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Abstract

Background—Deficiencies of the monoamine neurotransmitters, such as dopamine synthesized
from Tyr and serotonin synthesized from Trp, are of concern in PKU. Our objective was to utilize
metabolomics analysis to assess monoamine metabolites in subjects with PKU consuming amino
acid medical foods (AA-MF) and glycomacropeptide medical foods (GMP-MF).

Methods—Subjects with PKU consumed a low-Phe diet combined with AA-MF and GMP-MF
for 3 weeks each in a randomized, controlled, crossover study. Metabolomic analysis was
conducted by Metabolon, Inc. on plasma (n=18) and urine (n=9) samples. Catecholamines and 6-
sulfatoxymelatonin were measured in 24-hr urine samples.

Results—Intake of Tyr and Trp was ~50% higher with AA-MF, and AA-MF were consumed in
larger quantities, less frequently during the day compared with GMP-MF. Performance on
neuropsychological tests and concentrations of neurotransmitters derived from Tyr and Trp were
not significantly different with AA- MF or GMP-MF. Plasma serotonin levels of gut origin were
higher in subjects with variant compared with classical PKU, and with GMP-MF compared with
AA-MF in subjects with variant PKU. Metabolomics analysis identified higher levels of
microbiome-derived compounds synthesized from Tyr, such as phenol sulfate, and higher levels of
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compounds synthesized from Trp in the kynurenine pathway, such as quinolinic acid, with
ingestion of AA-MF compared with GMP-MF.

Conclusions—The Tyr from AA-MF is less bioavailable due, in part, to greater degradation by
intestinal microbes compared with the Tyr from prebiotic GMP-MF. Research is needed to
understand how metabolism of Trp via the kynurenine pathway and changes in the intestinal
microbiota affect health for individuals with PKU.

catecholamines; serotonin; intestinal microbiota; glycomacropeptide; 6-sulfatoxymelatonin;
phenol sulfate

1. Introduction

Phenylketonuria (PKU; OMIM 261600) is an autosomal recessive disorder caused by
deficiency of hepatic phenylalanine hydroxylase (PAH; EC 1.14.16), which catalyzes the
conversion of Phe to Tyr using tetrahydrobiopterin as a cofactor (1). In untreated PKU,
consumption of a normal diet causes Phe to accumulate in blood and brain resulting in
cognitive impairment. The mainstay of PKU treatment is a low-Phe diet restricted in protein
from natural foods and supplemented with amino acid medical foods (AA-MF) or
glycomacropeptide medical foods (GMP-MF) to provide the majority of dietary nitrogen
and micronutrients (2, 3). Glycomacropeptide (GMP) is a 64-amino acid
glycophosphopeptide derived from x-casein in bovine milk that is produced during the
manufacture of cheese and shows prebiotic properties (4, 5). The absence of aromatic amino
acids in GMP (Phe, Tyr and Trp) enables the formulation of a variety of palatable GMP-MF
for the management of PKU and tyrosinemia. Because GMP is not a complete protein, it
requires supplementation with the following indispensable amino acids for PKU: Arg, His,
Leu, Trp and Tyr (6, 7). Individuals who are diagnosed in infancy and maintain control of
blood Phe levels within 120-360 pM/L show Qs within the normal range, although
neurocognitive symptoms, such as decreased executive function, and neuropsychological
symptoms, such as anxiety and depression, persist (8, 9).

Abnormal metabolism of the monoamine neurotransmitters, particularly deficiencies of
dopamine synthesized from Tyr and serotonin synthesized from Trp in the central nervous
system (CNS), may relate to the occurrence of neurocognitive and neuropsychological
symptoms in individuals with PKU (9, 10). High blood Phe levels are presumed to cause
deficiencies of the precursor amino acids Tyr and Trp for synthesis of the monoamine
neurotransmitters by competitive inhibition for the large neutral amino acid (LNAA)
transporter 1 (LAT1) which transports the LNAA from blood into the brain (11).
Supplementation with LNAA, including Tyr and Trp, in individuals with PKU has been
reported to increase cerebrospinal concentrations of metabolites of dopamine and serotonin
(10-12). Thus, the concentration of Tyr and Trp in medical foods for the management of
PKU may impact neurotransmitter synthesis; however, the bioavailability of these amino
acids for absorption from the gastrointestinal tract has not been studied. This is an important
consideration, given evidence that the intestinal microbiome is altered in human PKU with
ingestion of AA-MF (13) and improved with ingestion of a diet containing GMP. GMP
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alters microbial phyla and increases production of short chain fatty acids compared with a
diet containing amino acids (4, 5). Moreover, genes for metabolism of amino acids,
especially Tyr and Trp, are overrepresented in bacteria comprising the microbiome in the
distal gut (14).

In our recent randomized, controlled, crossover trial, we observed a disparity between intake
and plasma concentrations of Tyr and Trp (6). Despite significantly higher intakes of Tyr and
Trp in subjects consuming a low-Phe diet in combination with AA-MF compared with
GMP-MF, fasting plasma concentrations of Tyr and Trp were not significantly different. This
led us to the hypothesis that changes in the intestinal microbiota with ingestion of AA-MF
result in degradation of Tyr and Trp, thus reducing their bioavailability for synthesis of
neurotransmitters. Our objective was to utilize metabolomics analysis to assess metabolites
and neurotransmitters derived from Tyr and Trp in plasma and urine samples from subjects
with PKU consuming both AA-MF and GMP-MF.

2. Materials and Methods

2.1. Experimental Design

We conducted metabolomics analysis of a subset of plasma (n=18) and 24-hr urine (n=9)
samples obtained from PKU subjects who completed our randomized, controlled, crossover
trial where 30 early-treated PKU subjects consumed, for 3-wk each, their usual low-Phe diet
combined with AA-MF or GMP-MF (6). The University of Wisconsin-Madison Health
Sciences Institutional Review Board approved the study protocol. All subjects provided
written informed consent. The trial was registered at wwwv.clinicaltrials.gov as
NCT01428258.

Participants consumed their preferred AA-MF resulting in the use of 8 different AA-MF for
the urine study and 14 different AA-MF for the plasma study. The GMP-MF were donated
by Cambrooke Therapeutics and contained Glytactin™, a proprietary formulation of ~70%
GMP (cGMP-20, Arla Foods Ingredients) and ~30% supplemental AAs (Arg, His, Leu, Trp,
Tyr). For the urine study, participants recorded all nutritional intake for 48—72h, starting 24—
48h prior to and during the final days of each diet treatment. For the plasma study,
participants recorded all nutritional intake on a consecutive 3-d food record during the final
days of each treatment. Intake of macronutrients and amino acids was estimated from the
food records using Food Processor SQL (Version 10.12.0, ESHA) for medical foods and
natural foods; natural foods are defined as all food and beverages consumed that are not
PKU medical foods.

Metabolomics analysis was performed on fasting plasma samples obtained at the final study
visits after each subject consumed a low-Phe diet with AA-MF or GMP-MF for 3-wk each
at home. There was a 3-wk washout period between treatments during which subjects
consumed their usual AA-MF (6). The 18 plasma samples were chosen to include the 9
subjects who consented to provide 24-hr urine samples for both AA-MF and GMP-MF
treatments and to represent the median plasma Phe response from the total sample of 30
subjects (6). Urine samples were collected after subjects followed their low-Phe diet
combined with AA-MF and GMP-MF for 3-wk (n=4) or 1-wk (n=5); seven of the nine
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subjects completed the urine collection with the AA-MF treatment first Plasma and urine
samples were processed and stored frozen(=70°C) until analyzed.

2.2. Amino Acids and Neurotransmitter Metabolites in Blood and Urine

The fasting plasma amino acid profiles were determined using a Hitachi L-8900 amino acid
analyzer (15). Concentrations of dopamine, norepinephrine and epinephrine were
determined in 24-hr urine samples using standardized techniques in a commercial clinical
laboratory (LabCorp; Dublin, OH, USA). The concentration of the serotonin metabolite 6-
sulfatoxymelatonin, used as a biomarker to reflect serotonin synthesis in the CNS (16), was
analyzed in 24-hr urine samples using a commercial ELISA (EK-M6S, Buhlmann
Laboratories AG, Switzerland) (17). Concentrations of neurotransmitter metabolites in urine
were assessed per mg creatinine and per 24-hr which yielded similar statistical significance.

2.3. Metabolomics

The non-targeted metabolomics analysis on plasma and urine samples from PKU subjects
was carried out by Metabolon, Inc. (Durham, NC, USA). Compounds were identified by
comparison to Metabolon’s library of authenticated standards or recurrent unknown entities.
The data obtained for urine samples were normalized to osmolality before statistical
analysis. The analysis identified significantly different levels of 130 known biochemical
compounds in plasma (total of 797 compounds identified) and 103 compounds in urine (total
of 652 compounds identified) with ingestion of GMP-MF compared with AA-MF. The
metabolomics data discussed in this paper are included as Supplementary Table 1 (plasma)
and Supplementary Table 2 (urine).

2.4. Statistical Analysis

Statistical analyses were performed using SAS version 9.4 and assumptions of normality and
equal variance were tested (SAS Institute Inc., Cary, N.C.). Most analyses for urinary
biomarker excretion, nutrient intake and blood Phe concentrations used PROC MIXED.
ANOVA was used to test for main effects for treatment (AA-MF or GMP-MF), genotype
(classical or variant PKU), sex (male or female) and their interactions. When data were
skewed, effects due to treatment or genotype were analyzed separately using the Kruskal-
Wallis test. Each biochemical in the Metabolon analyses in the original scale was rescaled to
set the median equal to 1 based on all samples; ANOVA was conducted to determine
differences in scaled intensity or fold change for each biochemical when comparing
treatment, genotype and treatment times genotype interaction. P values < 0.05 are
considered significant. Data are presented as means + SE for concentrations and
metabolomics scaled intensity values. Power calculations were not performed since there is
no literature in the PKU population on the effect change of the variables we studied; this is a
pilot study.

3. Results

3.1. Characteristics of the Participants

The sample size of 18 participants (8 males and 10 females) included 3 minors, ages 15-17
yr and 15 adults, aged 18-49 yr, Table 1. Eleven participants had classical PKU and 7
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participants had variant PKU based on a positive response to sapropterin dihydrochloride
and/or a comparison of their genotype with available databases http://www.pahdb.mcgill.ca
and http://www.biopku.org. Two of the subjects classified with variant PKU elected to take
sapropterin dihydrochloride and maintained a stable dose during the study. The sample size
of 9 participants who provided 24-hr urine collections (4 males and 5 females) included 3
minors aged 15-17 yr and 6 adults, aged 19-35 yr; four had classical and five had variant
PKU. Final plasma Phe concentration was higher with GMP-MF compared with AA-MF
(1.17 scaled intensity GMP-MF relative to AA-MF, p= 0.096), but not significantly different

(6).

Dietary intake of Phe, Tyr and Trp showed differences, although intake of total protein (~80
g/day) and protein equivalents from AA-MF and GMP- MF (~53 g/day) were not
significantly different (6). Intake of Phe was significantly higher with GMP-MF compared
with AA-MF due to the residual Phe contained in Glytactin, whereas the AA-MF did not
contain Phe, Table 2. Dietary intake of LNAA (includes Tyr, Trp, Leu, lle, Val, His, Met, and
Thr) was higher with GMP-MF compared with AA-MF (p=0.126) in conjunction with
significantly higher intakes of Thr, that occur at high levels within the GMP peptide, and
supplemental Leu. Our research demonstrates that at least 100-150 mg Leu per g protein
equivalent in GMP is needed to maintain a normal plasma profile of branched chain amino
acids in PKU subjects (7, 18). The complete intake profile of 18 dietary amino acids for
subjects consuming AA-MF and GMP-MF for 3-wk each (6) is available in Stroup et al
(19).

The higher concentrations of Tyr and Trp in AA-MF resulted in ~50% greater daily intake of
Tyr and Trp, Table 2. The frequency of AA-MF intake was significantly lower than GMP-
MF (2.8 vs 3.4 servings/day), resulting in significantly larger intake of Tyr and Trp at each
meal that included AA-MF compared with GMP-MF, Figure 1. Overall, there was a pattern
of consuming larger quantities of Tyr and Trp from AA-MF at fewer meals during the day
compared with GMP-MF. Tyr comprises 3-5% and Trp comprises ~2% of average reference
proteins (20). Assuming intake of 80 g protein per day for a typical adult, typical Tyr intake
would be 2.4-4 g/day, compared with 7.2 g for the AA-MF treatment and 4.2 g for the
GMP-MF treatment. Trp intake would be 1.6 g/day, compared with 1.7 g for the AA-MF
treatment and 1.2 g for the GMP-MF treatment.

3.2. Metabolomics Evidence of Microbiome-Associated Compounds

The metabolomics analysis identified 40 of 797 known biochemical compounds in plasma as
microbiome-associated meaning they are either exclusively synthesized or contributed by
intestinal bacteria, as well as by human metabolism. With ingestion of AA-MF compared
with GMP-MF, there was evidence of differential plasma levels of 7 of the 40 microbiome-
associated biochemical compounds. Significant differences in the plasma profile of
secondary bile acids, which are known to be modified by intestinal bacteria, is strong
evidence of alterations in the intestinal microbiome with ingestion of GMP-MF and AA-MF
in human PKU (21), Supplementary Table 1. Metabolomics analysis identified 45 of 652
known compounds in urine as microbiome-associated and 7 of these compounds showed
differential levels with AA-MF compared with GMP-MF.
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3.3. Tyrosine and Neurotransmitter Metabolites

To evaluate changes in neurotransmitters derived from Tyr, chemical analysis of 24-hour
urine samples were conducted. Daily excretion of the catecholamines, which included
dopamine, norepinephrine and epinephrine, was not significantly different due to MF intake
or genotype, Figure 2. Male subjects showed a trend for higher urinary excretion of
epinephrine compared with female subjects (p=0.10).

Metabolomics analysis indicated no significant differences in relative plasma levels of Tyr
and 15 metabolites derived from Tyr including thyroxin and the final degradative products of
the dopamine pathway, vanillactate and vanillylmandelate, Supplemental Table 1. A
compound formed by methylation of L-DOPA, 3-methoxyltyrosine, was significantly higher
with AA-MF compared with GMP-MF. This compound is associated with side effects in
patients with Parkinson’s disease treated with chronic L-DOPA therapy (22).

Metabolomics analysis of 24-hr urine samples provided insights regarding the metabolic fate
of the higher Tyr intake from AA-MF in conjunction with similar plasma Tyr levels, Figure
3. Urinary excretion of the microbiome-associated compounds tyramine and phenol sulfate
(14) were 50-90% higher with ingestion of AA-MF compared with GMP-MF. Consistent
with similar concentrations of catecholamines excreted in urine, metabolomics analysis
indicated that levels of vanillylmandelate in urine were not significantly different with intake
of AA-MF and GMP-MF. Thus, monoamine neurotransmitters derived from Tyr metabolism
were not significantly different with AA-MF and GMP-MF, despite 50% higher Tyr intake
from AA-MF. Moreover, tyrosine intake showed a positive, significant correlation with
fasting plasma tyrosine concentration with ingestion of GMP-MF, but not with ingestion of
AA-MF (GMP-MF, r=0.730, P=0.026; AA-MF, r=0.283, P=0.461; n=9).

3.4. Tryptophan Metabolites

Metabolomics analysis showed differences in relative levels of metabolites derived from Trp
with ingestion of AA-MF and GMP-MF. Trp is primarily metabolized by the kynurenine
pathway or converted to serotonin in the gastrointestinal tract (23), Figure 4. Plasma
serotonin levels were ~3-fold higher in PKU subjects with variant compared with classical
PKU (P<0.004) consistent with greater synthesis of serotonin in the gastrointestinal tract.
Subjects with variant PKU showed significantly higher plasma serotonin levels with
ingestion of GMP-MF compared with AA-MF, whereas subjects with classical PKU showed
no effect of MF treatment on plasma serotonin.

Plasma levels of kynurenine were significantly higher with AA-MF compared with GMP-
MF (p=0.027) reflecting diversion of Trp from serotonin synthesis. Downstream metabolites
of kynurenine responded differently to MF. Plasma kynurenic acid levels were not different,
whereas quinolinic acid a compound with neurotoxic effects (24), showed a trend for higher
levels with AA-MF compared with GMP-MF (p=0.0604). Moreover, urinary excretion of
quinolinic acid was significantly higher with AA-MF compared with GMP-MF (p=0.01).
Quinoalinic acid is a precursor to nicotinamide riboside and nicotinomide adenosine
dinucleotide. Plasma levels of nicotinamide riboside were not significantly different,
although urinary excretion was 2.4-fold higher with ingestion of GMP-MF compared with
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AA-MF (p=0.01). Dietary intake of niacin was not significantly different with GMP-MF and
AA-MF. Levels of indolic compounds synthesized from Trp by intestinal bacteria, including
the renal toxins 3-indoxy sulfate (25) and indolepropionate, were not significantly different
with ingestion of AA-MF compared with GMP-MF.

In order to isolate the effects of AA-MF and GMP-MF on levels of serotonin made
specifically in the CNS instead of the intestine, we measured the concentration of 6-
sulfatoxymelatonin in urine, a serotonin metabolite synthesized in the pineal body (26).
There was no significant difference in 6-sulfatoxymelatonin excretion with consumption of
AA-MF compared with GMP-MF, Figure 5A. There was large variation due to differences in
dietary intake of foods contributing serotonin and melatonin, and interaction of genotype
and sex, Figure 5B. Females with classical PKU showed higher 6-sulfatoxymelatonin
excretion compared with females with variant PKU, whereas males with classical PKU
showed lower 6-sulfatoxymelatonin excretion compared with males with variant PKU.
Subjects 1 and 2 consumed higher quantities of foods that contribute melatonin and
serotonin (27, 28), including avocado, tomato, banana, and small amounts of beer, with the
AA-MF treatment compared with the GMP-MF treatment.

4. Discussion

PKU is associated with reduced levels of the monoamine neurotransmitters because high
Phe concentrations presumably competitively inhibit transport of the precursor amino acids
Tyr and Trp from blood into the brain (9, 12). Emerging evidence suggests that another
contributing factor includes changes in the intestinal microbiota with the synthetic PKU diet
(4, 13), which may result in degradation of Tyr and Trp, thus reducing their bioavailability
for synthesis of neurotransmitters. We demonstrate that larger quantities of Tyr consumed at
fewer daily meals with AA-MF compared with GMP-MF, result in greater degradation of
Tyr to potentially harmful compounds synthesized by intestinal bacteria. Thus, Tyr from
AA-MF has reduced bioavailability compared with Tyr from GMP-MF due, in part, to
greater degradation of Tyr by intestinal microbes. We did not observe differential
degradation of Trp by intestinal microbes suggesting similar bioavailability of Trp, possibly
because intake of Trp from medical foods, unlike Tyr, is not excessive compared to a typical
diet.

Dietary intake of Tyr and Trp from AA-MF, although significantly higher compared with
GMP-MF, was associated with similar performance on standardized neuropsychological
tests emphasizing executive function (Delis-Kaplan Executive Function System and the
Cambridge Neuropsychological Test Automated Battery) (19). Similar levels of
neurotransmitters may reflect higher intakes of the LNAA, Leu, Thr and lle, with GMP-MF
compared with AA-MF (6, 19). These LNAA may compete with Phe at LAT1 to reduce Phe
transport into brain, resulting in greater availability of Tyr and Trp for neurotransmitter
synthesis. In support of this, specific supplementation with Leu and Ile has been shown to
decrease Phe concentrations in the brain of PKU mice (29), and we have reported a 20%
decrease in brain Phe concentrations in Pa#¢"“2 mice fed diets comprised of GMP compared
with amino acids (30).
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Urinary excretion of 6-sulfatoxymelatonin, a suggested biomarker of serotonin synthesis in
the CNS, showed large variation. Higher intake of foods that contribute melatonin and
serotonin, such as avocadoes, bananas, tomatoes, beer, and coffee (27, 28), which we did not
control for, could account for the high variation in urinary excretion of 6-sulfatoxymelatonin
observed in this study and by Yano et al (26).

Serotonin is synthesized primarily (more than 90%) by the gastrointestinal tract and exerts
diverse functions including regulation of enteric reflexes, platelet aggregation and immune
responses (23). The 3-fold higher plasma serotonin levels in subjects with variant compared
with classical PKU in response to GMP-MF, with similar excretion of 6-sulfatoxymelatonin,
confirms greater synthesis of serotonin in the gut, not the brain. Intestinal microbes regulate
host serotonin synthesis, with increased release of serotonin from intestinal cells in response
to microbial production of short chain fatty acids (23). Thus, given evidence that prebiotic
GMP increases microbial production of short chain fatty acids (4, 5), higher serotonin levels
in subjects with variant PKU consuming GMP-MF suggests that the PKU genotype has
differential effects on the intestinal microbiota. This interesting observation warrants further
investigation.

Metabolomics analysis with the ability to detect microbiome-associated compounds,
suggests that differences in the composition of the intestinal microbiota occur with ingestion
of GMP-MF compared with AA-MF. This conclusion is supported by the demonstrated
prebiotic properties of GMP (4, 5), differences in plasma serotonin (23), and dramatic
changes in the plasma profile of secondary bile acids, but not the primary bile acids, with
GMP-MF compared with AA-MF (21). Although many of the compounds synthesized by
intestinal microbes confer benefits consistent with symbiosis, such as short chain fatty acids
and indolepropionate, other compounds synthesized from Tyr and Trp may have negative
effects (31). For example, tyramine formed by decarboxylation of Tyr by both bacteria and
human metabolism is associated with headaches (32) and shows cytotoxic effects in human
intestinal cells at physiologic concentrations (33). Compounds noted to be harmful to the
kidneys and synthesized by intestinal bacteria, referred to as “colon-derived uremic solutes,”
include phenolic compounds formed from Tyr, such as phenol sulfate, and indolic
compounds formed from Trp, such as 3-indoxyl sulfate (25, 34). Although we observe
significantly higher levels of tyramine and phenol sulfate with ingestion of AA-MF
compared with GMP-MF, we cannot conclude from the current metabolomics analysis that
the levels are high enough to have a negative impact.

Interestingly, a greater proportion of Trp is metabolized via the kynurenine pathway, instead
of the serotonin pathway, in PKU subjects consuming AA-MF compared with GMP-MF.
The kynurenine pathway is the major route for Trp metabolism in most mammalian tissues
and compounds in this pathway are associated with the pathophysiology of inflammation-
related neuropsychiatric diseases and the focus of drug development efforts (24). Increased
synthesis of kynurenine, which occurred with AA-MF relative to GMP-MF, is associated
with an inflammatory response and consistent with our observation of increased
inflammatory cytokines with a diet containing AA compared with a GMP-based diet in
murine PKU (4). From kynurenine, the pathway branches to form kynurenic acid, a
neuroprotective metabolite that shows similar levels with AA-MF and GMP-MF. A second
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branch in the kynurenine pathway leads to formation of quinolinic acid, a neurotoxic
metabolite that shows higher levels with AA-MF compared with GMP-MF in both plasma
and urine (24). Unbalanced kynurenine metabolism that results in increased quinolinic acid
production may induce oxidative stress, apoptosis and mitochondrial dysfunction, resulting
in neuronal loss. Increased quinolinic acid production is implicated in aging and
neurodegenerative diseases, such as Al heimer’s disease and Parkinson’s disease (24).
Despite lower Trp intake from GMP-MF, nicotinamide metabolites synthesized from Trp
that are important in neurological function, were not significantly different with medical
food. Further research is needed to understand the metabolism of Trp via the kynurenine
pathway in PKU.

Strengths of our study include a controlled crossover design. Moreover, this is the first
investigation of the bioavailability of Tyr and Trp from medical foods, and the first use of
metabolomics to assess compounds synthesized by intestinal microbes in PKU. Limitations
include the small sample size of 9-18 subjects. For the urine study, the treatment order was
not randomized and there was variation in the length of dietary treatment before collection
of 24-hr urine samples.

5. Conclusion

The data support our hypothesis that degradation of Tyr by intestinal microbes contributes to
the apparent decrease in the bioavailability of Tyr from AA-MF compared with GMP-MF.
The prebiotic properties of GMP in conjunction with consumption of smaller amounts of Tyr
distributed more frequently across the day appear to account for the higher bioavailability of
Tyr from GMP-MF. Routine Tyr supplementation in an attempt to increase catecholamine
neurotransmitters may have negative effects on the intestinal microbiota and there is no
evidence to suggest improved neuropsychological performance in individuals with PKU
given Tyr supplementation (35). Further research is need to understand how changes in the
intestinal microbiota affect health for individuals with PKU.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Ingestion of PKU medical foods comprised primarily of amino acids (AA-
MF) compared with glycomacropeptide (GMP-MF) alters compounds
synthesized by intestinal microbes in plasma and urine.

The bioavailability of Tyr from prebiotic GMP-MF is greater compared with
AA-MF; this reflects less degradation of Tyr by intestinal microbes and
consumption of smaller amounts of Tyr distributed more frequently across the
day with GMP-MF.

A greater proportion of Trp is metaboli ed via the kynurenine pathway,
instead of the serotonin pathway, with consumption of AA-MF compared
with GMP-MF.

Routine Tyr supplementation may have negative effects on the intestinal
microbiota and is not supported by evidence of improved neuropsychological
performance in PKU.
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Figure 1.
Frequency of dietary intake of amino acid medical foods (AA-MF) and glycomacropeptide

medical foods (GMP-MF) (A), Tyr from AA-MF and GMP-MF (B), and Trp from AA-MF
and GMP-MF (C). Values are mean + SE, n=18; determined from food records.
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Figure 2.
Urinary excretion of catecholamines, dopamine (A), norepinephrine (B), and epinephrine

(C). Values are mean + SE, ng/mg creatinine. Concentrations were measured in 24-hr urine
collections from 9 PKU subjects (4 classical and 5 variant) consuming a low-Phe diet in
combination with AA-MF or GMP-MF.
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Figure 3.

Metabolomics analysis of Tyr metabolism. Values are mean scaled intensity + SE for
metabolites of Tyr in 24-hr urine collections from 9 PKU subjects (4 classical and 5 variant)
consuming a low-Phe diet in combination with AA-MF or GMP-MF. Mean scaled plasma
Tyr levels and mean + SE dietary Tyr intake determined from food records are shown, n=9.
Plasma Tyr and urine vanillylmandelate are not significantly different, P>0.05. Compounds
within dashed lines are synthesized by intestinal microbes.
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Figure 4.

Metabolomics analysis of Trp which is primarily metabolized by the kynurenine pathway or
converted to serotonin in the gastrointestinal tract. Values are mean + SE scaled intensity for
metabolites of Trp in plasma from 18 PKU subjects consuming a low-Phe diet in
combination with AA-MF or GMP-MF. Levels of quinolinic acid in urine are shown.
Compounds within dashed lines are synthesized by intestinal microbes, either exclusively or
in combination with human metabolism.
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Figure 5.
Urinary excretion of 6-sulfatoxymelatonin, a serotonin metabolite synthesized in the pineal

body. The box and whisker figure illustrates the variation in 6-sulfatoxymelatonin excretion
with ingestion of a low-Phe diet in combination with AA-MF or GMP-MF (A). The box
represents the middle 50% of 9 subjects (25175t percentile) with a solid line showing the
median value and a dashed line showing the mean value. Concentrations of 6-
sulfatoxymelatonin for each subject with ingestion of AA-MF or GMP-MF are shown (B).
Concentrations were measured in aliquots of 24-hr urine and are expressed as ng/mg
creatinine or as ug/day for individual subjects.
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