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Sapropterin dihydrochloride is the first registered synthetic form of the naturally occurring
cofactor and cosubstrate, tetrahydrobiopterin (BH4). It is essential for the conversion of
phenylalanine (Phe) by phenylalanine-4-hydroxylase (PAH) to tyrosine. BH4 is also the co-factor
of rate-limiting enzymes involved in the synthesis of monoamine neurotransmitters.
Phenylketonuria (PKU) is an inherited disorder of PAH, characterized by elevated Phe
concentrations (hyperphenylalaninemia) in the blood and brain, with toxic neurological
consequences. Sapropterin dihydrochloride is approved for treating patients (of all ages in the
USA and >4 years old in Europe) with PKU who are BH4 responsive, and those with BH4
deficiency (Europe). It decreases blood Phe concentration and increases dietary Phe tolerance
in some patients with PKU on a low-Phe diet, allowing dietary adjustment or even discontinuation
of a low-Phe diet. This article reviews sapropterin dihydrochloride for the management of
PKU — aimed at improving clinical outcomes and quality of life — and it considers the potential
for incorporating such information into international consensus guidelines.
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Phenylketonuria

Phenylketonuria (PKU; Online Mendelian
Inheritance in Man No. 262600) is a genetic
disorder characterized by a deficiency of the
hepatic enzyme phenylalanine-4-hydroxylase
(PAH; EC 1.14.16.1), causing elevated concen-
trations of phenylalanine (Phe) in the blood and
brain. Hyperphenylalaninemia (HPA) can also
be caused by a deficiency of tetrahydrobiopterin
(BH4), a cofactor of PAH (BH4 deficiency). Phe
is an essential amino acid, which is not synthe-
sized de novo and must be obtained by diet. PAH
converts Phe to tyrosine, an important precur-
sor for catecholamines and melanine [1]. PKU is
an inherited, autosomal recessive disease caused
by mutations in the PAH gene. More than 550
disease-causing mutations have been identi-
fied in patients with PKU or HPA [101,102]. The
majority of genetic alterations in the PAH gene
are missense mutations, but splice-site, nonsense
and silent mutations, as well as frame shifts and
larger deletions and insertions, may also occur.
Different mutations affect the activity of the
PAH enzyme to different extents, and this may
account for the wide variation in blood Phe

concentrations among patients with PKU [2.3].
The location and type of mutations in the PAH
gene cannot yet be used to fully predict clini-
cal phenotype and, currently, genotyping of the
PAH gene has limited value in the diagnosis of
PKU phenotypes [1].

Almost all cases of PKU in industrialized
countries are detected via newborn screening
programs, used across Europe since the 1960s.
Higher blood Phe concentrations are associ-
ated with more severe disease and a greater
risk of neurological impairment and, as such,
require more urgent treatment. A general clas-
sification of PKU disease severity as a function
of Phe concentrations is shown in Tasie 1 [4,5].
However, several classifications exist and they
vary depending on the practices carried out in
individual countries.

The increased circulating concentration of
Phe resulting from PKU and HPA is thought to
have a neurotoxic effect in the brain [4]. If left
untreated from birth, PKU leads to white mat-
ter abnormalities [¢] and severe mental retarda-
tion (7], with losses of cognitive and executive
function (8,9]. Although early intervention to

www.experi-reviews.com

10.1586/EEM.10.39

© 2010 Expert Reviews Ltd

ISSN 1744-6651 483



Blau

Table 1. Classification of phenylketonuria disease

severity according to blood phenylalanine
concentrations.

Classic PKU >1200
Mild-moderate PKU 600-1200
Non-PKU HPA (MHP) 120-600
Normal value in healthy person <120

HPA: Hyperphenylalaninemia; MHP: Mild hyperphenylalaninemia;
Phe: Phenylalanine; PKU: Phenylketonuria.
Data from [4,5].

reduce Phe concentrations may avoid serious effects, insufficient
control of Phe concentrations may have lasting consequences,
such as a lower intelligence quotient, delayed speech, memory
deficits, attention problems and behavioral issues [7.10-13]. The
consequences of elevated blood Phe concentrations are either
long term or transient, and they depend on the age of the patient.

Early-treated adults who discontinue dietary treatment (who
are considered ‘off-diet’) are more likely to have vitamin deficien-
cies and are at risk of neurological and psychological deterioration,
giving rise to late-onset epilepsy, ataxia, tremor and problems
such as depression, neuroses and anxiety. Women with PKU who
are off-diet and become pregnant may develop maternal PKU
syndrome, and the outcomes in the newborn child may manifest
as facial dysmorphisms, severe mental retardation, microcephaly,
developmental delay and congenital heart disease [14].

The prevalence of PKU varies by geographical region and
among ethnic groups. The overall prevalence of PKU in Europe
is approximately one in 10,000 [15]. The prevalence of PKU
in Europe and the Middle East is highest in Northern Ireland
and Turkey (one in <5000) [16,17] and in the Gaza strip (one in
3500) [18], but lowest in Finland (one in >100,000) [19].

The main treatment goals for PKU are to maintain blood Phe
concentrations within safe limits (e.g., 120-360 pmol/I [Italy],
or 120-240 pmol/l for pregnant women), to prevent mental
retardation, and to ensure normal growth and normal life with
good health throughout adulthood [20]. Guidelines for the treat-
ment of PKU vary between countries and in some cases are quite
dated [7.21-24,103]. In general, strict management by dietary con-
trol is advocated in early childhood and, although it may become
relaxed in older children and those entering adulthood, lifelong
management is now recommended to avoid neurological effects.

Until now, the main treatment option in PKU involved putting
patients on a restricted, low-Phe diet. Today, however, a new treat-
ment, sapropterin dihydrochloride, is available that may provide
good Phe control in some patients, with the possibility of making
adjustments towards a more normal diet. The aim of this article is
to provide an up-to-date overview of sapropterin dihydrochloride
in the management of PKU and BH4 deficiency, and its potential
role in international consensus guidelines. The overall objective
is to improve clinical outcomes and quality of life for patients
with PKU.

Overview of the market
The current treatment for PKU is to decrease Phe concentrations by
restricting patients to a low-protein diet that is supplemented with
a Phe-free mixture of amino acids, minerals, vitamins and other
nutrients [20]. Unfortunately, adherence to current therapy is not
always optimal because up to 75% of patients with PKU become
essentially nonadherent in adulthood [25,26]. The restrictive low-Phe
diet, although effective in preventing most of the adverse effects
of HPA on neuropsychological development [4], may lead to nutri-
tional abnormalities, such as deficiencies in iron, tyrosine and fatty
acids [27-29], over-reliance on low-quality nutrients (particularly
proteins, which may have an impact on metabolism) and abnor-
mal energy intake owing to reduced carbohydrates and fats. The
possible clinical effects of these nutritional deficiencies include low
bone mass, leading to osteopenia/osteoporosis, growth retardation,
weight gain or obesity, and neurocognitive defects [20,28-31). With
the aim of improving clinical outcomes and patient adherence,
research has focused on the development of a novel pharmacologic
option for PKU. Early studies reported by Kure ¢z a/. demonstrated
reductions in blood Phe concentrations in patients with HPA in
response to BH4 [32]. Since then, better BH4 responsiveness has
been observed with the less severe variants of PKU [33].
Alternative therapies serving as adjuncts in the management
of PKU include more palatable low-Phe foods, such as glyco-
macropeptide (34], as well as large neutral amino acids that com-
pete for and inhibit the uptake of Phe via intestinal absorption
or the blood-brain barrier at the LAT1 transporter [35]. Future
treatment strategies in PKU focus on enzyme replacement with
phenylalanine ammonia lyase (which degrades Phe into nontoxic
products) [36], gene delivery (37] and repopulation of hepatic PAH
activity by liver cell transplantation [38].

Sapropterin dihydrochloride

Sapropterin dihydrochloride (Kuvan® [BioMarin, CA, USA]) is
the first and only registered synthetic form of the naturally occur-
ring enzyme cofactor, BH4. Sapropterin is an orally active, syn-
thetic dihydrochloride salt formulation of the biologically active
6R-diastereoisomer of BH4 (5,6,7,8-tetrahydrobiopterin) [104].
Although PKU is characterized by a defect in the PAH enzyme,
residual enzymatic activity may be present in some patients. Thus,
sapropterin may act like a chemical chaperone to promote the nor-
mal metabolism of Phe and lower its concentration in the blood
in a subset of patients who are BH4 responsive. Sapropterin may
be used to assist in the control of Phe concentrations. It provides
the opportunity for patients who respond to BH4 to adjust their
diet, thereby allowing a greater intake of Phe or even coming
off of their Phe-restrictive diet. The overall frequency of BH4
responsiveness across Europe is estimated to be 55-62%, based
on projections made using genetic allelic data for BH4 respon-
siveness, although responsiveness can only be determined by a
response test [39,40]. Lower rates of BH4 responsiveness are dem-
onstrated with BH4 loading tests (see later) (33.41). Although the
genotype cannot predict BH4 responsiveness with 100% accu-
racy, it has been documented that residual PAH activity (due to
specific mutations) is strongly associated with the BH4-responsive
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phenotype and that the presence of two inactive alleles (severe
classical PKU) effectively excludes the possibility of BH4 respon-
siveness [42]. Sapropterin is also essential for the treatment of HPA
in patients of all ages with BH4 deficiency.

Sapropterin dihydrochloride is available as an oral soluble tab-
let formulation (100 mg is equivalent to 77 mg of sapropterin)
in Europe and in the USA. The formulation contains ascorbic
acid, crospovidone, anhydrous calcium hydrogen phosphate,
mannitol, riboflavin and sodium stearyl fumarate; ascorbic acid
protects the active compound from oxidation [10s]. Sapropterin
dihydrochloride is also available in Japan as a granule formula-
tion (Biopten® granules 2.5%, Asubio Pharma Company Ltd,
Tokyo, Japan) [106].

Biochemistry
As mentioned previously, BH4 is a cofactor and cosubstrate for
PAH (Ficure 1). Mutations in genes encoding for enzymes involved
in the biosynthesis or regeneration of BH4 (GTP cyclohydrolase,
6-pyruvoyl-tetrahydropterin synthase, dihydropteridine reductase
[DHPR] and pterin-4a-carbinolamine dehydratase) lead to BH4
deficiency [43). The differential diagnosis of PKU versus BH4 defi-
ciency may be carried out by analyzing blood or urinary pterins
and determining blood DHPR activity [44].
Tetrahydrobiopterin is also a cofactor for several enzymes such
as tyrosine hydroxylase, tryptophan hydroxylase, glyceryl ether
mono-oxygenase and nitric oxide synthase. It is involved in the
synthesis of monoamine neurotransmitters, including noradren-
aline (norepinephrine), dopamine and 5-hydroxytryptamine
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(serotonin), and free radical nitric oxide, and patients with BH4
deficiencies may display neurological symptoms arising from the
impaired production of these neurotransmitters [44].

The rationale for administering sapropterin to patients with
BH4-responsive PKU is to enhance the activity of the defective
PAH and thereby increase or restore the oxidative metabolism
of Phe sufficient to reduce or maintain blood Phe concen-
trations, prevent or decrease further Phe accumulation, and
increase tolerance to Phe intake in the diet [105].

The mode of action of BH4 in PKU is not elucidated fully,
although several possible mechanisms have been proposed.
Additional exogenous BH4 may promote the activity of
mutant low-affinity PAH by increasing BH4 concentration.
Alternatively, BH4 may act as a chemical chaperone to stabilize
mutant proteins and protect them from aggregation, unfolding,
proteolytic cleavage and degradation [45-47). I vitro studies of
PAH mutants obtained from patients with various phenotypes
(including mild HPA and PKU) indicate that BH4 responsive-
ness is likely to be multifactorial, stemming from several of these
mechanisms [48].

Pharmacodynamics & pharmacokinetics

Preclinical studies

In animal studies, total sapropterin (biopterin) concentrations
were approximately 1.5-fold higher in 2-week-old versus 6-week-
old rats after oral administration of sapropterin 10 mg/kg, high-
lighting the potentially higher degree of absorption of sapropterin
from the GI tract of younger animals [49].
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Figure 1. Metabolism and functions of tetrahydrobiopterin (BH4). Biosynthetic enzymes: GTPCH, PTPS and SR. Regenerating
enzymes: PCD and DHPR. BH4-requiring enzymes: PAH, TH, TPH and NOS. Intermediates in the biosyntheses: NH2TP and PTP.

Metabolites: -DOPA, 5-OH-Trp and NO.

5-OH-Trp: 5-hydroxytryptophan; BH4: Tetrahydrobiopterin; DHPR: Dihydropteridine reductase; GTPCH: GTP cyclohydrolase I;
1-DOPA: 3,4-dihydroxyphenylalanine; NH,TP: Dihydroneopterin triphosphate; NO: Nitric oxide; NOS: Nitric oxide synthase;

PAH: Phenylalanine-4-hydroxylase; PCD: Pterin-4a-carbinolamine dehydratase; PTP: 6-pyruvoyl-tetrahydropterin; PTPS: 6-pyruvoyl-
tetrahydropterin synthase; SR: Sepiapterin reductase; TH: Tyrosine-3-hydroxylase; TPH: Tryptophan-5-hydroxylase.
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Biodistribution studies in animal models show that sapropterin,
once absorbed, is distributed mainly to the liver, adrenal glands
and kidneys [107]. In rats, following intravenous radiolabeled sap-
ropterin administration, radioactivity was detected in fetuses,
and the excretion of total sapropterin (biopterin) in milk was
demonstrated via the intravenous route. However, no increase
in sapropterin concentration in either the fetuses or milk was
observed after oral administration (10 mg/kg) [49).

Human studies

Three initial Phase I pharmacokinetic studies, performed in a
total of 24 healthy adult subjects using the granule formulation
of sapropterin (with doses of 100-200 mg, three-times daily),
assessed the safety and tolerability of single- and multiple-dose
regimens for up to 7 days of treatment [107]. Absolute bioavail-
ability for humans after oral administration is not known, but
in repeat oral-dosing studies there was no accumulation or
persistence [107].

In a 12-week, fixed dose, open-label extension study to assess
the pharmacokinetics of sapropterin (5, 10 and 20 mg/kg/day)
among 78 patients, the best structural model to describe the phar-
macokinetic profile of sapropterin was a two-compartment model
with first-order input, first-order elimination and a baseline endo-
genous BH4-concentration term [s0]. Total bodyweight was the
only significant covariate identified. The mean (standard devia-
tion [SD]) terminal half-life was 6.69 (2.29) h with little evidence
of accumulation, even at the highest dose. The pharmacokinetics
of sapropterin (5-20 mg/kg/day) support once-daily dosing.

The pharmacokinetic parameters were estimated after the
administration of unregistered BH4 at 2, 10 and 20 mg/kg
to four healthy volunteers [51]. After administration of BH4
10 mg/kg, maximal plasma biopterin concentrations peaked
between 1and 4 h, T (1-4 h), C__(258.7-259.0 nmol/l), the
AUC was 1708-1958 nmol*h/I (three subjects) up to 10 h and
the elimination half-life was 3.3-5.1 h. Doubling the BH4 dose
to 20 mg/kg/day caused a 60% increase in AUC.

Administration of a single dose of sapropterin (10 mg/kg) leads
to a significant lowering of blood Phe concentration within 24 h in
most patients with BH4-responsive PKU, although the maximal
effect on Phe concentration may take up to 1 month (depending
on the patient and type of mutation) [s2]. A single daily dose of
sapropterin is sufficient to maintain a stable blood Phe concen-
tration over a 24-h period, with no substantial increase in Phe
concentration observed after food intake [41,53].

An open-label, three-treatment, six-sequence, three-period
crossover, Phase I trial (PKUO13) s4] involving healthy volunteers
(n = 32) showed that the geometric mean ratio of the AUC from
baseline to time ‘t’ (AUC(O_Y)) for intact versus dissolved tablets,
under fasting conditions, was 141.24% (90% CI: 122.05-163.43);
for intact tablets, under-fed versus fasting conditions, AUC(O_K)
was 143.46% (90% CI: 124.22-165.69). Oral administration
of sapropterin as intact tablets with a high-fat, high-calorie meal
was associated with increased drug exposure. It is recommended
that sapropterin is administered after dissolution in water, with
a meal, at the same time each day, preferably in the morning.

Metabolism

Sapropterin is primarily metabolized in the liver to dihydro-
biopterin and biopterin, and to some extent is converted non-
enzymatically to pterin, probably by side-chain cleavage. It has
been shown that only a small portion of orally administered BH4
is excreted in urine as biopterin or converted to lumazines in the
gut [55.56]. It is hypothesized that most of the ingested BH4 is
used as a cofactor (mainly for PAH in the liver) and catabolized
to nonfluorescing compounds; it is possibly then degraded to CO,
and ammonia. After intravenous injection of low-dose [“C]BH4
(45 pg/kg) in mice, high levels of radioactivity were detected in
the liver and kidney; very little was found in the brain, adrenal
medulla and bone marrow [s7). As sapropterin is a synthetic ver-
sion of the naturally occurring active isomer of BH4 (6R-BH4), it
can be expected to undergo the same metabolism [105]. Repeated
administration of sapropterin did not upregulate cytochrome
P450 (CYP)-dependent drug-metabolizing enzymes in the liver
microsomes [41]. Rat excretion studies have shown that 72 h after
the oral administration of 100 mg/kg of radioactive sapropterin,
75% was excreted in feces and 7% in urine [49].

Clinical efficacy: Phase Il & lll studies

PKU-001 was a Phase II screening study to evaluate the
response to an 8-day course of sapropterin (10 mg/kg/day)
in 490 patients with poorly controlled PKU of varying sever-
ity (Tasie 2) [41]. A response to sapropterin (decrease in blood
Phe of 230%) was observed in 20% of patients overall, with a
higher response rate in subgroups with lower baseline blood Phe
(54, 24, 10 and 10% for baseline blood Phe <600, 600-900,
900-1200 and 21200 pmol/l, respectively). Sapropterin was
well tolerated.

In a Japanese study, BH4-responsive patients with HPA admin-
istered in a single BH4 dose of 10 mg/kg responded similarly
to patients given the higher BH4 dose of 20 mg/kg (as favored
in Europe) [52]. A dose-dependent response to BH4 administra-
tion, in terms of the measured reduction in blood Phe concentra-
tion, as described elsewhere in a genetically homogenous PKU
population (s8], was clearly evident.

A further Phase II study was designed to investigate the
safety of sapropterin in the management of blood Phe concen-
trations in patients with primary BH4 deficiency (PKU-007)
(Tasie 2) [59]. A total of 12 patients received sapropterin (up to
20 mg/kg/day) for 10 weeks, followed by a 7-week extension
period. An interim analysis demonstrated a favorable safety pro-
file in these patients, and most patients maintained blood Phe
concentrations within an acceptable range for up to 10 weeks
of treatment (<360 pmol/l).

PKU-003 recruited responders to sapropterin (230% reduc-
tion in blood Phe on sapropterin) from the earlier Phase 11
study (PKU-001, see above) [s3]. Patients were randomized to
double-blind treatment with sapropterin or placebo for 6 weeks.
Blood Phe in the sapropterin group was reduced within the first
week, and remained low throughout the remainder of the study
(mean [SD] changes vs baseline in blood Phe concentrations at
6 weeks were -236 [257] pmol/l compared with +3 [240] pmol/I
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for placebo [p < 0.0001]). However, only 44% of the respond-
ers from the PKU-001 study were true responders (vs 9% on
placebo). The low number of responders in the PKU-003 study
may be due to the fact that in PKU-001, the responsiveness was
tested at home, and in some nonresponder patients, the protein
intake was not constant, thus producing false-positive results.

A total of 80 patients from PKU-003 were enrolled in PKU-004,
a 22-week open-label extension (Taste 2) (60]. This was a 6-week
forced-titration phase (consecutive 2-week periods of 5, 20 and
10 mg/kg/day), a 4-week dose-analysis phase (at 10 mg/kg/day)
and a 12-week fixed-dose phase (dosage based upon their blood
Phe response during dose titration. Almost half of patients (46%)
responded to sapropterin.

The other pivotal Phase I1I study (PKU-006 [Taece 2]) investi-
gated the capability of sapropterin to increase Phe tolerance while
maintaining adequate blood Phe control in children with PKU (e1).
In total, 50 out of 89 patients who had their blood Phe measured
at day 8 were responsive to sapropterin 20 mg/kg/day (=30%
decrease in blood Phe and blood Phe <300 pmol/l at day 8), and
blood Phe was reduced in these patients by 64% (SD: 17.5%) on
average. In the second part of the study, patients in the saprop-
terin group tolerated significantly more additional dietary Phe
while maintaining adequate blood Phe control, consistent with
improved Phe tolerance.

Following completion of the previous studies (PKU-004 and
PKU-006), patients were given the option of continuing to
receive sapropterin in a long-term, open-label safety Phase I1Ib
trial (PKU-008) (Tasie 2) [62]. Of 111 patients enrolled, 110
received sapropterin (5-20 mg/kg/day) and blood Phe concen-
trations were maintained in accordance with NIH consensus
guidelines [7].

Post-marketing surveillance studies

The Kuvan Adult Maternal and Pediatric European Registry
(KAMPER) is an observational, multicenter, multinational drug
registry study designed to collect information on the long-term
outcomes of patients with HPA (owing to PAH or BH4 deficien-
cies) treated with sapropterin [63]. KAMPER was launched in
December 2009 (first patient enrollment) and will be ongoing
for 15 years. Data will be collected from 625 BH4-responsive
patients in approximately 100 centers in 11 EU countries, and
the primary objective is to assess the long-term safety in patients
treated with sapropterin. Secondary objectives are to provide addi-
tional information regarding safety in specific subgroups, includ-
ing children aged 4 years or older, pregnant women, the elderly
(=65 years old), and patients with renal or hepatic insufficiency.
Growth and neurocognitive outcomes in the pediatric population,
adherence to diet and to sapropterin treatment, and the long-term
efficacy of sapropterin will also be assessed. Interim analyses will
be performed annually [63].

In the USA, a similar registry, the PKU Demographic, Outcomes
and Safety registry (NCT00778206), was launched in September
2008 [64]. The aim is to enroll up to 3500 patients diagnosed
with PKU and HPA and to follow up these patients for up to
15 years. The Maternal PKU Observational Program subregistry

will obtain plasma and breast-milk samples from mothers enrolled
in the PKU Demographic, Outcomes and Safety registry who are
breastfeeding when their infants are 1-month old [64].

Safety & tolerability

Sapropterin is well tolerated with a favorable risk—benefit pro-
file. The clinical trials program of sapropterin covers a range of
doses (5, 10 and 20 mg/kg/day) and durations of therapy. Of the
579 patients who received treatment with sapropterin in clini-
cal trials, approximately 35% experienced adverse reactions. The
most commonly reported adverse events (AEs) included headache
and rhinorrhea (210% of patients). Other AEs that occurred in
4-10% of patients were: pharyngolaryngeal pain, diarrhea, vom-
iting, cough, abdominal pain, rash, nasal congestion and hypo-
phenylalaninemia [104]. Mild-to-moderate neutropenia was noted
during sapropterin administration in 24 out of 579 patients (4%)
(104]. In one pivotal Phase III trial (PKU-003), sapropterin was
associated with a safety profile similar to that of placebo (n = 89);
after 6 weeks of treatment, no significant difference between sap-
ropterin and placebo in the frequencies of AEs possibly related to
treatment were reported (23 vs 20%, respectively; p = 0.80) [s3].
In the 22-week extension study (PKU-004), 79 of the 80 patients
enrolled completed the study; a total of 32% of patients experi-
enced an AE that was considered possibly or probably related to
sapropterin (5-20 mg/kg/day), but no patient withdrew because
of an AE [60].

There is no evidence of any safety issues following the long-term
administration of sapropterin. Interim analysis of the Phase I1Ib
extension study (PKU-008) found that, after 18 months, while
71% of subjects reported AEs (79 out of 111), the majority of
those reported were mild and not dose dependent [61]. The most
common AEs reported were cough (16.2%), pyrexia (14.4%) and
nasopharyngitis (13.5%). Only one serious AE (gastroesophageal
reflux) was noted, which was thought to be related to sapropterin.

Regulatory affairs

Kuvan received orphan drug designation from the US FDA and
from the European Commission in 2004. Regulatory approval
was achieved for sapropterin in Europe and the USA based
upon the positive outcomes from four clinical trials (PKU-001,
-003, -004 and -006) and the accumulating clinical experience
attesting to the efficacy and safety of sapropterin in 579 patients
with PKU.

Marketing authorization of sapropterin dihydrochloride, in
tablet formulation, as therapy for patients with HPA owing to
PKU, was granted by the FDA in 2007 (marketed by BioMarin
Pharmaceutical Inc. [CA, USA] in the USA and Canada) [104].
In Japan, sapropterin dihydrochloride (Biopten), a granule
formulation approved for BH4 deficiency in 1992, was also
approved in 2008 for the treatment of BH4-responsive patients
with HPA (including PKU) [65). In Europe, sapropterin dihy-
drochloride received marketing authorization in December
2008 (marketed by Merck Serono SA [Geneva, Switzerland]
in Europe and the rest of the world) and it is indicated for the
treatment of HPA in adult and pediatric patients 4 years or
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older with PKU who are responsive to BH4 treatment, and in
BH4-responsive patients with BH4 deficiency [105). Under the
centralized procedure of the EMA, marketing authorization of
sapropterin is valid in all EU states, Iceland, Liechtenstein and
Norway, and it was approved in 2009 under separate legislation
in Switzerland.

Conclusion

The therapeutic response to sapropterin is clearly demonstrated
in clinical studies involving BH4-responsive patients with PKU.
These studies show that sapropterin is effective in this subset of

Day 1
Check blood Phe (US)
at -8, -16 and -24 h (EU)

patients by optimizing Phe management and lowering blood Phe
concentrations. Sapropterin-responsive patients may increase
the amount of Phe-containing foods in their diet as a result of
increased Phe tolerance. A minority of patients may be able to
discontinue their low-Phe diet. Consequently, sapropterin may
provide the opportunity to overcome nonadherence to a low-
Phe diet and the rise in blood Phe concentration that ensues
in patients who respond to BH4. The target group of patients
who may benefit from sapropterin administration usually have
mild-to-moderate PKU (blood Phe of 600-1200 pmol/l);
among patients with classical PKU (blood Phe >1200 pmol/I),
up to 10% of patients may respond [41].
Recommendations for treatment of mild
HPA (blood Phe of 120-600 pmol/l)
differ between countries; however, the
majority of these patients are found to be
BH4 responders and can be potentially

Day 2
Sapropterin
20 mg/kg for 24 h (EU)

Month 1
Sapropterin

10 mg/kg/day for up to 1 month (US)

treated with sapropterin [4,33]. Responders
to BH4 can be divided into two groups:

those who need a combination of saprop-

! !

Phe }=30%
at 8, 16 and 24 h (EU)

Therapeutic

response

(N3) axeul uidjo.d JueISuod ulejulep

1No 1No

terin and a relaxed low-Phe diet, and those
who can discontinue the diet completely
during treatment with sapropterin. Thus,
sapropterin may offer the possibility to
reduce the level of nutritional deficien-
cies that accompany a restricted diet and,
potentially, minimize the suboptimal out-
comes, such as neurological and psycho-

Day 3
Sapropterin
20 mg/kg for 24 h (EU)

Month 2
Sapropterin

20 mg/kg/day for up to 1 month (US)

logical dysfunctions. The therapeutic
management of BH4-responsive PKU and
BH4 deficiency using sapropterin may

Phe }{>30%
at 8, 16 and 24 h

|

Yes .
(EU) or therapeutic

response within
1month (US)

\

Adjust dose to 5-20 mg/kg/day (EU and US) to
keep blood Phe in therapeutic range

Monitor blood Phe frequently

(n3) 101p dois 10 @onpay

Figure 2. Algorithms for screening and initiating treatment in phenylketonuria
patients with sapropterin dihydrochloride based on US Prescribing Information
[103] or a recommendation from a group of European experts [1]. These
recommendations differ from those in the European Summary of Product Characteristics
for sapropterin; according to US Prescribing Information, blood Phe should be checked at
1 week and periodically thereafter for the remainder of the 1-month treatment period;
no formal definition for a therapeutic response to sapropterin is provided.

Phe: Phenylalanine.

Stop test
or 1-2 weeks

trial (EU)
(if Phe § 20—-30%)

also allow patients to enjoy greater vari-
ety in their diets, with fewer limitations
in social settings involving food, and to

(SN) 1noybnoiy} 191p BYd-Moj urelulep

experience improvement in daily quality
of life. It is, however, essential to monitor
blood Phe levels regularly during saprop-
terin treatment, in order to ensure that
they remain within the recommended
therapeutic range.

Expert commentary &

five-year view

Sapropterin is the first pharmacologic
treatment for patients with PKU that
has been shown in randomized double-

blind trials to be effective in lowering
blood Phe concentration and increasing
Phe tolerance. Sapropterin is a synthetic
formulation of 6R-BH4. The formulation
of sapropterin as oral soluble tablets offers
improved stability at room temperature
over the earlier, unregistered and unli-
censed, tetrahydrobiopterin dihydrochlo-
ride tablets. Thus, sapropterin provides a
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promising new treatment option for patients with PKU or BH4
deficiency who are also BH4 responsive.

A recent survey of the management of PKU, conducted across
93 treatment centers in 19 countries within Europe, identified
that only the minority (34%) of healthcare professionals cur-
rently use BH4 as a treatment option in their practice, although
approximately half (54%) of the respondents would perform a
BH4-responsiveness loading test [66]. It is recommended that
all patients with PKU should undergo a BH4 oral-response test
before treatment initiation (¢7]. In Europe, the BH4 loading test
is mostly performed in the neonatal period, when Phe concentra-
tions are high and it is practical to perform the test [1]. A 30% or
greater reduction in the blood Phe concentration is most widely
considered to represent a clinically significant response to treat-
ment; however, this threshold is arbitrary and a lower degree
of response might also be considered clinically significant in
some individuals [68]. Identification of a simple and universal
loading test would facilitate the identification of responders to
sapropterin [1].

An optimized algorithm (Ficure 2) is proposed based on sug-
gested approaches for initiating, and determining response to,
therapy with sapropterin from the USA and the EU [104,105]. In
the approved Kuvan protocol from the USA, response to saprop-
terin therapy initiated at 10 mg/kg/day is determined by mea-
suring Phe concentrations after the first week and periodically
for up to 1 month [104]. If no therapeutic response is obtained
at 10 mg/kg/day, the dose can be increased to 20 mg/kg/day
and Phe concentrations measured periodically for a further
month. Patients who do not respond to 1 month of treatment at
20 mg/kg/day are deemed to be nonresponders and treatment
should be withdrawn. Another proposed European protocol,

also shown in Fieure 2, closely follows current practice in Europe
(and was proposed by an expert group of European physicians)
and allows determination of response to sapropterin within 48 h
by repeated blood Phe concentration testing, followed by dose
adjustment and ongoing, repeated, blood Phe concentration
monitoring as part of long-term follow-up [1]. It should be noted,
however, that this algorithm differs from that recommended in
the European Summary of Product Characteristics for saprop-
terin [105]. Finally, the use of a combined Phe (100 mg/kg)-BH4
(20 mg/kg) loading test is not recommended (with the exception
of the Phe breath test [69]) and may result in apparent nonrespon-
siveness in both responders and nonresponders to sapropterin [70].

National guidelines for the management of PKU agree that
treatment should start as early as possible after birth, and that
monitoring Phe concentrations and clinical parameters should
continue throughout life [7.21-24,103]. However, the European PKU
survey identified great discrepancies in the screening, treatment,
follow-up and organization of PKU management between and
within European centers [¢66]. Consequently, there is a need to
generate evidence-based international guidelines to optimize the
management of PKU and HPA, and to incorporate recommenda-
tions for treatment with sapropterin to improve patient outcomes
among those who are BH4 responsive [66].

Guidelines for the treatment of HPA caused by PKU were
published largely before the availability of sapropterin. Within
the context of updating guidelines, sapropterin might be accom-
modated into current treatment practice in a number of possible
scenarios: as an adjunct to the standard dietary practice, allow-
ing relaxation of the low-Phe diet (as long as Phe and tyrosine
concentrations remain within recommended limits), or as a full
substitute for diet. In addition, the advent of a portable Phe

Key issues

e Phenylketonuria (PKU) is an autosomal recessive disorder that occurs in approximately one in 10,000 to one in 20,000 of the population

in Europe and the USA.

If left untreated from birth, PKU leads to high phenylalanine (Phe) blood concentrations that can result in neurotoxic effects, causing

severe mental retardation, brain structure damage, seizures and disturbance in neurotransmitter synthesis.

PKU therapy has focused firmly on the restriction of dietary Phe intake and excludes many naturally high-protein foods, such as dairy

products, meat and fish. As a consequence, supplementation with Phe-free protein substitutes (consisting of essential and nonessential

amino acids) is usually required.

The Phe-restricted diet imposes a substantial burden on the individual with PKU and his or her family by restricting their freedom in life.

Typically, only one in four adults with PKU continue to adhere to a low-Phe diet. Despite this, it is increasingly recognized that the
management of PKU should be lifelong in order to avoid a range of adverse neuropsychologic symptoms in adulthood.

Sapropterin is the first registered medication to offer the potential for pharmacologic management of tetrahydrobiopterin

(BH4)-responsive patients with PKU or BH4 deficiency, in an easy-to-use formulation.

The adoption of sapropterin into routine clinical management offers the potential for better Phe control in patients who respond to

BH4, increasing Phe tolerance while maintaining target Phe concentrations, and enabling the freedom of a less restrictive diet.

National guidelines for the management of PKU vary between countries (and even within countries) with respect to recommended

blood Phe concentrations during dietary treatment, treatment duration and recommended frequency of monitoring blood

Phe concentrations.

There is an emerging need for evidence-based international guidelines to provide consensus concerning treatment initiation and

determination of the response to therapy with sapropterin, as well as consensus on target blood Phe concentrations and clarity on
optimized treatment protocols for the management of PKU and hyperphenylalaninemia.

In the next 5 years, the advances in understanding the disease process of hyperphenylalaninemia and PKU, the wider adoption of

sapropterin and the development of international consensus guidelines should lead to the improved management of PKU and, thus,
offer many patients better disease outcomes and improved engagement in normal daily life.
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monitoring device may motivate patients to adhere more closely
to dietary recommendations in efforts to maintain lower Phe
concentrations [108].

Over the next 5 years, with the advent of sapropterin, the
development of new international guidelines and the adoption
of a lifelong approach to the management of PKU, there is
now the potential for better disease management in terms of
controlling and maintaining target blood Phe concentrations,
with the additional possibility of relaxing dietary Phe restric-
tions in patients who respond to sapropterin. This will allow
greater patient freedom with regard to choice of diet, and may
avoid many of the clinical consequences resulting from poor
dietary control of Phe concentration and nutritional deficien-
cies, thereby improving clinical outcomes and the quality of life
for many patients with PKU.
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Information resources

¢ Tetrahydrobiopterin
www.bh4.org

e BIOPKU. Databases of pediatric neurotransmitter disorders
www.biopku.org

¢ ClinicalTrials.gov
www.clinicaltrials.gov

* European Medicines Agency
WWWw.ema.europa.eu

* Food and Drug Administration
www.fda.gov
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