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ABSTRACT

Objective. To assess the effects of 2 pharmacologic inteimestamino acid supplements) on the
brain levels of phenylalanir{f@he) in adults with phenylketonuria (PKU).

Methods. A prospective study was conducted in an outpatiieatment and follow-up setting. The
volunteers who were recruitéat the first intervention included 4 subjects witlassidPKU. The
second intervention included 3 adults with claB¥{¢tJ. The first intervention consisted of dietary
supplementatioduring 1 day with Phlexy 10. Two individuals weligen a dosef 0.5 g/kg/d, and 2
were given 1.0 g/kg/d. The second interventionsisted of dietary supplementation with PreKUnil
at 0.4 gkg/d over a period of 6 months. Brain Phe was nreasly magnetioesonance
spectroscopy. The number of the patients invopredluded analysis for significance.

Results. The first, shorter intervention resulted in a éasen brain Phe. The second intervention
resulted in a 20% decredaébrain Phe, which was maintained after 6 monftiseatment.

Conclusion. Dietary supplementation of large neutral aminas&eems to lower the brain Phe in
adults who have PKU and hadificulty following their diet.

Key Words: magnetic resonance spectroscopy ¢ blood/brainebarlarge neutral amino acids

Abbreviations. PKU, phenylketonuria « Phe, phenylalanine « MR&gnetic resonance
spectroscopy £ NAA, large neutral amino acid « MRI, magnetic resoeantaging

For >45 years, the treatment of individuals witlepyiketonurigPKU) with the phenylalanine (Phe)
restricted diet has avoidéte devastating neurologic sequelae caused bylhigid Phdevels. The
results of dietary treatment early in life hde=n well demonstrated. Now that many of the
individuals haveeached adulthood with normal intelligence, seveeal areabave come to the
forefront. One covers the problem relatedhtiternal PKU, a topic that is well addressed ia thi
supplementAnother deals with issues related to the curranttigmpletelyanswered question to



what degree adults should continue tarbated with the standard treatment regimen orilgina
implementedor the developing brain during infancy and childdoAlthoughit is our opinion that
"diet for life" makes the most sens@fortunately, this objective is proving to be waligtic formany
adolescents and adults. Briefly, 1 reason is detratesby an informal survey of the success of
treatment in adolescerdad adults that suggests that 40% to 60% of thpsilationare off diet, and

a published reporindicated that as muas 80% do not adhere to recommendations. Thighess-
idealcompliance has recently forced us to review owtiment regimenfr adults? Recently, as our
clinic has struggled with treatmepribtocols for adults, one focus has been to stoeytainPhe
concentrations by magnetic resonance spectrosdédRgpand the possible influence of the medical
products. Our identificatioof exceptional classical individuals (those whodnhigh IQwith no sign
of deterioration despite being off diet for »#éars with high blood Phe concentrations) encoutage
us to continueur investigationg?

Here we report the response to dietary supplenudriésgeneutral amino acidd. (NAAS) in 2

studies by measuring bloadd brain concentrations in 7 individuals with PKL2 separatstudies.
The Phe concentration in the brain is a directltegaransport of Phe across the blood-brain barrier.
This transports competitively inhibited by the presence of oth&rAA inthe blood. Thus, the
dynamic equilibrium of brain levels measunedhis study could be influenced by the concemirat

of otherL NAAs in the blood, which, in turn, could be influend®danindividual’s diet. During the
past 10 years, several differgmoups besides ours have studied this relatiorshigthough it is
generally agreed that the level of brain P&e be measured, its clinical significance remtorise
proved.

METHODS

MRS methods were as previously repoftéexcept that contralalues based on the literature have
been reevaluated. Data féig 1 are a compilation of 2 previous repéftglus additionapatients,
bringing the totals to 6 control subjects, 8 cas;i individuals with mild PKU and
hyperphenylalaninemia, 22 individualgh typical classical PKU, and 6 exceptional cleak
individuals(1 repeat examination). Blood and brain measuresngate donsimultaneously.
Informed consent for all individuals was obtainethsma amino acids were analyzed by a certified
metabolic laboratorgt Childrens Hospital Los Angeles using a Beckma®07aminacid analyzer.

Ormin ve Bicad Phe Levele Fig 1. Summary of brain Phe concentrations versus blded P
o concentrations in an individual with PKU.

UL
am
“re
LR
L
s
[

Heain pha [mM}

T
&5
M - F
2000 as 1] 15 T
Bloo ph | )

View larger version (19K):
[in this window]
[in a new window]

Study 1
The Phlexy-10 study consisted of 4 subjects, 1 ameh3 womemith classical PKU. The product
was supplied by SHS North Ameri@dree of the subjects had never discontinued thedical



productand 1 had discontinued the diet at the age of Gsydavo subjectmaintained blood Phe
concentration between 600 and 900 pumafid 2 were above 1200 umol/L or 1.2 mmol/L. Each
subjectwvas studied for 2 consecutive days and given tihexi?410 sachetdwo subjects were given
0.5 g/kg, and 2 were given 1 g/kgtbé supplement (Fig).

e 1o Dacroass Bram pranmanes 119 2. Study 1: brain Phe concentrations versus blood Phe
concentrations in individuals with PKU over 2 days.
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Study 2

Three adults with classical PKU, 1 man and 2 woreelynteeredor this study. Two of the subjects
had never discontinued thenedical product, and 1 had been off diet for >28rgeAll3 subjects
maintained blood Phe concentrations above 1.2 nhtedich subject was studied for 3 consecutive
days, then 1 monthater, and 6 months later for MRS and analysisla$ma aminacids. After

initial baseline examinations, each subject grasn 0.4 g/kg of PreKUnil (amino acid supplement
supplied byNiLab, Middlefart, Denmark). They were instructedrnplement relaxed diet, which
included approximately 50 to 60 g of natyredtein per day.

RESULTS

Figurel shows the result of previous brain MRS examinatiomdividuals with PKU examined is
subjective. The absolutalues differ slightly from our past results be@uasntrolvalues have been
recalibrated slightly downward (based on reanalysike literature), which in turn lowers patients’
valuesand several new PKU data points have been added.

Individual variability across the group, in thenatially relevanblood concentrations between (600—
1500 pumol/L)showed a 3-fold variation in brain Phe concentrative believéhat this is a true
difference as previously propos&d.

If we focus on our exceptional individuals (blobdain), wesee that their brain Phe concentrations
range from 0.1 to 0.@&M. Their brain concentrations differ from typidaKU individualsas they fall
below 0.25 mM. The frequency of these exceptiordiliduals is essentially unknown and may be
as high as 10%.he brain Phe concentrations of the individualfwiild PKUalso had values <0.25
mM.

The data suggest that the brain Phe concentrai@ensighem carriers than those seen in control
subjects, but becauséthe small numbers of subjects, the differendevben carrierand control
subjects as groups did not reach significance. irdiriduals identified with mild PKU (residual
enzyme activityn 1 allele) exhibited similar brain Phe concentnag, inthe range of the exceptional
subjects.



The overall distribution of the data (Flyas a whole provideah interesting observation. In
determining the direction dfie range of blood Phe concentrations, it seerbs Exponentiatather
than linear. It is expected that at higher blooddtdmcentrations, brain Phe concentrations would
begin to reaclkquilibrium as a result of saturation of the cayribus makinghe shape of the curve
sigmoidal.

It would be important to investigate the abilitytbeéL NAAsin the medical products to compete for
transport into the braithus lowering the brain Phe concentrations. TheeetarainPhe levels were
measured before and after the supplementatitm2 products: study In(= 4) using the Phlexy-10
sachetand study 2r{ = 3) using the PreKUnil tablets. In this studyery small correction to brain
Phe levels as a result of tyroshees been made based on the tyrosine levels irldbd.b

Study 1 was performed over 2 consecutive days3atetebraMRS measurements were obtained.
TheLNAAs were supplied by thHehlexy-10 sachets at 0.5 g/kg body weight for Jestib andat 1
g/kg body weight for the other 2. Study 2 was penkedover a period of 6 months, and thBlAAs
were supplied by thereKUnil tablets at a dose of 0.4 g/kg body weight.

In study 1 (Fi2), all 4 subjects demonstrated a decreabeaim Phe concentration. Daily diet
records indicate that natugabtein intake ranged from 10 to 40 g. Howevenariibloodratio
comparison could not be completed because of adfakod data at several points. Because the
study population waso small, no measure of significance was attempted.

In study 2, an observable decrease in brain Phecodration®f approximately 20% was observed
over a period of 3 days (F8). This difference did not reach significance. Hoes thedecrease
became more apparent at the 6-month interval{Figspite that all of the subjects were on a
normal diet consistingf 40 to 80 g of natural protein daily. Becausswth a smalpopulation, it is
premature to say whether the effect is signific&hbuld this declining trend in brain Phe
concentrations be showma larger study population, it would be of claicelevanceA total amino
acid profile on these subjects was also obtaielde study intervals. Both the blood tyrosine and
tryptophanncreased from below normal to normal levels (&g
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~ Fig 3. Study 2: brain Phe concentrations versus blood Phe
" concentrations in individuals with PKU over 3 days.
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Senee e fte= . ... Fig 4. Study 2: brain Phe concentrations versus blood Phe
=== concentrations in individuals with PKU over 6 masth
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s s e et Fig 5. Study 2: blood tyrosine and tryptophan concerureti
in individuals with PKU during the course of theidy.
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DISCUSSION

In our studies, only 1 of the 10 of our subjectdwmild PKU(n = 4) and our exceptional PKU
individuals @ = 6) reachedrain Phe concentrations >0.25 mM. These peopleagritivelynormal.

In the original collaborative study on children mitKU at 12 years of age, IQ decreases were noted
in subjectonly when blood levels of Phe were >900 pmol/LnChlly,it seems that adults are less
sensitive to Phe toxicity thaildren. Previously, we had suggested that bragddncentrationsgp

to 0.25 mM were reasonable to accept in a clirseting,and the additional data included here
strengthen our opiniorowever, we do not exclude the possibility that sandividualasmay not be
hypersensitive to higher concentrations of Phe.

A recent analysis of a subset of these data viestreztly from a clinical interpretation suggested that
brain Phe levelsp to 0.35 mM/L may even be largely benign in asfilis agroup (Figl), these

brain Phe concentrations are reachdulaid Phe concentrations of 1000 umol/L, a levehgatible
with the recommendations of the United Statesj®ritandSerman consensus recommendatfons.
Medical product supplementatiahthe doses given in our study lowers brain Pime@atrations;
however, confirmation from a larger study is needed

The question of the nature of the increase in Hp&i@ concentrationgith increasing blood Phe is a
relevant point for discussiomhe apparent "better fit" of exponential data t® ¢tiveralldata is not
surprising and should be expected. This waspparent early in the study. For example, if the
concentrationsf all other amino acids are held constant buthe is increasethen the Phe will
occupy an increasing number of sites onLtNA A transporter. This will have the effect seen hédre o
makingthe curve seem to be more exponential. Regulateghanismsvould tend to upregulate the



number of transporters, thus increasimgoverall transport dfNAAs. These factors may be subject
to individual variability. Thus, the time-dependéhdod-brairequilibrium may be more complex
than can be modeled with a simfpheear equilibrium model.

The use of MRS in a clinical setting is best illagtd bythese examples. A 15-year-old subject
presented to the clinexpressing a wish to go off diet. His parents sujgabhisassessment that the
diet is an excess burden to place oadwmiescent. A magnetic resonance imaging (MRI)/MRS
examinatiorwas obtained. The MRI images showed a large anwfumhitematter changes, and
MRS indicated a relatively high brain/bloBtie ratio. This concrete example of the effechefligh
Pheconcentrations provided support for the physicapdrsuadparents and the PKU subject to
accept that diet discontinuatiaras unacceptable.

The second case involved 1 of the exceptional iddals. Thesubject presented to the clinic, and a
blood Phe specimen wabtained. The blood Phe result was found to be 1886 pmol/LAn
MRI/MRS examination was performed and demonstratadrmal-appearingrain with a brain Phe
concentration in the 0.2 to 0.25 mM raniger this reason, we did not work aggressively t@rse
thissubject’s decision to relax dietary control.

CONCLUSION

MRS of the brain is an excellent diagnostic mogdbtr determiningprain Phe concentrations and
has been shown to be usefuthe management of PKU. Despite intensive counsetiramy adults

and adolescents find it difficult or impossiblefétiow aPhe-restricted diet closely. In addition, there
are certaimndividuals who are exceptional and may not nedaketas strian their dietary adherence
as those with the more common clasdri@U. Dietary supplementation withNAAs has been

shown to lowebrain Phe concentrations in adults with PKU. Howetree mosimportant

intervention in young children with PKU remains Btee-restricted diet, which must be followed
closely by infantaind children to avoid adverse future neurologicstap ofetal complications
during pregnancy.
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Fig 1. Summary of brain Phe concentrations versus bldmdddncentrations in an individual with
PKU.
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