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ARTICLE INFO ABSTRACT
Keywords: Despite numerous studies in human patients and animal models for phenylketonuria (PKU; OMIM#261600), the
Phenylketonuria pathophysiology of PKU and the underlying causes of brain dysfunction and cognitive problems in PKU patients

Cerebral spinal fluid are not well understood. In this study, lumbar cerebral spinal fluid (CSF) was obtained immediately after blood

léllisc[:)l:e sampling from early-treated adult PKU patients who had fasted overnight. Metabolite and amino acid concen-
Lactate trations in the CSF of PKU patients were compared with those of non-PKU controls. The CSF concentrations and
Phenylalanine CSF/plasma ratios for glucose and lactate were found to be below normal, similar to what has been reported for

glucose transporterl (GLUT1) deficiency patients who exhibit many of the same clinical symptoms as untreated
PKU patients. CSF glucose and lactate levels were negatively correlated with CSF phenylalanine (Phe), while CSF
glutamine and glutamate levels were positively correlated with CSF Phe levels. Plasma glucose levels were
negatively correlated with plasma Phe concentrations in PKU subjects, which partly explains the reduced CSF
glucose concentrations. Although brain glucose concentrations are unlikely to be low enough to impair brain
glucose utilization, it is possible that the metabolism of Phe in the brain to produce phenyllactate, which can be
transported across the blood-brain barrier to the blood, may consume glucose and/or lactate to generate the
carbon backbone for glutamate. This glutamate is then converted to glutamine and carries the Phe-derived
ammonia from the brain to the blood. While this mechanism remains to be tested, it may explain the correla-
tions of CSF glutamine, glucose, and lactate concentrations with CSF Phe.

Abbreviations: BBB, blood-brain barrier; BMI, body mass index; CMRg,, cerebral metabolic rate for glucose; CMRoy, cerebral metabolic rate for oxygen; cPKU,
classical phenylketonuria (OMIM 261600); GLUT1, glucose transporterl; GLUT1DS, GLUT1 deficiency syndrome; CSF, cerebral spinal fluid; FDG PET, ['®F]fluo-
rodeoxyglucose positron emission tomography; Glc, glucose; IEC, ion exchange chromatography; Lac, lactate; MRI, magnetic resonance imaging; MRS, magnetic
resonance spectroscopy; NMR, nuclear magnetic resonance; PAH, phenylalanine hydroxylase (EC 1.14.16.1); PKU, phenylketonuria; PLA, phenyllactic acid; PPA,
phenylpyruvic acid; SD, standard deviation.
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1. Introduction

Phenylketonuria (PKU; OMIM#261600) is a rare metabolic disorder
caused by pathogenic variants in the phenylalanine hydroxylase (PAH,
EC1.14.16.1) gene resulting in high phenylalanine (Phe) concentrations
in blood and body tissues including brain. If not treated early, this results
in intellectual disability, behavioral and psychiatric problems, micro-
cephaly, motor deficits, eczematous rash, autism, seizures, and devel-
opmental problems [1,2] leading to an impaired brain architecture with
reduced pyramidal neurons and reduced dendritic branching, as shown
in patients [3] and animal studies [4,5]. However, the mechanism how
elevated phenylalanine affects brain architecture and brain function is
not well understood [1] and there is still no sufficient explanation for the
different vulnerability of patients [6] and the wide spectrum of symp-
toms in treated and untreated adults at later ages [7-9].

The incomplete knowledge of PKU pathophysiology is also reflected
by the different treatment guidelines and Phe target levels, especially for
older patients [10,11]. Over time, it became clear that multiple mech-
anisms may be involved in PKU pathophysiology. Human studies and
experiments with the PKU mouse models indicated the possibility of
brain energy deficit [12-14], impaired brain protein synthesis [12,15],
oxidative stress leading to early cell death and impaired mitochondrial
function [16,17], and decreased rates of cerebral glucose utilization
(CMRg.) in specific brain regions [18]. In PAH-deficient humans
depletion of biogenic amine neurotransmitters (e.g., dopamine, seroto-
nin, norepinephrine) [2,19] has been demonstrated, but there are only a
few PKU case reports showing typical symptoms of Parkinson’s disease
[5,20,21], a neurodegenerative disorder involving loss of dopaminergic
neurons in the substantia nigra. In addition, relative regional glucose
(Glc) hypometabolism that was negatively correlated with Phe con-
centration in adult PKU brain was shown by qualitative [18F]ﬂuo-
rodeoxyglucose positron emission tomography ([*®F]FDG PET) [22,23],
suggesting impairment of glycolytic energy production in brain and
interference with mitochondrial function [24].

Furthermore, there has been an ongoing, unresolved debate sug-
gesting that the toxic metabolite responsible for brain dysfunction is
phenylpyruvate (PPA) rather than Phe [13,14,25,26]. An inhibition of
glucose-6-phosphate dehydrogenase activity caused by PPA was shown
in rat brain extracts, raising the possibility of NADPH deficiency with
linkage to oxidative stress [27]. Older studies demonstrated that Phe is a
competitive inhibitor of human brain pyruvate kinase and PPA is an
inhibitor of human brain hexokinase [28]. However, the basis for
toxicity of high levels of Phe in PKU patients remains to be established.

Clinical studies in adult PKU patients have provided additional in-
formation for a better understanding of PKU pathophysiology [29]. A
cross-sectional case study with 22 early-treated patients with classical
PKU (cPKU) conducted by our group showed neurotransmitter depletion
in cerebral spinal fluid (CSF) correlating with morphologic and func-
tional changes [9,30,31]. In this study, we present further findings from
CSF using ex vivo metabolomic methods for small molecules [32] and
amino acid analysis of CSF in a subgroup of 11 adult PKU patients using
nuclear magnetic resonance (NMR). Major findings include low CSF
glucose and lactate concentrations in PKU patients. Subnormal CSF
glucose and lactate levels are biomarkers for glucose transporterl
(GLUT1) deficiency syndrome (GLUT1DS, OMIM #606777) in which
pathologic variants in GLUT1 reduce glucose transport from blood
across the blood-brain barrier (BBB) to brain [33], and clinical aspects of
PKU and GLUT1 deficiency are compared.

2. Methods and materials
2.1. Patients and controls
Details of neurological findings in the PKU patients investigated in

the present study and results of neurotransmitter levels in their CSF, as
well as plasma, are published elsewhere [9,30,31]. In brief, of 24 early-
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treated (treated with a Phe-restricted diet before one month of age) adult
classical PKU patients (mean age 38.7 years old), 11 agreed to lumbar
puncture for analysis of CSF (mean age + SD, 39.6 + 7.7 years; range
30-54; 7 females, 4 males; Table 1). All of these patients were asked to
follow a Phe-restricted diet that included amino acid supplements, and 9
of the 11 PKU subjects were compliant; their mean body mass index was
25.2 + 3.1, within the normal range (Table 1). Here we present addi-
tional analyses in CSF using ex vivo ' NMR measurements [32] for
glucose and lactate concentrations (Bruker Biospin GmbH, Ettlingen,
Germany) (n = 10) and for amino acid concentrations (n = 11).

CSF samples from control individuals who did not have PKU
(mean age + SD, 35.1 + 1.9 years old; 5 females, 4 males; Supple
mental Tables 1 and 2) were available from departments of Neurology,
Universities of Tiibingen (n = 5 for amino acid analysis) and Kiel (n =9
for glucose, lactate, ex vivo NMR analysis), Germany. No dietary in-
formation is available for these controls. According to the Biobank
standard (http://www.hih-tuebingen.de/core-facilities/ biobank/for-
researchers/), lumbar puncture was performed between 8.00 and
10.00 AM after an overnight fast. Blood was drawn immediately before
lumbar puncture [30]. CSF was centrifuged at 4000g for 10 min at 4 °C
and stored at —80 °C within 60 min after collection until analysis. Only
patient samples with normal routine CSF diagnostics were included
(leukocytes <4 x 10%/L; IgG index CSF/plasma <0.6); slightly increased
CSF albumin levels (up to 450 pg/mL) were tolerated.

The study was approved by the Ethics Committees of the Universities
Tiibingen and Heidelberg (S-517/2014), Germany. All patients had
agreed to additional analyses of their CSF samples. Additional published
data of patients with glucose transporter1l (GLUT1) deficiency syndrome
(GLUT1DS) [33] was taken for comparison to PKU patients. The mean
age of the GLUT1DS patients was 9.4 + 5.3, and ranged from 1 to 20
years old (7 females, 5 males; Supplemental Table 1); no dietary infor-
mation is available for these patients, but one was on a ketogenic diet
and others were on medications for seizure control [33].

2.2. Plasma and CSF metabolite analyses

Glucose and lactate concentrations in CSF samples were measured
using a Bruker Avance IVDr platform, with sample preparation using
750 pL CSF and 150 pL phosphate buffer (pH 7.4) (Bruker CSF Buffer).
For calibration, an external reference sample was used (Bruker Quan-
tRefC sample). Validation was performed by participating in proficiency
testing (Reference Institute for Analytical Biochemistry, Bonn,
Germany).

Plasma and CSF amino acids were quantified by ion exchange
chromatography (IEC). IEC was performed on a Biochrom 30Plus amino
acid analyzer using the corresponding buffers 1-6, ninhydrin (12.5%),
lithium loading buffer and column (PEEK 200 mm x 4.6 mm, resin of
crosslinked polymers synthesized from styrene and divinylbenzene)
(Biochrom Ltd., 1020 Cambourne Business Park, Cambourne, Cam-
bridge, CB23 6DW, UK, all provided by Laborservice Onken, Griindau,
Germany). For calibration, a standard solution (2.5 mmol/L, 40 amino
acids, Laborservice Onken) was used.

Statistical analysis was performed using XLSTAT (Lumivero, Denver,
USA), using Mann-Whitney-U test, Linear regression model.

3. Results

3.1. Characteristics of PKU patients, Phe levels in plasma and CSF of PKU
patients

Plasma Phe levels of the 11 PKU patients at the time of CSF sampling
showed a wide range from 57 to 1115 pmol/L (Table 1). Genetic
phenotype value [34] based on the PAH genotype (Table 1) showed a
cPKU phenotype in all patients. In patient 10 the phenotype was not
based on genotype because of missing mutational data, and cPKU was
defined for patients 6 and 10 based on at least two historical Phe levels
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Table 1
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Patient characteristics and Phe concentrations in plasma and CSF. *Phenotype was defined as Genotypic Phenotype Value (GPV**) and a value of <2.4 was defined as
cPKU according to [34], http://www.biopku.org/home/home.asp). Plasma Phe is that determined immediately before lumbar puncture to obtain CSF. BMI, Body mass

index; f, female; m, male; n.a., not available; SD, standard deviation.

Patient ID  Variants in Phe hydroxylase gene Age/ BMI Pheno- Phe restricted diet at time of Plasma Phe CSF Phe GPV**
(NM 000277) gender (kg/mz) type* investigation (pmol/L) (pmol/L)
#1 p.[L48S];[Y387H] 44/f 25.0 cPKU Yes 760 224 2.4
#2 p.[R408W];[R408W] 45/f 22.4 cPKU yes 340 57 0
#3 p.[R261Q];[R408W] 30/m 27.5 cPKU yes 770 145 1.3
#4 p.[L48S];[R408W] 39/f 31.2 ¢PKU yes 567 97 2.4
#5 p.[P281L];IVS12 + 1G > A 42/f 21.3 cPKU yes 57 116 0
#6 p.[F55fs];IVS7 + 1G > A 43/m - cPKU Variable 1115 226 n.a.
#7 p.[R261Q];[G272%] 45/m 23.3 cPKU yes 644 153 1.5
#8 p.[S349P];[L348V] 32/m 23.1 cPKU Variable 873 234 1.4
#9 p.[R408WI];IVS10-3C > T 31/f 24.9 cPKU yes 821 196 0
#10 n.a. 31/f 23.6 cPKU yes 364 94 n.a.
#11 p.[L48S]; / IVS10-11 G > A 54/f 29.6 cPKU Yes 233 47 2.4
Mean + 39.6 + 25.2 + 595 + 316 145 + 68
SD 7.7 3.1
>1200 pM. Treatment (except patient 1 who received additional sap-
. . . . g *
ropterin treatment) involved a low-Phe diet plus Phe-free medical food; 45 p=0.0002
two patients, however, had no consistent dietary treatment. p=0.0001* p< 0.0001*
4.0
3.2. CSF glucose and lactate levels in controls, PKU patients, and GLUT1 E 58
deficiency syndrome patients g '
€ 30
3.2.1. CSF glucose —
R . L e . . )
At time of investigation there were no significant differences in a
plasma glucose levels in controls, patients with glucose transporterl S =
(GLUT1) deficiency syndrome (data from [33]), and PKU patients :0
(Fig. 1). (See Supplemental Table 1 for individual values for each control 8 20
and PKU subject for Figs. 1-6).
Mean CSF glucose concentration in PKU patients was significantly e
lower than in non-PKU controls but higher than in patients with a ®
GLUT1 deficiency syndrome (Fig. 2). CSF glucose concentrations in 1.0
Control GLUT1DS PKU

control subjects fit within the range given in the literature for age-
matched controls (2.8-4.4 mmol/L, 5th to 95th percentile [35]).
There was one outlier in the PKU group who had prolonged fasting for
over 15 h (Figs. 1 and 3). Plasma glucose exchange to lumbar CSF may
be delayed and fluctuate, with dependence on the time and composition
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Fig. 1. Glucose concentrations in plasma in adult controls (n = 9) and adult
PKU patients (n = 10) compared to patients with GLUT 1 deficiency syndrome
(GLUT1DS, n = 10) (data taken from [33]). Boxplot: 25th to 75th quartile; line:
median; square: mean; dots: min and max values and outliers respectively. The
outlier in the PKU group had fasted for >15 h, the outlier in the control group
had a normal CSF glucose value of 3.3 mmol/L (supplemental table 1).

*: significant at level alpha=0.05

Fig. 2. Glucose concentrations in lumbar CSF in adult controls (n = 9) and
adult PKU patients (n = 10) compared to patients with GLUT 1 deficiency
syndrome (GLUT1DS (n = 12) (data taken from [33]). For boxplot explanations,
see Fig. 1.

of the last meal [36]. The ratio of CSF/plasma glucose level in PKU
patients (Fig. 3) shows a similar pattern as for CSF glucose (Fig. 2)
despite normal plasma glucose levels (Fig. 1), analogous to that of
GLUT1 deficiency syndrome patients (Figs. 1-3).

3.2.2. CSF lactate

CSF lactate levels were lowest in the PKU group, and differences are
highly significant compared to both controls and the GLUT1DS group
(Fig. 4). The normal range for CSF lactate in our controls fits well with a
large reference group (1.3-2.4 mmol/L, 5th to 95th percentile, 30-50
years of age) [35].

The CSF/plasma ratio for lactate in PKU patients is significantly
lower than in the control group (Fig. 5). The plasma lactate concentra-
tions in our previous study [31] were similar in controls (2.41 + 0.41
(SD)) and PKU patients (3.03 + 1.65), indicating that this low CSF/
plasma ratio is not due to a significantly elevated plasma lactate con-
centration (See Supplemental Table 2 for plasma concentrations of
glucose, Phe, and lactate in each subject).

3.3. Regression analysis for CSF glucose versus CSF and plasma
phenylalanine

In PKU patients, CSF glucose concentration is negatively correlated
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Fig. 3. Glucose CSF/plasma ratios in adult controls (n = 9) and adult PKU
patients (n = 10) compared to patients with GLUT 1 deficiency syndrome
(GLUT1DS) (n = 10) (data taken from [33]). For boxplot explanations, see
Fig. 1. The outlier in the PKU group (ratio 0.9) had fasted for >15 h. The reason
for outlier ratio of 1.3 in the control group is unknown.
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Fig. 4. Lactate levels in lumbar cerebral spinal fluid in adult controls (n = 9)
and adult PKU patients (n = 10) compared to patients with GLUT 1 deficiency
syndrome (GLUT1DS) (n = 12) (data taken from [33]). For boxplot explana-
tions, see Fig. 1.

with CSF (Fig. 6 A) and plasma (Fig. 6 B) Phe concentration. When the
CSF glucose level is extrapolated (red dashed line, Fig. 6 B) to the upper
range of plasma Phe in PKU patients (1800 uM), CSF glucose is 2.12 mM
(red symbol, Fig. 6 B), similar to the CSF glucose levels of 2 mmol/L
(Fig. 2) observed in patients with symptomatic GLUT1 deficiency.

3.4. Regression analysis of CSF lactate versus CSF phenylalanine

Fig. 7 shows the negative linear regression of CSF lactate versus CSF
Phe. (See Supplemental Tables 1 and 3 for individual values.) In contrast
to CSF glucose, even in patients with lowest CSF Phe levels, CSF lactate
does not reach normal levels of about 1.6 mM (compare to Fig. 4).

[CSF lactate] = —0.00121 x [CSF Phe] + 0.768; R? = 0.739; p =
0.001. Linear regression model: curved lines correspond to mean and
95% confidence intervals, straight lines 95% prediction intervals.
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Fig. 5. Ratio of lactate level in CSF/plasma in adult controls (n = 9) and adult
PKU patients (n = 10) shows a significantly lower ratio for PKU patients. For
boxplot explanations, see Fig. 1.

4. Amino acids in CSF

4.1. PKU patients given a low-Phe diet have selective changes in CSF
amino acid levels

Only 5 age-matched, non-PKU controls were obtained for compari-
son to 10 adult PKU patients (see Methods). The results are shown in
Table 2 (See Supplemental Tables 3 and 4 for values for each subject).
The most remarkable finding (see Discussion, Section 5.4) is that
glutamine is 1.2-fold higher in PKU patients compared to controls. In
contrast to CSF, in 22 PKU patients (the 11 patients of this study
included) compared to 14 age-matched controls, the plasma glutamine
was lower in PKU patients (691 versus 611 pmol/L, p < 0.01) [31].

4.2. Regressions analyses of CSF glutamine and CSF glutamate versus CSF
phenylalanine

There are positive correlations of CSF glutamine and glutamate
concentrations with CSF Phe concentration (Fig. 8 A, B and Supple-
mental Table 3).

5. Discussion
5.1. Energy deficit due to low glucose in PKU CSF/brain?

We demonstrated reduced glucose and lactate levels in CSF of adult,
early-treated PKU patients, and revealed their negative regressions with
CSF Phe concentration (Figs. 2-7) Subnormal CSF glucose and lactate
levels are two clinical biomarkers for GLUT1 transport deficiency syn-
drome (GLUT1DS) that is due to pathologic variants in the SLC2A1 gene
(OMIM # 606777) [37-40]. Because plasma glucose levels were normal
in PKU patients (Fig. 1), a hypothetical explanation for low CSF glucose
would be that there is a negative impact of chronic hyper-
phenylalanemia on GLUT1-mediated transport of glucose across the
BBB. If this impact is limited to GLUT1, then the primary effects would
involve red blood cells, vascular endothelium, oligodendrocytes, and
astrocytes [39,41], retina [42] and other cells, that express this trans-
porter, as opposed to neurons that express GLUT3 [39]. Interestingly,
visual problems [43] and morphological changes of the retina have been
described in PKU patients [44]. As far as we know, there is no evidence
for Phe and/or its metabolites or abnormal levels of endogenous
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Fig. 6. A (left panel): Regression analysis of CSF glucose versus CSF phenylalanine in 10 adult PKU patients. [CSF Glc] = —0.00246 x [CSF Phe] + 3.011; R? =0.615,
p = 0.007. B (right panel): Regression of CSF glucose versus plasma Phe. [CSF Glc] = — 0.00044 x [Plasma Phe] + 2.91; R? = 0.445; p = 0.035. Red dashed line and
red symbol: extrapolation of CSF glucose to 1800 pmol/L plasma Phe using the regression equation. Linear regression model: straight and curved lines correspond to
the mean and 95% confidence intervals, respectively; outermost straight lines indicate the 95% prediction intervals.
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Fig. 7. Regression analysis of CSF lactate versus CSF phenylalanine in 10 adult
PKU patients.

metabolites caused by hyperphenylalanemia interfering with GLUTSs.
However, it is important for future research to assess BBB glucose
transport by GLUT1 in PKU patients and in tissues of mouse models to
help elucidate the reasons for low CSF glucose and lactate concentra-
tions and their potential impact on glucose hypometabolism.

Glucose is the major fuel for brain, and decreased relative rates of
glucose utilization in specific brain regions of PKU patients that were
negatively correlated with plasma Phe concentration have been reported
in qualitative [*®F]fluorodeoxyglucose positron emission tomographic
(['®FIFDG PET) studies [22,23]. These findings raise the concern that
low CSF glucose levels might reflect low brain glucose levels that could
contribute to hypometabolism and decrements in brain function due to
impairment of energetics. However, if CMRg|. were low due to enzyme
inhibition by Phe or its metabolites, then brain and, secondarily, CSF
glucose concentration should increase, but the CSF concentration does

not rise. Brain tissue glucose concentrations are the net balance between
influx from blood, efflux to blood, and metabolism in brain cells. When
CMRy_ falls, the tissue concentration rises, whereas when CMRg in-
creases more glucose is consumed and the tissue glucose level falls
[45,46]. Only one study provided quantitative brain metabolism data in
PKU patients, and it reported similar global rates of glucose and oxygen
utilization and cerebral blood flow compared to healthy controls;
furthermore, local CMRg). was normal in most brain regions of PKU
patients with selective decreases in CMRg. only in white matter (14%
compared to cortical regions) and in the anterior periventricular area
(36%) [47]. Notably, these areas also showed primarily periventricular
white matter changes in magnetic resonance imaging (MRI) studies.
White matter changes in PKU patients are well known (discussion in
[11]), and, recently, the clinical relevance of white matter damage to
lower cognitive performance was first demonstrated using new quanti-
tative MRI methods [48]. Since these cognitive changes are reversible
functional changes, they are considered to be more reliable for com-
parison to metabolic changes than morphologic damage [49]. Low
glucose levels disrupt oligodendrocyte function and myelination, and
white matter uses lactate as fuel when glucose is inadequate [50], which
may be relevant to GLUT1DS patients who have delayed myelination for
their age [38] and PKU patients with white matter damage. Brain energy
deficits were not evident in supratentorial tissue of PKU patients under
the resting state using in vivo >!P magnetic resonance spectroscopy, but
were only demonstrated under an additional Phe load [51]. Based on
results with the Pah®™? mouse model, brain oxidative stress and respi-
ratory chain disruption were discussed as additional PKU-pathologies
[13]. Global CMRg. was unchanged in quantitative [14C] deoxyglucose
assays in this mouse model, but there were selective regional reductions
in CMRg. of about 20% [18]. Unfortunately, none of the PKU metabolic
studies in humans or mouse models measured CSF or brain glucose
concentrations, and the qualitative FDG PET studies did not measure
plasma glucose or '®FDG levels.

Another open question is the basis for low CSF lactate in our PKU
patients with normal lactate levels in plasma [31]. Elevated CMRgc
would consume glucose and could reduce brain (and CSF) glucose level
and also increase both lactate level and lactate efflux to blood if
glycolysis were increased more than oxidative metabolism. However, all
studies in PKU patients and the PKU Pah®2 mouse models show minor,
if any, local CMRg. increases, with more frequent heterogeneous
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Table 2
Amino acid concentrations in CSF of 11 adult PKU patients (9 of them treated by a low-Phe diet supplemented with amino acids at time of investigation) compared to 5
controls. Bold font, significance, p < 0.05.n, number of subjects; Min, minimal value; Max, maximal value; SD standard deviation.

PKU Control

Amino acids CSF n Min Max Mean SD n Min Max Mean SD p-value
y-Aminobutyrate 11 1.0 4.6 2.7 1.3 5 2.1 4.6 3.3 0.9 0.342
Alanine 11 21.4 45.3 31.1 6.4 5 20.9 47.6 35.6 11.2 0.565
Arginine 11 10.7 23.1 14.7 3.6 5 11.6 26.8 18.0 6.1 0.267
Asparagine 11 3.0 6.3 5.0 1.2 5 4.1 10.6 6.5 2.6 0.255
Citrulline 11 2.1 3.9 3.1 0.7 5 0.8 2.8 1.7 0.8 0.017
Glutamate 10 0.8 9.0 3.1 2.7 5 2.5 3.9 3.2 0.6 0.455
Glutamine 11 482.9 735.3 573.9 71.6 5 372.1 546.4 464.4 73.3 0.019
Glycine 11 3.6 9.2 6.6 1.8 5 3.0 121 6.7 3.5 0.935
Histidine 11 12.7 23.7 17.4 3.2 5 8.8 17.0 11.6 3.1 0.005
Isoleucine 11 2.5 5.9 3.9 1.0 5 2.8 8.2 5.0 2.3 0.574
Leucine 11 5.6 20.7 13.4 5.3 5 8.3 18.3 12.7 4.4 0.827
Lysine 11 16.5 32.6 22.7 5.1 5 15.9 35.2 28.0 7.3 0.139
Methionine 11 2.6 5.1 3.6 0.8 5 2.0 4.0 3.3 0.9 0.824
Ornithine 11 1.9 4.1 29 0.8 5 2.5 6.3 4.6 1.8 0.073
Phosphoethanolamine 11 2.8 5.7 4.3 1.1 5 3.4 5.3 4.1 0.8 0.850
Phenylalanine 11 47.0 233.8 144.6 68.3 5 6.9 12.1 9.3 2.2 0.000
Phosphoserine 11 1.1 3.0 2.0 0.7 5 2.5 3.3 3.0 0.3 0.005
Serine 11 24.1 39.3 30.0 5.1 5 17.9 39.3 26.7 7.9 0.225
Trimethylamine-N-oxide 11 4.2 8.0 5.7 1.0 5 5.4 11.9 7.4 2.7 0.134
Threonine 11 18.1 62.0 30.7 119 5 16.0 38.2 28.9 9.4 0.934
Tryptophan 9 0.9 2.8 2.1 0.6 5 0.3 1.7 0.9 0.6 0.005
Tyrosine 11 6.7 17.8 12.1 3.4 5 6.0 17.3 10.8 5.2 0.510
Valine 11 10.4 23.2 16.5 4.0 5 10.7 25.4 18.3 6.4 0.743
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Fig. 8. Regression analysis of CSF glutamine (Gln) and glutamate (Glu) versus CSF Phe in 11 adult PKU patients. A (left panel): [CSF GIn] = 0.699 x [CSF Phe] +
472.696; R? = 0.447; p = 0.025. B (right panel): [CSF Glu] = 0.0294 x [CSF Phe] -1.165; R?0.598; p = 0.005. Linear regression model: curved lines correspond to
mean and 95% confidence intervals, straight lines 95% prediction intervals.

relative hypometabolism, or no effect. The available evidence does not

explain the low CSF lactate level. Table 3

Comparison of reported clinical symptoms in untreated adult classical PKU pa-
tients and patients with GLUT1 deficiency syndrome [7,38,52-58].

5.2. Comparison of PKU to GLUT1 deficiency syndrome Symptoms PKU GLUT1DS
The recently-published biochemical details of patients with GLUT1 Es;;:;imemal delay i i
transporter deficiency syndrome [33] enabled direct comparisons with Hypertonia, extremities + +
PKU data in the present study (Figs. 1-4). In addition to the reduction of Hypertonia, spasticity + +
CSF glucose and lactate, these two disorders have many common White matter changes + S
symptoms, as illustrated in Table 3, supporting the possibility that Movement disorders N *
Sleep disturbances + +

impaired glucose transport into brain may contribute to PKU patho-
physiology. An important difference between these two groups is that
GLUT1-deficient patients are given a ketogenic diet to provide supple-
mental oxidative fuel for the glucose-deficient brain [33,37-40,52,53].
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This protocol is important but complicates interpretation of FDG-PET
glucose utilization studies due to provision of additional fuel. Early
clinical courses of GLUT1 deficiency syndrome and untreated PKU pa-
tients are quite different, but there are some clinical similarities at later
ages (Table 3).

To further evaluate the potential impact of reduced glucose levels in
PKU patients as functions of Phe level, concentrations of glucose in
plasma and CSF were calculated from the regression equations (Table 4).
The calculated plasma glucose at 50 pmol/L Phe is 5.74 mmol/L and at
1800 pmol/L Phe it is 2.58 mmol/L. CSF glucose fell from 2.89 to 2.12
mmol/L (26%) with the ca. 6-fold rise in CSF Phe from 51 to 336 pmol/L.
Using the brain tissue/plasma glucose ratio in normal human brain of
about 0.2 [59] the brain tissue glucose concentrations corresponding to
plasma glucose levels of 5.74 and 2.58 mM are estimated to be 1.1 and
0.52 mmol/L, respectively. The latter value is closer to the lower end of
the normal range for human brain, which is consistent with our CSF
glucose values in PKU patients that are also at the lower end of reference
values [35].

Assuming higher plasma Phe values in untreated patients and in
infants of >1800 pmol/L [57], extrapolation of glucose values in CSF
would reach a low level of 2.12 mmol/L (Table 4, Fig. 6 B), which ap-
proximates that in GLUT1 deficiency syndrome (Fig. 2, [33]) and sup-
ports the use of lower target Phe levels in treatment guidelines. But even
with these low values, since the Km for brain hexokinase is 0.05 mM
[60], these glucose concentrations in our PKU patients should be suffi-
cient to maintain glucose utilization rates. For example, If brain glucose
levels in PKU patients were low enough to cause unsaturation of hexo-
kinase, then global CMRg. should be reduced, which is not the case in
either PKU patients or animal model studies. Unidentified factors,
including Phe-concentration-dependent disruption of brain develop-
ment and of biogenic amine neurotransmitter levels, may contribute to
the reported selective regional decreases in CMRgc.

Many studies have reported inhibition of enzymes involved in
glucose metabolism by Phe and its metabolites, including competitive
inhibition of hexokinase by phenylpyruvate (PPA) [28]. However, the
concentration of PPA measured in CSF of PKU patients [61], as well as in
brain tissue in the genetic Pah®™? mouse model [62], are too low for
inhibition of this enzyme (also see Table 6 in [25,63]). The above studies
in both PKU humans and animal models also showed that phenyllactate
(PLA) level is much higher than that of PPA [61,62]. PPA does not cross
the BBB [64], and is only found in trace amounts in mouse model PKU
brain [62], whereas PLA accumulated in rat brain after an intraperito-
neal injection, indicating it can be transported across the BBB [65].
Unfortunately, we could not measure Phe metabolites in CSF (the
sensitivity of the ex vivo NMR method is limited) but Phe metabolism in
brain may contribute to lowering of CSF glucose and lactate levels, as
described in Section 5.5.

Most of our PKU patients who agreed to a lumbar puncture were
well-controlled, with a plasma Phe level of <800 pmol/L (Table 1).
Because we found negative correlations between CSF glucose concen-
tration and CSF and plasma Phe levels (Fig. 6 A, B), we re-evaluated data
from our earlier study in which there was no significant difference be-
tween the mean PKU plasma glucose level compared to that in controls
[31]. Using individual data from subjects in that study [31] (see

Table 4
Calculated metabolite levels at specific plasma Phe concentrations in PKU
patients.

Plasma Phe ? CSF Phe ® Plasma Glc ¢ CSF Glc Ratio for Glc
(pmol/L) (pmol/L) (mmol/L) d (mmol/L) CSF/plasma
50 51 5.74 2.89 0.50

100 59 5.65 2.87 0.51

400 108 5.11 2.73 0.53

800 173 4.39 2.56 0.58

1200 238 3.66 2.38 0.65

1800 336 2.58 2.12 0.82
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Supplemental Table 1), we found that there is, in fact, a negative
regression of plasma glucose with plasma Phe (Fig. 9). The extrapolated
plasma glucose of 2.58 mmol/L at 1800 pmol/L Phe corresponds to the
calculated 2.12 mM CSF glucose (Fig. 6B, Table 4). The glucose CSF/
plasma ratios for calculated data (Table 4) are within, but at the low end
of, the 0.5-0.8 reference range for CSF/plasma ratios for glucose
[35,66], suggesting that the low CSF glucose may be due, in part, to the
Phe-dependent fall in plasma glucose level. However, the increase in the
calculated CSF/plasma glucose ratio at the highest plasma Phe levels
(Table 4, 1200-1800 pmol/L) suggests that other factors may also in-
fluence CSF glucose level.

There are no reports of symptomatic hypoglycemia in PKU patients
after initiation of newborn screening and adequate Phe-restricted di-
etary treatment. Older case reports have shown hypoglycemia and hy-
perinsulinism which, in part, may be due to malnourished untreated
patients [67]. On the other hand, there are reports in PKU patients which
showed hypoglycemia after prolonged fasting [68] or with an oral Phe
load (180 mg/kg bodyweight per day) [69]. In fact, hypoglycemia was
induced by phenylpyruvate infusion in an animal model [26,70]. Our
patients had a prescribed dietary protocol with an adequate age-
adjusted nutritional intake. In general, there are no clinical problems
with hypoglycemia in well-treated PKU patients, as illustrated by
normal fasting plasma glucose levels in our PKU patients (Fig. 1 and
Supplemental Table 1, and [31]).

One could argue that in early infancy there is a high glucose demand
for the developing brain. However, It was demonstrated that highest
energy demand in the developing brain is not in the first 2 years of life
when irreversible structural brain damage occurs in untreated PKU [3])
but later, at 3-8 years of life [71]. This would argue against brain
glucose deficiency as a leading cause of structural brain damage in un-
treated PKU infants. How then can the low lactate in CSF be explained?

5.3. CSF lactate: Lactate flux from blood CSF to brain as supplemental
fuel?

In our present study, CSF lactate is significantly decreased compared
to non-PKU controls and it is lower than in GLUT1 deficient patients

9.0
8.0
7.0
6.0
50
4.0

3.0

Plasma glucose [mmol/L]

20

1.0
0 200 400 600

Plasma phenylalanine [umol/L]

800 1000 1200 1400 1600 1800

Fig. 9. Regression analysis of plasma glucose and plasma phenylalanine in 9
adult PKU patients (Data taken from [31]). Linear regression model; curved
lines correspond to mean and 95% confidence intervals, straight lines 95%
prediction intervals. [Plasma Glc] = — 0.00181 x [Plasma Phe] + 5.833; R?=
0.435; p = 0.047. The red dashed line and red symbol are extrapolated values to
plasma Phe of 1800 uM. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



F. Trefz et al.

(Fig. 4). In addition, lactate shows a negative correlate with CSF Phe
(Fig. 7).

Cannet et al. [31] reported that the mean plasma lactate concen-
tration in PKU patients was not different from controls and was 3 mmol/
L (plasma lactate is ca. 15% higher than blood lactate [72]).The mean
CSF lactate in PKU patients in the current study was 0.59 mmol/L
(Fig. 4) and their mean CSF/plasma lactate concentration ratio was 0.26
(Fig. 5). Thus, there is an inward lactate concentration gradient from
blood to CSF and presumably to brain, and lactate may serve as sup-
plemental fuel that can reduce glucose consumption [24,73]. There is
evidence that neurons, astrocytes, and oligodendrocytes can efficiently
use lactate as an energy substrate [50,74,75] and even show a prefer-
ence for lactate over glucose when both substrates are present [73].
Thus, the low CSF lactate may not be due to impaired glycolysis, but
instead to efflux from CSF to brain [76] due to its metabolism in brain
that maintains the inward concentration gradient. A metabolic model
describing the possibility is illustrated in Section 5.5.

5.4. Elevated Glutamine in CSF

In older reports, there was an intensive discussion about the
“glutamine depletion™ hypothesis even though brain glutamine was high
in an autopsy of an untreated PKU patient (see discussions in [25,77]).
Depletion of glutamine in plasma could simply be due to the high phe-
nylacetate which results in elevated phenylacetylglutamine due to its
excretion as a glutamine conjugate [57]. Of special interest, the present
study shows that glutamine in CSF is higher than in controls (Table 2)
and both glutamine and glutamate concentrations in CSF are positively
correlated with CSF Phe (Fig. 8 A, B).

5.5. Phe metabolism in brain may underlie the correlations between CSF
glucose, lactate, and glutamine levels with CSF Phe

Clinical studies show that phenyllactate in CSF of PKU children is
about 20-fold higher than phenylpyruvate, which is detected only in
trace amounts [78] and does not cross the BBB [64] whereas phenyl-
lactate can traverse the BBB [65]. In the PKU mouse model, brain phe-
nyllactate concentration is about 27 times greater than that of
phenylpyruvate [62]. A potential explanation for the negative correla-
tions of CSF glucose and lactate and positive correlation of CSF gluta-
mine with CSF Phe is shown in the scheme in Fig. 10. Phenylalanine
enters the brain and can be metabolized by transamination to phenyl-
pyruvate using aromatic amino acid aminotransferase [79,80] followed

Aromatic 1NADH
aminotransferase
Phe
GKG Glu
Influx to braln
from blood NAD(P
and CSF G'U DH
2NAD* AR
Gl 2NADH
o]
or 2Pyr —>aKG
PC+PDH
2lac 2NADH
2NAD*

Molecular Genetics and Metabolism 142 (2024) 108464

by its rapid reduction to phenyllactate [81] (e.g., by lactate dehydro-
genase [82]). Alternatively, alanine aminotransferase (not shown in
Fig. 10) could be involved in Phe transamination, with pyruvate and
alanine replacing ketoglutarate (aKG) and glutamate (Glu), followed by
their transamination to transfer the Phe-derived ammonia to Glu to
produce glutamine.

The carbon backbone for the Glu used for glutamine synthesis can be
derived from either glucose or lactate, involving the astrocytic enzyme
pyruvate carboxylase to synthesize oxaloacetate which, after conden-
sation with acetyl CoA, generates the 5-carbon oKG that accepts an
amino group from Phe to produce Glu that is substrate for the astrocytic
enzyme, glutamine synthase. The net reaction is: 2 Phe + 1 Glc or 2 Lac
— 2 phenyllactate +1 glutamine that leave brain. Note that the 2NADH
used for reduction of 2PPA to 2PLA by LDH can be derived from
glycolytic metabolism of 1Glc. In this case, any glycolytic lactate pro-
duction would be reduced by PLA formation. If 2Lac were the precursor
for the Glu used for Gln synthesis, the conversion of 2NADH back to
2NAD™ can be linked to the malate-aspartate shuttle and transfer of the
reducing equivalents to mitochondria. The cellular basis of Phe meta-
bolism is not known, but pyruvate carboxylase and glutamine synthetase
are predominately expressed in astrocytes [83]. If astrocytes metabo-
lized glucose to support PPA reduction, then they would produce less
lactate, contributing to the inward blood-to-brain lactate concentration
gradient. Any lactate entering the brain could be metabolized by as-
trocytes, oligodendroglia, and/or neurons, particularly if brain tissue
glucose levels are low when neurons would have greater access to
extracellular glucose due the higher affinity and turnover number of
GLUT3 for glucose compared with GLUT1 [39,84]. This mechanism
could contribute to lower glucose and lactate in CSF, and could explain
not only consumption of glucose and/or lactate by Phe metabolism in
brain, but also the increase of glutamine in CSF (Table 2) and in brain
tissue [77]. This mechanism predicts labeled Phe would exit the brain as
labeled phenyllactate, and labeled glucose or lactate would label
glutamine that carries Phe-derived ammonia from brain.

Mathematical approaches to model glycolysis in a metabolic network
using flux balance analysis [85] may be helpful to evaluate metabolic
changes in PKU patients. In addition, studies of glucose transport into
brain and Phe and glucose metabolism brain using 'C-labeled glucose
and other compounds with in vivo MRS measurements in brain [90] in
dynamic investigations may give a better insight in the roles of Phe,
glucose, and lactate metabolism in brain dysfunction in PKU patients.

1NAD*

PPA Q PLA ——> Release to CSF

and blood

Gln synthetase

Gln ——> Release to CSF
( and blood
lu

PPA PLA—>Release to CSF
1NADH 1NAD* and blood
Phe

Malate-aspartate shuttle: transfer cytosolic reducing equivalents to mitochondria

Net reaction: 2 Phe + 1 Glcor 2 Lac —- 2 PLA+ 1 GIn

Fig. 10. Pathway of elevated phenylalanine metabolism in brain in PKU patients. Abbreviations: PPA, phenylpyruvate; PLA, phenyllactate; aKG, a-ketoglutarate;
Glc, glucose; Gln, glutamine; Glu, glutamate; Glu DH, glutamate dehydrogenase; Pyr, pyruvate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; Lac, lactate;
LDH, lactate dehydrogenase. Note that pyruvate carboxylase and glutamine synthetase are predominantly astrocytic enzymes, and either blood-borne glucose or

lactate can serve as precursor for the Glu that is used to synthetize Gln.
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6. Limitations

Limitations of this study are the small number of subjects, age dif-
ferences among cohorts, and lack of dietary information for all groups.
The mean ages of the control and PKU cohorts were similar, with
overlapping standard deviations (noting that the PKU group had a few
older subjects), and these two groups were 20-30 years older than the
mean age of the GLUT1DS patients. However, these age differences are
not expected to contribute to the low glucose and lactate levels in PKU
patients because normal reference values for CSF glucose and lactate
levels and the CSF/glucose concentration ratios are relatively stable
throughout age span from 6 months to 80 years [35]. Dietary compo-
sition could have an influence on metabolite levels, but plasma glucose
and lactate levels are within the normal range in all groups and all values
for controls are similar to the reference values.

7. Conclusions

Regional impairment of glycolysis associated with low CSF lactate
levels may suggest an energy deficit as an additional factor contributing
to PKU pathology, especially at elevated Phe levels. On the other hand,
Phe uptake and metabolism in the brain could lead to increased con-
sumption of glucose and/or lactate to produce the glutamate necessary
for synthesizing glutamine, which is released from the brain along with
phenyllactate. This would be an ATP-generating process in the astro-
cytes where de novo synthesis of Glu and Gln takes place due to
involvement of the TCA cycle in conversion of two pyruvate to a-keto-
glutarate. However, other imbalances of amino acids, neurotransmitter
deficiency and disturbed redox homoeostasis may, in addition,
contribute to the structural deficits of brain architecture in early infancy
and functional abnormalities in older patients. Negative correlations
with Phe concentration of selective regional glucose hypometabolism in
adult PKU patients in qualitative FDG-PET studies [22,23] and of CSF
lactate and glucose levels (Figs. 2-5) support the use of lower target
levels for Phe treatment guidelines.
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