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Abstract

Introduction

Hereditary Tyrosinemia type 1 (HT1) is a rare metabolic disease caused by a defect in the

tyrosine degradation pathway. Current treatment consists of 2-(2-nitro-4-trifluoromethylbe-

noyl)-1,3-cyclohexanedione (NTBC) and a tyrosine and phenylalanine restricted diet.

Recently, neuropsychological deficits have been seen in HT1 patients. These deficits are

possibly associated with low blood phenylalanine concentrations and/or high blood tyrosine

concentrations. Therefore, the aim of the present study was threefold. Firstly, we aimed to

calculate how the plasma amino acid profile in HT1 patients may influence the presumptive

brain influx of all large neutral amino acids (LNAA). Secondly, we aimed to investigate the

effect of phenylalanine supplementation on presumptive brain phenylalanine and tyrosine

influx. Thirdly, we aimed to theoretically determine minimal target plasma phenylalanine

concentrations in HT1 patient to ensure adequate presumptive brain phenylalanine influx.

Methods

Data of plasma LNAA concentrations were obtained. In total, 239 samples of 9 HT1 children,

treated with NTBC, diet, and partly with phenylalanine supplementation were collected

together with 596 samples of independent control children. Presumptive brain influx of all

LNAA was calculated, using Michaelis-Menten parameters (Km) and Vmax-values obtained

from earlier articles.

Results

In HT1 patients, plasma concentrations and presumptive brain influx of tyrosine were higher.

However, plasma and especially brain influx of phenylalanine were lower in HT1 patients.
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Phenylalanine supplementation did not only tend to increase plasma phenylalanine concen-

trations, but also presumptive brain phenylalanine influx, despite increased plasma tyrosine

concentrations. However, to ensure sufficient brain phenylalanine influx in HT1 patients,

minimal plasma phenylalanine concentrations may need to be higher than considered thus

far.

Conclusion

This study clearly suggests a role for disturbed brain LNAA biochemistry, which is not well

reflected by plasma LNAA concentrations. This could play a role in the pathophysiology of

the neuropsychological impairments in HT1 patients and may have therapeutic implications.

Introduction

Hereditary Tyrosinemia type I (HT1; McKusick 276700) is an inborn error of metabolism

caused by a deficiency in the catabolic pathway of tyrosine. Due to a genetic defect in the

enzyme fumarylacetoacetate hydrolase (FAH), several toxic products accumulate, causing liver

failure, renal tubulopathy, rickets, cardiomyopathy, porphyria like syndrome, and hepatocellu-

lar carcinoma [1]. Since 1992, HT1 patients are treated with 2-(2-nitro-4-trifluoromethylbe-

noyl)-1,3-cyclohexanedione (NTBC) [2]. NTBC inhibits tyrosine catabolism upstream from

the primary enzymatic defect (at the level of 4-OH-phenylpyruvate dioxygenase), preventing

the formation of the toxic products, and thereby substantially improving clinical outcome [3].

NTBC treatment strongly increases plasma tyrosine concentrations, necessitating dietary

restriction of tyrosine and its precursor phenylalanine [1,4]. Such combined treatment of

NTBC and diet may still result in high plasma tyrosine concentrations, while phenylalanine

concentrations are often low [5–8]. While previous studies have shown the possible impor-

tance of phenylalanine supplementation in HT1 patients, the minimum plasma phenylalanine

target level remains to be established [5,8].

In the past few years, neurocognitive impairments have been observed in HT1 patients

[6,9–13]. The pathophysiological mechanisms underlying these neurocognitive impairments

are not fully understood. The metabolic derangement in HT1 with high plasma tyrosine and

low phenylalanine concentrations is supposed to play a central role. However, the resulting

transport of these amino acids across the blood-brain barrier (BBB) could be even more

important, as this could directly influence brain amino acid and neurotransmitter concentra-

tions [8,14].

At the BBB, all large neutral amino acids (LNAA) are primarily transported by the so-called

L-type amino acid transporter 1 (LAT1) in a competitive manner [15–17]. The transport rate

of each individual LNAA is determined by its plasma concentration, and the Km-value (the

plasma concentration at which the transport rate is 50% of its maximum), which differs for

each LNAA [18,19]. Under physiological conditions, LAT1 is saturated for>95% by these

LNAA [19]. Therefore, high plasma concentrations of a particular LNAA would not only

increase brain influx of this LNAA but also outcompete brain uptake of the other LNAA [18–

20].

The competitive transport mechanism has for example been shown to exist in phenylketon-

uria (PKU) mice [21] and maple syrup urine disease (MSUD) mice [22]. In these mice, Vogel

et al. (2014) clearly showed that plasma amino acid concentrations in PKU and MSUD mice

represent only a partial picture of brain amino acid homeostasis. Next to this, therapeutically,
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the addition of a specific amino acid that interferes with the transport of the other amino acids

at the BBB has shown to improve the outcome in some defects of amino acid metabolism such

as guanidinoacetate methyltransferase deficiency, pyridoxine dependent epilepsy and MSUD

[23–25]. Therefore, taking together these theoretical considerations, experimental, and clinical

data, the competitive transport of amino acids across the BBB shows to be important in various

inborn errors of amino acid metabolism [26].

Therefore, the aim of the present study was threefold. Firstly, we aimed to calculate how the

plasma amino acid profile as observed in HT1 patients on NTBC and dietary treatment may

influence the presumptive brain influx of all LNAA compared to healthy controls. Secondly,

we aimed to investigate the effect of phenylalanine supplementation on presumptive brain

phenylalanine and tyrosine influx in four of these HT1 patients. Thirdly, we aimed to theoreti-

cally determine minimal plasma phenylalanine concentrations in HT1 patients to ensure ade-

quate presumptive brain phenylalanine influx.

Methods

Patients

In total, 239 plasma samples of nine HT1 patients (six males, three females) were obtained

between 2002 and 2015, from diagnosis or first measurement after introduction of NTBC and

diet (median: 0.53 years; range: 0.04–12.2 years) till the current age with a maximum of 18

years (median: 11.5 years; range: 2.8–18.0 years). Six patients were diagnosed primarily suffer-

ing from liver failure, among others characterized by severe coagulopathy due to decreased

synthetic liver function. For these patients, data from the first period after diagnosis were

excluded until coagulopathy had been restored (defined by prothrombin time <16 sec and

activated partial prothrombin time <35 sec) to avoid samples with high methionine concen-

trations associated with liver failure. Three other patients were diagnosed due to neonatal

screening or because of an affected sibling. For these patients, only the first measurement after

diagnosis was excluded for adjustment to the NTBC and dietary treatment, if liver synthesis

function was still normal. All patients were treated with NTBC (1–2 mg/kg/day) and a tyrosine

and phenylalanine restricted diet in the University Medical Center Groningen or Maastricht

University Medical Center. Four of these patients were treated with phenylalanine supplemen-

tation ranging from 10 to 32 mg/kg/day next to their regular NTBC and dietary treatment. Of

all 239 plasma samples, 73 were obtained during phenylalanine supplementation.

In total, 596 anonymized amino acid profiles from independent control participants (mean:

4.8 years, all younger than 18 years old) were obtained. Control participants were patients who

underwent analysis of plasma amino acid concentrations as part of the diagnostic process in

the hospital, but who eventually did not have an inborn error of amino acid metabolism.

All HT1 patients and/or their parents or guardians gave written informed consent for retro-

spective analysis of their data, acknowledging that one patient had died and no informed con-

sent was obtained. This study was approved by the Medical Ethical Committee of the University

Medical Center Groningen.

Biochemical analyses

Plasma samples of both HT1 patients and control participants had been taken in the clinic, not

taking into account the timing of plasma sampling and its relation to the last meal of the

patient or control individuals. In these samples, concentrations of LNAA (except for trypto-

phan) and glutamine had been quantified in deproteinized plasma by cation-exchange high-

performance liquid chromatography followed by post-column ninhydrin derivatization, using
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norleucine as an internal standard, on a Biochrom 20 or 30 analyser (Pharmacia Biotech, Cam-

bridge, UK).

Calculations of presumptive brain amino acid influx

Plasma LNAA concentrations were used to calculate presumptive brain influx of individual

LNAA. Brain influxes were calculated using classical Michaelis-Menten parameters (Km) and

Vmax-values for each LNAA as reported by Smith et al. 2000, measured with an in situ rat

brain perfusion technique [19]. For each LNAA, substrate inhibition (Kapp) was calculated in

the presence of competing amino acids using previously published equations [24].

Kapp¼Km ½1þ
P

1!n
ðCi=KiÞn �

In this equation, Km (μM) is the substrate concentration at which the reaction rate is half of

the Vmax. Ci is the current plasma concentration of each competitive amino acid (μM), and Ki

is the Km of these respective inhibiting amino acids (μM). The resulting Kapp shows the current

inhibitory effect of all LNAA together. This value is used to determine the presumptive brain

influx using the following equation: brain influx = (Vmax)�(C)/(Kapp+C). In this equation,

brain influx is the presumptive brain uptake of the LNAA (nanomoles per minute per gram of

brain tissue (nmol/(min�g))), Vmax is the maximum transport velocity (nmol/(min�g)), and C

is the plasma concentration of the amino acid (μM).

In all NTBC and dietary treated HT1 patients, Z-scores for both plasma concentrations and

presumptive brain influxes of individual LNAA were determined. Z-scores were calculated by

subtracting the mean value of the control participants from the values of the patients, and

dividing this difference by the standard deviation of the control values. Afterwards mean Z-

scores for individual patients were calculated.

To assess the effect of phenylalanine supplementation on presumptive brain phenylalanine

and tyrosine influx, we investigated the four HT1 patients with the lowest plasma phenylala-

nine concentrations who were subsequently treated without and with phenylalanine supple-

mentation in addition to the regular NTBC and dietary treatment. Plasma phenylalanine and

tyrosine concentrations, plasma phenylalanine/tyrosine (phe/tyr) ratios, and presumptive

brain phenylalanine and tyrosine influx in four HT1 patients before and during phenylalanine

supplementation were calculated.

Thereafter, for all HT1 patients, plasma phenylalanine concentrations that would probably

result in sufficient brain phenylalanine influx (determined as mean, -1, and -2 standard devia-

tion (SD) below the mean values of presumptive brain influx in control participants) were cal-

culated, if all LNAA concentrations in the HT1 patients would remain the same. To do so, the

previously used equation for brain influx was rewritten into: C = (brain influx�Kapp)/(Vmax-

brain influx). To estimate these minimum target plasma phenylalanine concentrations for

HT1 patients, the mean brain influx as well as the -1 SD and -2 SD of the mean brain influx of

control participants were used in the equation, together with the previously calculated individ-

ual Kapp-values.

Statistics

The distribution of brain influx of LNAA was compared between HT1 patients and controls

using multiple Mann Whitney U tests. Considering the fact that we have repeated observations

within each patient and independent data of 596 controls, we used the following testing proce-

dure. To test the null hypothesis that the observations of patients and controls originated from

equal distributions, we repeatedly took one random observation from each patient and all

observations from the controls. We calculated for each (sub)dataset the p-value, using the

Brain influx of large neutral amino acids in Tyrosinemia type 1
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Mann-Whitney U test. After 1000 tests for each LNAA, we evaluated the distributions of p-val-

ues. To evaluate the effect of phenylalanine supplementation in HT1 patients, means of plasma

values and presumptive brain influx of phenylalanine and tyrosine before and after supple-

mentation were calculated for each patient. Correlational analyses were performed in each

individual patient to assess whether age was correlated with presumptive brain phenylalanine

influx in HT1 patients. In control participants, linear regression analysis was done after loga-

rithmic transformation to assess a possible correlation between age and presumptive brain

phenylalanine influx. Linear mixed effect models with variance components for random effects

were used to investigate a possible correlation between presumptive brain phenylalanine influx

and plasma tyrosine concentrations, plasma phenylalanine concentrations, and phe/tyr ratios

in HT1 patients without receiving phenylalanine supplementation. In all statistical tests, a

(mean) p-value of<0.05 was considered statistically significant. Analyses were conducted with

the statistical program SPSS 22 (IBM, Chicago, Illinois).

Results

Plasma concentrations and presumptive brain influx of individual LNAA

in HT1 patients and controls

Plasma LNAA concentrations without phenylalanine supplementation were repetitively mea-

sured in all patients, ranging from 1 to 40 times. Table 1 shows mean plasma concentrations of

all LNAA (except for tryptophan) and glutamine for HT1 patients and control participants cal-

culated from the mean concentrations of each HT1 individual. Plasma phenylalanine concen-

trations were significantly lower (in 99% out of 1000 tests p<0.05; mean p = 0.00462), while

plasma tyrosine concentrations were much higher (in 100% out of 1000 tests p<0.05; mean

Table 1. Plasma amino acid concentrations.

HT1 Controls Mean P-value

Phenylalanine 27 ±14 54 ± 16 0.00462

33 [16–38] 50 [43–61]

Tyrosine 384 ± 53 64 ± 23 2.67�10−7

382 [337–432] 60 [49–74]

Valine 226 ± 26 188 ± 54 0.199

230 [208–246] 181 [155–213]

Isoleucine 59 ± 8 55 ± 22 0.494

59 [52–64] 52 [41–64]

Leucine 115 ± 18 105 ± 39 0.454

116 [101–129] 99 [81–121]

Methionine 23 ± 6 21 ± 9 0.401

21 [18–27] 19 [15–25]

Histidine 81 ± 11 83 ± 22 0.572

79 [73–89] 81 [70–94]

Threonine 129 ± 37 118 ± 62 0.427

114 [109–160] 106 [84–134]

Glutamine 480 ± 46 517 ± 121 0.382

488 [446–507] 513 [451–578]

Plasma amino acid concentrations (μmol/l) in HT1 patients treated with NTBC and diet and controls. Data are presented as Mean ± SD and Median with

IQR.

https://doi.org/10.1371/journal.pone.0185342.t001
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p<0.001) in HT1 patients compared to control participants. Plasma concentrations of all other

LNAA were not significantly different between HT1 patients and controls.

Fig 1 shows the mean plasma concentrations and presumptive brain influx of the measured

LNAA and glutamine in HT1 patients not receiving phenylalanine supplementation, expressed

as Z-scores of values in control participants. Mean plasma tyrosine concentrations and pre-

sumptive brain tyrosine influx in HT1 patients were higher than values in control participants

with Z-scores of 13.8 and 15.2, respectively. In contrast, mean plasma phenylalanine concen-

trations in HT1 patients tended to be slightly lower than in controls with a Z-score of -1.6,

while mean presumptive brain phenylalanine influx was much lower with a Z-score of -4.2.

Mean plasma concentrations and presumptive brain influxes of other LNAA were all between

Z-scores of -0.9 and 0.7.

Effect of phenylalanine supplementation on presumptive brain

phenylalanine and tyrosine influx in HT1 patients

Table 2 shows the biochemical effects of phenylalanine supplementation in four HT1 patients.

Descriptive analyses show that, on phenylalanine supplementation, mean plasma phenylala-

nine and tyrosine concentrations increased in these four patients. The proportional increase of

plasma phenylalanine concentrations was higher than the increase of plasma tyrosine concen-

trations in 2 patients, resulting in higher phe/tyr ratios in these patients. On phenylalanine

supplementation, the increase in plasma phenylalanine concentrations tended to be accompa-

nied by an increase of the mean presumptive brain influx of phenylalanine in 3 patients.

Although plasma tyrosine concentrations increased on phenylalanine supplementation in all

patients, presumptive brain influx of tyrosine only increased in two of these patients.

Fig 1. Plasma concentrations and presumptive brain influx of individual LNAA in HT1 patients. Mean plasma concentrations and presumptive brain

influx with SD of individual LNAA in HT1 patients expressed as Z-scores (individual patient means) of values in control participants. Dashed lines represent Z-

scores of -1 and +1.

https://doi.org/10.1371/journal.pone.0185342.g001
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Presumptive minimal target plasma phenylalanine concentrations in HT1

patients

In Fig 2, presumptive brain phenylalanine influx is plotted against age for both HT1 patients

and controls. Presumptive brain phenylalanine influx in HT1 patients was significantly lower

than in controls (in 100% out of 1000 tests p<0.05; mean p<0.001). In individual HT1 patients,

no clear effect of age on the presumptive brain phenylalanine influx could be seen, although age

was significantly correlated with presumptive brain phenylalanine influx in two (out of nine)

patients (r = -0.448; p = 0.006 and r = 0.562; p = 0.001). However, the correlation coefficient was

opposite in both patients. In control participants, age was not significantly correlated with pre-

sumptive brain phenylalanine influx (p = 0.100).

Linear mixed effect model analyses on presumptive brain phenylalanine influx and parame-

ters of plasma amino acid (tyrosine and phenylalanine concentrations and phe/tyr ratios) bio-

chemistry revealed that presumptive brain phenylalanine influx was most strongly correlated

with plasma phenylalanine concentrations (p<0.001, β = 0.167, t = 23.57). Correlations

between presumptive brain phenylalanine influx and plasma tyrosine concentrations and

plasma phe/tyr ratios were less strong based on Akaike’s Information Criteria.

Given the strong correlations between presumptive brain phenylalanine influx and plasma

phenylalanine concentrations, minimal plasma phenylalanine concentrations were calculated

to ensure sufficient presumptive brain phenylalanine influx in HT1 patients. Mean presump-

tive brain phenylalanine influx in HT1 patients not receiving phenylalanine supplementation

was calculated to be 5.5 ± 2.5 nmol/(min�g) and 13.5 ± 1.9 nmol/(min�g) (-1SD: 11.6; -2SD:

9.7 nmol/(min�g)) in control participants. To reach mean, -1SD, or -2SD values of the pre-

sumptive brain phenylalanine influx of control participants, plasma phenylalanine concentra-

tions in HT1 patients needed to be increased from 27 to 84 ± 5, 68 ± 4, and 53 ± 3 μmol/L,

respectively, if plasma concentrations of all other amino acid concentrations would remain the

same.

Discussion

This study investigated (1) plasma LNAA concentrations and presumptive brain influx of indi-

vidual LNAA in HT1 patients in comparison to control participants, (2) the effect of phenylala-

nine supplementation in HT1 patients on plasma LNAA biochemistry as well as on presumptive

brain LNAA influx, and (3) minimal plasma phenylalanine concentrations necessary to increase

the presumptive brain phenylalanine influx. The main findings of this study are threefold. Firstly,

although plasma phenylalanine concentrations were low to normal, the presumptive brain influx

Table 2. The effect of phenylalanine supplementation.

Patient 1 Patient 2 Patient 3 Patient 4

Number of samples 37 20 40 15 6 21 1 17

Phe supplementation (mg/kg/day) No Yes15-20 No Yes

10–20

No Yes11-23 No Yes

15–32

Plasma phenylalanine (μmol/L) 23 34 23 26 8 16 5 19

Plasma tyrosine (μmol/L) 401 491 342 360 336 426 324 396

Plasma phe/tyr ratio 0.065 0.066 0.074 0.073 0.024 0.036 0.015 0.048

Brain phenylalanine influx (nmol/(min*g) 4.9 6.2 5.5 5.4 1.9 2.8 1.1 3.9

Brain tyrosine influx (nmol/(min*g) 32.8 37.6 31.5 29.7 30.1 29.4 28.7 33.2

Results on plasma biochemistry and presumptive brain phenylalanine and tyrosine influx in four HT1 patients before and during phenylalanine

supplementation, expressed as means.

https://doi.org/10.1371/journal.pone.0185342.t002

Brain influx of large neutral amino acids in Tyrosinemia type 1

PLOS ONE | https://doi.org/10.1371/journal.pone.0185342 September 26, 2017 7 / 12

https://doi.org/10.1371/journal.pone.0185342.t002
https://doi.org/10.1371/journal.pone.0185342


of phenylalanine was largely impaired in HT1 patients compared to control participants. Sec-

ondly, phenylalanine supplementation tended to improve the presumptive brain phenylalanine

influx in HT1 patients, having only a small negative effect on plasma tyrosine concentrations

and presumptive brain tyrosine influx. Thirdly, to ensure sufficient brain phenylalanine influx in

HT1 patients, minimal plasma phenylalanine concentrations may need to be higher than consid-

ered thus far.

Before discussing these results in more detail, some methodological issues are addressed.

With regard to the plasma amino acid measurements, unfortunately, plasma tryptophan con-

centrations could not be studied and therefore possible disturbances in presumptive brain

tryptophan influx with implications for cerebral serotonin metabolism could not be investi-

gated. In addition, the timing of blood sampling and fasting status is unfortunately unknown.

It is known that there is a large variation of plasma phenylalanine concentrations in HT1

patients during the day, with low concentrations especially occurring in the afternoon [5,7].

With regard to calculations for presumed brain influx, the Km and Vmax-values used in this

study have been determined in rats. However, although absolute values differ between humans

and rats, LNAA transport characteristics, as determined in brain microvascular endothelial

cells of humans, have shown a strong correlation to those in rats [27]. Thus, we assume that

inter-species differences are not a major issue. We acknowledge that the presumptive brain

influx of LNAA, based on LNAA transport characteristics and plasma concentrations, do not

directly reflect brain LNAA availability. However, as lumbar puncture to obtain cerebral spinal

Fig 2. Presumptive brain influx of phenylalanine comparing HT1 patients and controls. Presumptive brain influx of phenylalanine of both HT1 patients

and controls plotted against age. The straight line represents the mean presumptive brain phenylalanine influx of controls. The dashed lines represent the

-1SD and -2SD of the presumptive brain influx of controls.

https://doi.org/10.1371/journal.pone.0185342.g002
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fluid is rather invasive and brain phenylalanine concentrations could not be measured by nor-

mal magnetic resonance spectroscopy techniques, this theoretical method is used. In addition,

the calculated presumptive brain amino acid influx has already been shown useful in the

design of arginine-fortified and LNAA-optimized amino acid supplements in glutaric aciduria

type 1 and MSUD [24,28].

Our results clearly suggest a non-optimal brain LNAA homeostasis in HT1 patients. With

regard to our first research question, except for tyrosine and phenylalanine, no strong differ-

ences in plasma LNAA concentrations between HT1 patients and controls were observed.

Plasma tyrosine concentrations were largely increased, although still within the recommended

range for HT1 patients [1]. Plasma phenylalanine concentrations were decreased as also previ-

ously reported by various study groups [5,7,8]. All other LNAA were within the normal range.

Presumptive brain influx of individual LNAA, however, showed a different profile. While pre-

sumptive brain tyrosine influx was similarly increased in HT1 patients compared to controls

as were plasma tyrosine concentrations, this was not true for other LNAA, especially phenylal-

anine. Presumptive brain phenylalanine influx in HT1 patients compared to controls was

much more decreased than could be expected only based on plasma phenylalanine values.

Moreover, presumptive brain influx of all other LNAA was slightly reduced in HT1 patients

compared to controls (although mostly within the normal range with z-scores around -1),

despite normal plasma concentrations. Although the clinical significance of this disturbed

brain LNAA biochemistry requires further investigation, the observed neurocognitive impair-

ments in HT1 patients suggest a possible relationship.

Regarding the second research question, previous studies have shown dietary interven-

tions in inborn errors of amino acid metabolism to be very effective in increasing brain

LNAA concentrations and thereby possibly improving the neurocognitive outcome [22,25,

26]. Phenylalanine supplementation in HT1 patients has not only been related to increased

plasma phenylalanine concentrations and disappearance of eczema as a peripheral conse-

quence of low plasma phenylalanine concentrations, but has also been suggested to be

associated with improved brain functioning with better psychomotor development and

disappearance of cortical myoclonus [8]. In the present study, plasma phenylalanine as

well as tyrosine concentrations seem to increase after phenylalanine supplementation.

Despite higher plasma tyrosine concentrations and resulting competition for transport

across the BBB, presumptive brain phenylalanine influx was increased, although it should

be noticed that values of control participants are never reached. Only one patient (patient

2, Table 2) seemed not to respond to the phenylalanine supplementation. Plasma phenylal-

anine nor tyrosine concentrations were increased in this patient, possibly caused by an

amount of supplementation that was too low or problems with dietary compliance.

With regard to the third research question, based on the results of the present study, plasma

phenylalanine concentrations in HT1 patients would need to be increased more than consid-

ered thus far to ensure adequate brain phenylalanine influx. In previous studies in HT1

patients, hypophenylalaninemia was defined by plasma phenylalanine concentrations below

40 μmol/L [7] or below 30 μmol/L [8]. Based on our study (without the inclusion of trypto-

phan), plasma phenylalanine concentrations need to be increased even further to maintain

adequate presumptive brain influx of phenylalanine in HT1 patients. Unfortunately, this esti-

mated brain influx is based on a theoretical model not knowing real brain phenylalanine con-

centrations in HT1 patients. Thimm et al. showed increased tyrosine concentrations and

decreased concentrations of serotonin metabolites in the cerebral spinal fluid in HT1 patients,

but did not report on concentrations of other LNAA such as phenylalanine [14]. However,

low concentrations of serotonin metabolites could indicate that tryptophan, the precursor of

Brain influx of large neutral amino acids in Tyrosinemia type 1

PLOS ONE | https://doi.org/10.1371/journal.pone.0185342 September 26, 2017 9 / 12

https://doi.org/10.1371/journal.pone.0185342


serotonin, is outcompeted by tyrosine at the BBB, like we suggest with this model for

phenylalanine.

Conclusion

The pathophysiological mechanisms of neuropsychological impairment in HT1 are not fully

understood and need further investigation. This theoretical experiment suggests a role for dis-

turbed brain LNAA transport. While plasma tyrosine concentrations and presumptive brain

tyrosine influx were similarly markedly elevated in HT1 patients, presumptive brain phenylala-

nine influx was much more affected than could be expected only based on its plasma values.

To improve presumptive brain phenylalanine influx in HT1 patients, additional plasma phe-

nylalanine supplementation has shown to be effective, but it seems that plasma phenylalanine

concentrations need to be increased even further than was previously suggested.
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