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a b s t r a c t

Phenylketonuria (PKU) is caused by mutations in the phenylalanine hydroxylase (PAH) gene, leading to
deficient conversion of phenylalanine (Phe) to tyrosine and accumulation of toxic levels of Phe. A Phe-
restricted diet is essential to reduce blood Phe levels and prevent long-term neurological impairment
and other adverse sequelae. This diet is commenced within the first few weeks of life and current recom-
mendations favor lifelong diet therapy. The observation of clinically significant reductions in blood Phe
levels in a subset of patients with PKU following oral administration of 6R-tetrahydrobiopterin dihydro-
chloride (BH4), a cofactor of PAH, raises the prospect of oral pharmacotherapy for PKU. An orally active
formulation of BH4 (sapropterin dihydrochloride; Kuvan�) is now commercially available. Clinical studies
suggest that treatment with sapropterin provides better Phe control and increases dietary Phe tolerance,
allowing significant relaxation, or even discontinuation, of dietary Phe restriction. Firstly, patients who
may respond to this treatment need to be identified. We propose an initial 48-h loading test, followed
by a 1–4-week trial of sapropterin and subsequent adjustment of the sapropterin dosage and dietary
Phe intake to optimize blood Phe control. Overall, sapropterin represents a major advance in the manage-
ment of PKU.

� 2009 Elsevier Inc. All rights reserved.

Phenylalanine (Phe) is an essential amino acid which cannot be
synthesized by the human body. Its net blood level is dependent on
a number of processes, including dietary and caloric intake, endog-
enous protein turnover, catabolism, and incorporation into pro-
teins. After its absorption by the digestive tract, Phe is converted
to tyrosine, by Phe hydroxylase (PAH) and its cofactor, 6R-tetrahy-
drobiopterin (BH4): this is the major metabolic pathway of dietary
Phe [1,2].

Phenylketonuria (PKU), an autosomal recessive inherited disor-
der characterized by defective or deficient PAH, is the cause of al-
most all (about 98%) cases of hyperphenylalaninemia (HPA). A
minority of cases arise from disorders of BH4 synthesis or regener-
ation [2,3]. The PAH mutation knowledgebase (hPAHdb) currently
describes 532 known mutations of this gene, mostly missense
mutations (61% of all mutations), deletions (14%), splice variants
(11%), silent mutations (6%), and nonsense mutations (5%) [4]. A
systematic review identified 29 mutations that are particularly

prevalent among patients with PKU in Europe [5]. Different muta-
tions affect the activity of PAH to different extents.

If left untreated, PKU leads to the development of a variety of
clinical problems including mental retardation, microcephaly,
autistic behavior, eczema, and seizures [6]. The term, PKU, is re-
served for the most severe forms of PAH deficiency ‘‘classic PKU”
(Phe level >1200 lmol/L). Less severe forms are mild PKU (Phe le-
vel <600–1200 lmol/L) and mild HPA (Phe level <600 lmol/L).
Notwithstanding our huge experience with PKU, the distinction be-
tween PKU and mild PKU is not always that clear and differing pro-
tocols for the age of screening add to the confusion in using initial
untreated, screening Phe results to classify the type of PKU.

The more severe forms present with more severe neurological
diseases, if untreated. The prevalence of PKU varies by country
and ethnic group, ranging from approximately 1 in 4000 births in
Northern Ireland or 1 in 6500 births in Turkey to 1 in 71,000 births
in Finland, and the overall estimates fall within the range of 1 case
per 10,000–20,000 births in Europe and the USA [7–9].

The observation that levels of Phe can be reduced significantly by
administration of exogenous BH4 in a subset of patients with PKU
raises the prospect of pharmacologic management of this disease
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[10]. A tablet formulation of BH4 (dihydrochloride) has been avail-
able for three decades. Although this formulation has been used
extensively in experimental studies, it has not been evaluated in for-
mal clinical trials and was not registered. A newer formulation of
BH4 (sapropterin dihydrochloride, Kuvan�) that is more stable at
room temperature is now available for the treatment of PKU in the
USA and Europe [11]. This review describes the current and potential
future therapeutic use of sapropterin in the management of PKU.

Dietary management of PKU

To date, the management of all patients with PKU has focused
firmly on restriction of dietary Phe, accompanied by regular mon-
itoring of circulating levels of Phe. Current recommendations on
target Phe levels are 120–360 lmol/L for the first 10–12 years of
life [12]. These recommendations, however, differ from country
to country. Dietary Phe restriction, ideally begun within 1–2 weeks
after birth, is effective in protecting the developing central nervous
system from the toxic effects of HPA, although differences in cog-
nitive function, behavior, or educational achievement have been
observed between early-treated subjects with PKU and control
populations [13–15]. There is an increasingly held view that die-
tary treatment for this condition should be lifelong [16,17]. Long-
term outcome studies showed that adults with non-restricted diets
may have some brain MRI disturbance or speed processing defi-
ciencies [18–21]. The optimal Phe level in adulthood is widely de-
bated. The behavior of some adult patients improves when they
return to an appropriate diet (maternal PKU), but the burden of
the regimen is still difficult to support. Treatment with BH4 not
only helps to improve Phe levels, but also eases the burden of die-
tary management and should thereby improve dietary compliance
issues in a subset of PKU patients who are BH4-responders.

Adhering to a low-Phe diet is onerous. The diet is supplemented
with Phe-free protein substitutes consisting of essential and non-
essential amino acids, and it excludes many natural high-protein
foods such as dairy products, meat, and fish [22–24]. Commercial
Phe-free amino acid supplements, designed for use by individuals
with PKU, may have an unappealing taste or smell, and the Phe-re-
stricted diet has been associated with adverse feeding behaviors in
young subjects [25,26]. Nutritional deficiencies with clinical rele-
vance have also been observed in diet-treated patients with PKU
[23,27]. Newer protein substitutes may offer better tolerability
and convenience for patients, but the burden of the diet remains
a major cause for the loss of compliance, as observed in patients
beyond childhood with PKU [24,28,29].

Therapeutic use of tetrahydrobiopterin in the management of
PKU

Rationale

Clinically significant reductions in blood Phe in response to oral
administration of exogenous BH4 (using the unregistered formula-
tion) have been observed in about 80% of patients with mild HPA,
in about 50% of patients with mild PKU, and in 610% of patients
with classical PKU. A decrease in blood Phe of at least 30% is often
used as a cut-off value to determine treatment response, although
this is arbitrary [30,31]. Continued administration of this 6R-BH4
preparation (up to 5 years) has been shown to maintain reductions
in blood levels of Phe without adverse effects [32,33].

Therapeutic profile of sapropterin in patients with PKU

Controlled clinical trials have evaluated the efficacy of a phar-
maceutical formulation of sapropterin (Kuvan�), in patients with

PKU (Table 1) [34–38]. Overall, the results of these trials indicated
that about 20–50% of patients with PKU achieved a reduction in
blood Phe of P30%. A study in 489 patients (mean age: 22 years;
range 8–49 years) showed that 8 days of sapropterin (10 mg/kg/
day) reduced mean plasma Phe by P30% in about one-fifth of pa-
tients (Fig. 1A), with a mean change in blood Phe of �392 ±
185 lmol/L) [34]. An analysis of responders to treatment in this
trial confirmed the efficacy of sapropterin versus placebo
(Fig. 1B) [35]. Further studies showed that the effects on blood
Phe are dose-related (Fig. 2) and are durable over time (Fig. 3) [35].

One study, performed in a pediatric population, recorded the
amount of Phe supplementation possible while maintaining blood
Phe at <360 lmol/L. These data were consistent with earlier data
from a 2-year evaluation of the unregistered preparation of BH4,
in which daily Phe tolerance increased from 18 mg/kg before treat-
ment to 40 mg/kg during treatment [33].

Sapropterin is effective in reducing plasma Phe concentrations
in a dose-dependent manner and is well tolerated at doses of 5–
20 mg/kg/day over 22 weeks in BH4-responsive patients with
PKU [39]. Headache, upper respiratory tract infections, and rhinor-
rhea were the most common side-effects observed in sapropterin-
treated patients with PKU in clinical trials [35,37,38].

Optimizing sapropterin therapy

Who to test?

Sapropterin will be used for the treatment of HPA in patients
with PKU who have been shown to be responsive to such treat-
ment. Thus, all patients with PKU should undergo a sapropterin
oral-response test before treatment initiation [40]. In Europe, the
BH4-loading test is mostly performed in the neonatal period. In
the neonatal period Phe levels are high and it is practical to per-
form the test. In instances where the child is under strict dietary
control, a Phe ‘challenge’ (100 mg/kg) must precede the BH4
administration; however, there is no clear recommendation how
to interpret the data without a preceding single Phe load. Also, it
is contentious whether one should perform such a challenge at
all. A number of different protocols have been followed using the
unregistered BH4 formulation and sapropterin [31,34,41,42]. These
studies have included using a normal diet or a Phe-restricted diet,
different doses of BH4, different time periods to assess the effect on
blood Phe (a 24-h test may detect slower responders more effec-
tively than an 8-h test), single dose or multiple dose treatment
administration, and the measurement of blood Phe levels or the
half-life of decreases in blood Phe [40]. It should be noted that a
P30% reduction in blood Phe is often considered to represent a
clinically significant response to treatment; however, it is impor-
tant to note that this threshold is arbitrary and some medical pro-
fessionals consider smaller reductions to be clinically significant.
Clearly, a simple and universal loading test would facilitate the
identification of responders to sapropterin. Such a test must be
practical in its application, being sufficiently predictive for BH4
responsiveness while restraining the number of measurements
that need to be made.

Current protocol for treatment initiation

Fig. 4A shows the algorithm approved by the US Food and Drug
Administration (FDA) for initiating therapy with sapropterin in pa-
tients above 4 years of age [37]. The prescribing Information for
this product does not provide a specific cut-off value for a clinically
significant reduction in blood Phe [37]. According to the FDA-ap-
proved algorithm, a measurement of blood Phe is followed by an
initial daily dose of sapropterin, 10 mg/kg/day, given for 1 week,
at the end of which a repeat blood Phe measurement is taken. If
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a sufficient reduction in blood Phe is not observed, the dose can be
increased to 20 mg/kg/day, and blood Phe levels are followed for a
total initial treatment period of up to 1 month. At this time, treat-
ment is stopped for non-responders, while responders enter a
dose-optimization phase where the daily dosage of sapropterin is
adjusted, usually within the range of 5–20 mg/kg/day, according
to blood Phe levels. It should, however, be taken into account that

this method may still create false positive and false negative re-
sults if patients adjust their diet during the trial. For this reason,
a double-blinded trial could be also considered.

Optimized protocol

A recent expert commentary proposed an alternative test for
identifying responders to BH4 therapy [40]. This involved adminis-

Table 1
Summary of clinical trials of sapropterin dihydrochloride in patients with phenylketonuria.

Ref Design N Patients On
diet?

Dose Duration Key findings

[34] M, OL,
U

489 8–49 years Phe
>450 lmol/L

No 10 mg/
kg

8 days P30% reduction in Phe in 20% (mean plasma Phe was reduced by 392 ± 185 lmol/L in these
patients).

[36] R, DB,
P

88 Responders
from above trial

No 10 mg/
kg

6 weeks Sapropterin reduced Phe by 236 ± 257 lmol/L versus placebo (P < 0.001); 44% on sapropterin
versus 9% of controls demonstrated a reduction in Phe of P30%. A significant difference was
evident at week 1.

[35,37] OL, U 80 Extension to
above trial

No 5–
20 mg/
kg

22
weeks

Dose-related reduction of Phe with sapropterin during initial 6 weeks of treatment, 4 weeks of
fixed dose at 10 mg/kg/day, followed by optimized dose over a further 12 weeks.

[35,37,38] OL, U 89 4–12 years Phe
<480 lmol/L

Yes 20 mg/
kg

8 days Mean blood Phe reduced from 317 ± 173 lmol/L to 108 ± 70 lmol/L. Reduction in Phe of P30%,
together with final Phe <300 mol/L, in 56%.

[35,37,38] R, DB,
P

45 Responders
from above trial

Yes 20 mg/
kg

3 weeks Patients receiving sapropterin tolerated 7-fold higher levels of Phe intake (21 ± 15 versus
3 ± 4 mg/kg/day) while maintaining Phe <360 lmol/L. Sapropterin reduced Phe by 149 lmol/L
versus placebo.

DB, double-blind; M, multicenter; OL, open-label; P, placebo-controlled; R, randomized; U, uncontrolled; Phe, plasma phenylalanine. N refers to the total number of patients
in analyses. Diet refers to phenylalanine restriction. Dose refers to the daily dose of sapropterin (Kuvan�). Means ± SD where applicable.
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Fig. 1. Efficacy of sapropterin dihydrochloride in the management of phenylketon-
uria. (A) Response rates (%) according to blood phenylalanine levels before
sapropterin treatment (10 mg/kg/day) over a period of 8 days. Derived from data
published by Burton et al. [34]. (B) Randomized comparison of the effect of
sapropterin dihydrochloride and placebo on blood phenylalanine levels in respond-
ers to sapropterin therapy (10 mg/kg/day) over a period of 6 weeks. Derived from
data published by Levy et al. [36]. Bars are 95% CI.

Fig. 2. Dose relationship of the effect of sapropterin dihydrochloride on blood
phenylalanine levels in patients with phenylketonuria who previously responded to
sapropterin therapy [35,37]. Bars are 95% CI.

Fig. 3. Durability of the effect of sapropterin dihydrochloride on phenylalanine in
patients with phenylketonuria who previously responded to sapropterin therapy
[35,37]. Patients were responders from a previous dose–response trial: columns
show mean changes from baseline in blood phenylalanine in an extension to this
trial during which sapropterin treatment was adjusted individually, based on blood
phenylalanine responses. Bars are 95% CI.
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tration of a single dose of BH4, 20 mg/kg, followed by serial mea-
surements of blood Phe during the following 24 h. This test consid-
ered a reduction in blood Phe of at least 30% as the primary
determinant of BH4 responsiveness [40,41]. Using this test (single
20 mg/kg administration with blood Phe monitoring over 24 h
and with the 30% cut-off), the overall prevalence of BH4 respon-
siveness in patients with PKU was found to be 46% [31]. It should
be noted, however, that this test of BH4 responsiveness is not con-
sistent with the FDA-approved Prescribing Information for Kuvan�

(sapropterin dihydrochloride) [37]. Fig. 4B is the optimized proto-
col proposed by the European working group on PKU (authors of
this article). This 48-h protocol follows the current practice in Eur-
ope and is based on experience with the unregistered BH4 formu-
lation over the last 8 years. It aims to relax, or even discontinue,
dietary Phe restriction, if indicated as appropriate by the BH4 re-
sponse. An option would be to perform the 24-h test first to deter-
mine the initial responders and to do a second (24-h) test later for
patients who showed a rather slow responsiveness (<30%) in the
first test. In addition to the recommended blood sampling at 0, 8,
16, and 24 h after sapropterin administration, a 4-h sample may
be useful in the detection of BH4-deficient patients. In some in-
stances, the blood sampling can be done at home. The decision to
combine sapropterin with a low-Phe diet, or to introduce a mono-
therapy with sapropterin, is based on the individual Phe tolerance

and on the targeted therapeutic range for blood Phe levels. Regard-
less of the protocol used, only the long-term follow-up of initial
responders with a constant therapeutic control of blood Phe levels
can justify the application of sapropterin.

Genotyping

Genotyping represents another potential means of identifying
patients suitable for treatment with sapropterin, and a series of spe-
cific mutations in the PAH gene have been associated with partial
BH4 responsiveness [43–46]. One study showed that patients with
PKU and the same specific mutations in the PAH gene differed in their
responses to a BH4-loading test [47]. However, it was reported later
that one of these patients was initially loaded with an old formula-
tion of BH4 and that both siblings showed the same response to
BH4 [48]. The authors concluded that factors other than the PAH
genotype (e.g. BH4 pharmacokinetics) contributed to BH4 respon-
siveness in PKU [49]. Moreover, the use of genotyping to predict
BH4 responsiveness is complicated by the fact that most patients
with PKU resulting from PAH mutations present as compound het-
erozygotes [43]. While genotyping may be useful to some extent in
predicting a higher or lower probability of BH4 responsiveness
[45], this approach requires further investigation before it can be
used as a definitive diagnostic test for this phenomenon.

Check blood Phe

M
aintain low

-Phe diet throughout

Sapropterin HCL
10 mg/kg for 1 week

Increase sapropterin HCL dose
weekly to maximum of 20 mg/kg/day
(maximum treatment period 1 month)

Measure Phe 1–2 weeks after
each dose adjustment

Clinically
significant   Phe?

Y

N

Clinically
significant   Phe?

Adjust dose (5–20 mg/kg/day)
to optimize blood Phe

Monitor blood Phe frequently

Stop
treatment

Y N
M

aintain protein intake constant

Day 0
Check blood Phe

at –8, –16, and –24h

Day 1
Sapropterin HCL

20 mg/kg for 24h

Day 2
Sapropterin HCL

20 mg/kg for 24h

Adjust dose to 5–20 mg/kg
to keep blood Phe in

therapeutic range

Monitor blood Phe
frequently

Stop test

Y

Y

N

N

R
educe or stop diet

Phe   by ≥30%
at 8, 16, and 24h

Phe   by ≥30%
at 8, 16, and 24h

A B

Fig. 4. Recommendations for screening and for treatment initiation with sapropterin in patients with BH4-responsive phenylketonuria. (A) According to US FDA-approved
Prescribing Information [37]. (B) Optimized protocol proposed by the European working group for phenylketonuria (authors of this article). HCL, hydrochloride; N, no; Phe,
phenylalanine; Y, yes.
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Practical aspects

Patients diagnosed as BH4-responsive need a careful and fre-
quent follow-up of blood Phe levels while adjusting or discontinu-
ing dietary regime. Sapropterin dosage is usually adjusted
according to the actual Phe tolerance and therapeutic blood Phe
target levels (initial dosage, 10 mg/kg/day) [50]. Patient doses are
subsequently up- or down-titrated (range: 5–20 mg/kg/day).

Table 2 summarizes important information relating to the ther-
apeutic use of sapropterin. The preparation is available as 100 mg
soluble tablets, taken as a single dose with food in the morning.
No formal drug interaction studies have been performed with this
agent in humans; however, pharmacokinetic or pharmacodynamic
interactions may occur with certain agents that influence BH4

metabolism, such as methotrexate or trimethoprim. If the long-
term response to sapropterin is inadequate, the physician should
explore the possibility of poor compliance with sapropterin treat-
ment or with diet before adjusting the dose. Although, levodopa
is listed as a precaution in Table 2, patients with BH4 deficiency
can be safely treated with combination therapy (BH4 + levodopa).
In Europe, sapropterin is indicated for the treatment of HPA in
adult and pediatric patients with PKU (>4 years of age) or BH4 defi-
ciency (all ages) who have been shown to be responsive to such
treatment.

Conclusions

Treatment with sapropterin has been shown to markedly re-
duce blood Phe levels in a substantial proportion of patients with
PKU. In this article, we propose a simple BH4-loading test, allowing
fast discrimination between responders and non-responders. Indi-
vidual responsiveness should be correlated to the patient’s geno-
type and, in the case of discrepancy between the responsiveness
and genotype, sapropterin pharmacokinetics should be
investigated.

Although loading-test data from well-designed clinical studies
are now available, further studies are required in order to assess
the relevance of the simple BH4-loading test to identify candidates
for potential sapropterin treatment. Sapropterin significantly im-
proves the management of patients with milder or moderate forms
of PKU who respond to this treatment and it is crucial to have un-
ique guidelines on how to identify responsive patients and how to
improve their quality of life through avoiding or reducing the bur-
den of the low-Phe diet.
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