P < 0.05. AA-MF, amino acid medical
foods; GMP-MF, glycomacropeptide medical foods; PKU, phenylketonuria.

of the isoprenoid intermediate 3-hydroxy-3-methylglutarate in
variant PKU compared with classical PKU and control par-
ticipants. Steroids and bile acids, which are produced from
cholesterol, were similar in participants with variant or clas-
sical PKU compared with control participants, suggesting that
cholesterol intake in PKU is sufficient to support these down-
stream pathways. Interestingly, plasma concentrations of the
phytosterols, B-sitosterol and campesterol, were higher in par-
ticipants with variant than with classical PKU (scaled intensity
means + SEMs—g-sitosterol: variant PKU, 1.44 + 0.23; classi-
cal PKU, 0.55 + 0.08; P = 0.0002; campesterol: variant PKU,
1.69 £ 0.25; classical PKU, 0.70 £ 0.075; P = 0.0004). Plasma
Phe concentrations and downstream metabolites of Phe based
on metabolomics analyses were increased severalfold in PKU
participants compared with control participants, but not sig-
nificantly different in participants with variant compared with
classical PKU. The type of medical food consumed did not affect
cholesterol variables.

Discussion

Given the absence of animal protein and its associated lipid
components in a low-Phe diet and the reliance on medical foods
used to manage PKU, there are concerns about FA, carnitine,
and cholesterol metabolism. With the use of metabolomics and
RBC FA profiles, this is the first study, to our knowledge, to
assess how a low-Phe diet in combination with AA-MFs and
Glytactin GMP-MFs affect variables of lipid metabolism, specif-
ically essential FAs, carnitine, and cholesterol. Our findings ex-
tend the understanding of the impact of a low-Phe diet in chil-
dren with PKU to adults with classical and variant PKU who
consume a low-Phe diet in combination with medical foods.
Several indexes of RBC FA composition in participants with
PKU with long-term intake of a low-Phe diet in combination
with AA-MFs suggest a proinflammatory state (4, 7-9) associ-
ated with lipid metabolism. We observed the following in adults
with PKU compared with control participants: 1) a higher ratio
of n—6 to n-3 FAs; 2) increased plasma concentrations of oxi-
dized derivatives of 18:2n-6 (13-hydroxyoctadecadienoic acid
and 9-hydroxyoctadecadienoic acid); and 3) a lower ratio of

20:4n-6 to 20:3n—6 in RBCs, consistent with compensation for
inflammation (8). Consistent with increased plasma concentra-
tions of inflammatory cytokines (4) and altered RBC FA com-
position in our participants with PKU, Deon et al. (7) observed
greater inflammation and lipid damage in PKU patients on the
basis of a positive correlation of elevated plasma IL-18 with
urinary isoprostanes.

Our data are in agreement with reports by Moseley et al. (13)
for 25 adults with PKU, in that concentrations of LC-PUFAs,
EPA, and DHA in adult participants with PKU remain lower
than in control participants. This is surprising because RBC
concentrations of a-linolenic acid and plasma stearidonic acid
are higher and both are dietary precursors for EPA and DHA
(Table 2) (13). Although these significantly lower concentra-
tions of EPA and DHA do not indicate clinical deficiency (14),
the data suggest diminished efficiency in the conversion of
a-linolenic acid to EPA and DHA and the need to monitor EPA
status in individuals with PKU and to consider supplemental
DHA, given the importance of LC-PUFAs in cognition (15—
18). More evidence with regard to the efficacy of supplemen-
tal EPA to improve EPA status in PKU is needed (36). More-
over, to reduce the potential for inflammation and oxidative
stress, it appears prudent to emphasize vegetable oils in the
PKU diet with a high proportion of n-3 linolenic acid (precur-
sor to EPA and DHA with anti-inflammatory activities), such
as canola and flaxseed oils, relative to n—6 linoleic acid (precur-
sor to arachidonic acid and proinflammatory lipid mediators),
which is present in corn and safflower oils (37).

Our data suggest lower bioavailability of carnitine from AA-
MFs as reflected by the significantly higher urinary excretion
of TMAO compared with GMP-MFs. Intestinal bacteria de-
grade poorly absorbed carnitine to trimethylamine, which is ab-
sorbed and converted to TMAO in the liver and then excreted
in urine (28, 29, 32) (Figure 2). Higher plasma concentrations
of TMAO have been correlated with the incidence of cardio-
vascular disease (32). Importantly, TMAO is considered to be a
proatherosclerotic metabolite because it modulates cholesterol
and sterol metabolism at multiple anatomic sites and reduces
in vivo reverse cholesterol transport in mice (38). Koeth et al.
(38) showed increased plasma and urinary TMAO with the
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ingestion of a 250-mg stable isotope—labeled L-carnitine supple-
ment in 30 omnivorous participants, and when challenged with
antibiotics, the production of TMAOQO in plasma and urine was
suppressed after ingestion of the L-carnitine supplement. There-
fore, the degradation of L-carnitine to TMAO is dependent on
the intestinal microbiota and is inducible with the ingestion of
carnitine (38).

Despite higher, but not excessive, intake of carnitine from
AA-MFs, plasma concentrations of carnitine were similar when
participants consumed either AA-MFs or GMP-MFs and were
not different from control participants. This suggests adequate
carnitine status in adolescents and adults, given the equilibrium
of carnitine concentrations in plasma with skeletal muscle carni-
tine content, the primary carnitine reservoir (34). The ingestion
of AA-MFs as compared with GMP-MFs was associated with
changes in microbiome-derived metabolites of Tyr and lower
bioavailability of Tyr from AA-MFs, suggesting differences in
the composition of the intestinal microbiota that reduces the
bioavailability of both Tyr and carnitine from AA-MFs com-
pared with GMP-MFs (22). This observation supports greater
degradation of carnitine by bacteria and subsequent excretion
of TMAO with ingestion of AA-MFs. Thus, our results are con-
sistent with lower bioavailability of supplemental L-carnitine
(14-18%) compared with higher bioavailability of dietary car-
nitine from food sources, such as red meat, which is estimated
at 54-87% (28, 34).

Studies report reduced plasma carnitine concentrations in
healthy children following strict vegetarian diets (39) and in
children with PKU (14) compared with age-matched control
participants, which suggests that carnitine may be condition-
ally essential for growth in children. For children with PKU,
carnitine supplementation of AA-MFs does not affect carnitine
and acylcarnitine status (14, 40, 41). Taken together, our data
suggest that reduced bioavailability of L-carnitine added to AA-
MFs accounts for the inability to correct reduced carnitine con-
centrations in PKU, and that changes in the intestinal microbiota
with the ingestion of GMP-MFs improve the bioavailability of
carnitine. These observations raise questions about whether car-
nitine is conditionally essential in children with PKU and the
best approach to improve the bioavailability of supplemental
carnitine with consideration of changes in the intestinal micro-
biota due to AA-MFs (10, 22, 29).

Endogenous synthesis of carnitine from Lys and Met ap-
pears to be sufficient to support carnitine status in adults fol-
lowing strict vegan diets (39), although a sufficient intake of Lys
and Met provided by either AA-MFs or GMP-MFs (23, 42) is
needed to support endogenous carnitine synthesis. Participants
with PKU in the current study who consumed either AA-MFs or
GMP-MFs showed significantly reduced plasma concentrations
of deoxycarnitine, the last intermediate in endogenous carnitine
synthesis, which may suggest reduced endogenous synthesis of
carnitine (30). Indeed, phenylacetate, a metabolite of Phe found
in serum and urine of patients with PKU and shown to be 2-fold
higher in the current study in participants with PKU than in con-
trol participants and not different with intake of AA-MFs and
GMP-MFs, was noted to inhibit endogenous carnitine synthesis
(31). In conclusion, these data provide support for the concept
that the Phe metabolite phenylacetate inhibits endogenous car-
nitine synthesis.

The literature shows variable effects of PKU on plasma total
cholesterol concentrations in children with treated PKU (11, 14,
19) and no difference in plasma total cholesterol in 25 adults
with treated PKU (genotype not identified) compared with
control participants (13). By using sensitive metabolomics
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analysis, we observed significantly lower concentrations of
plasma total cholesterol in participants with classical PKU
compared with both those with variant PKU and control
participants. Consistent with our finding in adults, lower
plasma cholesterol concentrations were also observed in chil-
dren with classical PKU compared with hyperphenylalaninemia
(a variant form of PKU) (19). Participants with variant PKU
showed higher concentrations of the isoprenoid intermediate
3-hydroxy-3-methylglutarate, which may indicate greater en-
dogenous cholesterol synthesis. Increased plasma Phe and its
metabolites have been shown to inhibit cholesterol biosynthe-
sis, and these inhibitory compounds were somewhat lower in
participants with variant PKU who showed higher plasma con-
centrations of cholesterol (19). Intake of phytosterols noted to
increase endogenous cholesterol synthesis (43) may also account
for the higher plasma cholesterol concentration and apparent
increase in endogenous cholesterol synthesis with variant PKU.

Strengths of our study include a crossover design and use
of a control population for comparisons against our partici-
pants with PKU for the metabolomics analyses in plasma. Lim-
itations of our study include the use of 3-wk dietary treatments
for the assessment of RBC FA profiles, a small sample size for
metabolomics analyses (7 = 9-10), and the inability to estimate
dietary intake of specific FAs.

In conclusion, this is the first intervention trial, to our knowl-
edge, to assess how a low-Phe diet in combination with AA-
MFs and Glytactin GMP-MFs affects metabolism of essential
FAs, carnitine, and cholesterol in adults and adolescents with
PKU. Our participants with PKU showed lower concentrations
of DHA and EPA, and a higher ratio of total n—6 to n—-3 FAs
than did control participants. This FA profile suggests the need
to supplement medical foods with DHA and the potential for
oxidation and inflammation with relevance to altered neuronal
lipid metabolism and cognition in PKU (3, 7, 18). Individuals
with PKU may benefit from a diet that incorporates vegetable
oils with a higher proportion of n-3 FAs, such as canola and
flaxseed oils. Furthermore, despite higher L-carnitine supple-
mentation in AA-MFs than in prebiotic GMP-MFs, we showed
reduced bioavailability of carnitine from AA-MFs due, in part,
to degradation of carnitine to proatherosclerotic TMAQ by in-
testinal bacteria. This evidence questions the efficacy and safety
of routine supplementation of medical foods with L-carnitine to
improve carnitine status in individuals with PKU. More research
is needed to determine the optimal FA supplementation scheme
of medical foods that specifically addresses the needs of adults
and children with PKU.
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