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Abstract :Background: Phenylketonuria (PKU) is a metabolic disorder characterized by high phenylalanine (Phe)
levels in blood. Tissue accumulation of L-phenylalanine (Phe) is the biochemical hallmark of human
phenylketonuria (PKU), an inherited metabolic disorder clinically characterized by mental retardation and other
neurological features. The mechanisms of brain damage observed in this disorder are poorly understood. S-100B
protein is highly specific for nervous tissue where its role is not yet fully understood. Objective: The aim of our
study was to determine the diagnostic value of measuring S-100b in the serum of PKU patients as a marker for brain
lesion. Additional validity should be acquired by a comparison with plasma levels of phenylalanine. Methods:
Nineteen PKU patients from 15 families were selected from the clinic for special needs at the National Research
Centre. Their age ranged between 2 and 20 years in addition to 15 healthy controls with same age. Blood samples
were drawn to investigate circulating serum levels of S-100b using ELISA technique for all the studied cases.
Results: Statistical significant increase of serum S-100B concentrations was present in PKU patients compared to
controls. Regarding sensitivity and specificity, PKU patients, serum neural protein S-100b showed high sensitivity
and specificity values. In addition, there was non significant negative correlation between S100B and Phe
Conclusion: we concluded that serum S-100B blood could be a useful peripheral marker of nervous system damage
in patients with phenylketonuria.
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1. Introduction microcephaly (van Spronsen et al., 2009). The vast

Phenylketonuria is a rare metabolic disorder majority of cases are now identified via neonatal
with an estimated prevalence of 1:10,000, i.e. an screening programmers, allowing timely intervention
orphan disease. Inheritance is autosomal recessive to avoid severe consequences. However,
caused by mutations in the phenylalanine insufficiently controlled Phe concentrations may still
hydroxylase = gene. This enzyme  converts result in neuro-cognitive symptoms, such as a
phenylalanine to tyrosine which is also a precursor decrease in intelligence quotient (IQ), attention,
for dopamine. Partial or complete enzyme inactivity executive function (such as planning, working
results in the accumulation of phenylalanine in memory, inhibition, flexibility and behavioral issues),
tissues, blood (hyper-phenylalaninemia) and other and psychosocial effects in later childhood,
body fluids (Albrecht et al., 2009). continuing into adulthood (DeRoche et al., 2008;

Untreated phenylketonuria causes severe Waisbren et al., 2007).
neurological impairment, mental retardation and A low-Phe diet currently forms the principal
behavioral difficulties. Although there is no doubt strategy to limit Phe accumulation in the blood and,
that blood phenylalanine has a detrimental effect in therefore, in tissues such as the brain (MacDonald
the brain (Scriver, 2007), the ultimate causes for this and Asplin. 2006). The low-Phe diet restricts the
effect remain hypothetical (Hoeksma et al., 2009). If intake of high-protein foods, and the remaining
left untreated from birth, this results in rapid nutritional requirements must be obtained from Phe-
accumulation of toxic concentrations of Phe in the free amino acid supplements (protein substitute) and
blood, Ileading to severe brain damage and special or natural foods that are low in Phe, the nature
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and availability of which can vary geographically
(Weetch and MacDonald, 2006).

The term S-100B refers to members of a
multigenic family of calcium-modulated proteins
(S100 proteins), mostly of low molecular mass (=10
000 Da), that were first identified (on the basis of
methods available at the time) as a protein fraction
detectable in brain but not in non-neural extracts and
called S100 because of their solubility in a 100%-
saturated solution with ammonium sulfate (Moore,
1965). At present, at least 20 proteins have been
identified as belonging to the S100 protein family, the
members of which are characterized by the presence
of a pair of so-called EF-hand (i.e., helix-loop-helix)
calcium-binding motifs (Kawasaki et al., 1998), first
discovered in the crystal structure of parvalbumin
(Kretsinger and Nockolds, 1973), that induce
conformational changes of the protein after binding to
calcium (Donato, 2001; Heizmann, 1999). This
conformational change may facilitate the interaction
of S100 proteins with secondary effectors: S100
proteins are generally thought to be calcium sensor
proteins that modulate biological activity via calcium
binding (Ikura, 1996). In addition, some S100
members (Schafer et al, 2000; Nishikawa et al.,
1997) have been shown to bind Zn®* and Cu®’,
suggesting the possibility that their biological activity
in some cases might be regulated by Zn>" and/or
Cu”', rather than by Ca*" (Heizmann and Cox, 1998).
Aim of this study: Since S-100B protein is a
biomarker of neural tissue damage and PKU is a
neurodegenerative disease, we aimed to investigate
whether S-100B is related to CNS damage of PKU
patients and to their blood Phe levels.

2. Material and methods
Patients screening

The present study was carried out on 19
PKU patients (12 males and 7 females) from 15
families selected from the children with Special
Needs Clinic and Clinics Department, National
Research Centre. Their age ranged between 2 and 20
years. In addition, 15 healthy matched subjects of age
and sex were ascertained as control group.

All selected cases were selected at the time
of the diagnosis of the index cases by elevation of
serum levels of Phenylalanine (Phe) which was done
by an enzymatic colorimetric assay (Scriver et al.,
1989) for all studied cases.

Participants were classified into three age
groups: children with mean age below 13 years,
adolescents with mean age between 13years and 18
years, and adults older more than 18 years.

All PKU patients were managed with low
phe diet the time they diagnosed
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Clinical Investigation: All PKU patients were on
low phe diet.

e 3 patients had abnormal EEG and received
Carbamazepine in addition to low phe diet

e Also 6 patients received Sodium valproate.

e On the other hand 5 patients had autistic
features receiving Risperidone.

Intelligence quotient (1Q):

All the patients were tested using Stanford-
Binet Intelligence scale: Fourth Edition (Thorndike et
al., 1986) according to their age. The degree of
mental retardation (MR) was evaluated according
(Menon et al., 2003): normal ~80, borderline =70-90,
mild = 51-70, moderate = 36-50, severe = 21-35,
profound = 0- 20.

Clinical Investigation
Collection of Blood Samples

Blood samples were collected from (controls
and PKU patients) by venous arm puncture into
tubes, The tubes containing blood without adding
anticoagulant were centrifuged after 30 minute at
(3000 r.p.m for 10 minutes at 4° C) to separate the
serum. The serum samples were divided into small
aliquots and kept frozen until analysis.

Laboratory Investigations

e Serum concentrations were performed by
using a commercially available the RD 192090100
Human S100B ELISA Kit.

e Total serum protein was assessed by
colorimetric method using commercially Stanbio
Total Protein Loiqui-Color Kit. This method is based
on the reports of Weischeslbaum (1946) and Gornal
et al.,(1949).

e Determination of Total Calcium in serum by
colorimetric method using commercially available
Kit from STANBIO Company. The procedure
presented is based essentially on the micro-method of
Saker and Chauhan (1967).

e Jonized calcium was calculated according to
Zeisler Formula (1954)

Statistical analysis of data, Package for

Social Science (SPSS for Windows Release
11; SPSS Inc., Chicago, IL, USA) was used. Data
were analyzed by two-way ANOVA. As no variable
was simultaneously Gaussian in the groups of study,
differences were tested with the Mann—Whitney U
test. Correlation coefficients were estimated with the
Spearman test. For the evaluation of categorical
variables, Chi square test was used. All tests were
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two sided and P wvalues < 0.05 were considered
significant.

3. Results

Among the 19 patients with PKU studied,
PKU was proved to have high level of Pha
concentration. The diagnosis of Mental retardation
was based on 1Q Score (Table 1)

Table 1. Demographic and clinical data of the studied

group

#N

No. of Family groups 15
Gender Females 7

Males 12

Total 19

Age 0-12 yrs 12
(years) 13-18 yrs 6
Over 18yrs 1

Severity of Classic(severe) | 10
PKU Moderate 7
MHP 2
Degree of Borderline 2
Mental Mild 1
Retardation Moderate 7
Severe 8
Not available 1

#N.: no of cases

The results of the SI00B in PKU showed
that S100B level was significantly increased in PKU

cases when compared to healthy control group
(F=43.771, P<0.0001). In addition, Total calcium
(Ca) and ionized Calcium (Ca™) were significantly
decreased in PKU when compared to healthy
controls (F=35.121, P<0.0001 and F=27.155, P
<0.0001 respectively).In addition the results of the
Total Protein (TP) in PKU Showed that there was no
statistical variation between the mean values of TP in
PKU (7.71+0.22gm/dL) when compared to healthy
controls(7.54+ 0.19gm/dL) (F=0.333, P=0.568)
(Table 2)

The best Cut off value of S100B was 1866
pg/ml (the sensitivity and PPV values were 100 %
and 86.4% respectively but the specificity and NPV
were 80% and 100 % respectively(Table 3) The area
under the curve of S100B was 0.942 (Table 4, Fig.1).
The predictive value of S100B for discriminating
between individuals with and without PKU was
assessed by calculating the area under the ROC
curve.

Correlation between S100B and Phe, 1Q, TP, Ca
and ionized Ca*? in PKU Cases:

There was no significant positive correlation
between S100B and both of IQ, Ca and ionized Ca™
(r=0.368, P=0.133, r=0.256, P=0.290 and r=0.272,
P=0.260 respectively) in PKU Cases. In addition,
there was non significant negative correlation
between S100B and both of Phe and TP ( r=0.173,
P=0.479 & r=-0.157, P= 0.521 respectively) in PKU
Cases (Table 5).

Table 2. Summarized for data Age, Pha Conc., IQ Score, Total Protein (TP)( g/dL), Total Calcium (Ca), lonized
Calcium (Ionized Ca™*) mg/dL) and S100B (Pg/ml) in Control and PKU Groups.

Group Age Phe 1Q TP Total Ca Ionized S100 B
(years) | (mg/dl) (gm/dl) (mg/dl) Ca" (pg/ml)
(mg/dl)
Controls | Range 5.00 2.5 83 6.50 8.50 3.00 398.00
© 19.00 | 5.5 98 8.50 11.90 5.40 3981.00
Mean 9.87 4.03 102.5 7.54 10.66 447 1541
+SE 1.33 0.25 1.23 0.19 0.25 0.17 256.381
N 15 15 15 15 15 15 15
PKU Range 2.00 7.00 21. 6.20 5.10 2.00 1995.00
21.0 37.0 80. 8.90 13.00 5.90 5248.00
Mean 9.89 20.67 41.50 7.71 7.50 3.07 3767.1
+SE 1.19 1.71 3.83 0.22 0.43 0.20 220.07
N 19 19 18 19 19 19 19
ANOV F 0.333 35.121 27.155 43.771
A test P 0.568 0.000 0.000 0.000
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Table (3): Cut off, Sensitivity, Specificity, PPV, NPV, and Accuracy for SI00B

Diagonal segments are produced by ties

Fig (1): ROC curve of S100B

Parameter Cut off Sensitivity Specificity PPV* NPV Accuracy
(pg/ml.)
S100B 1866 100 80 86.4 100 91.17(31/34)
Table (4): Area under Curve of S100B
ROC curve Asymptotic 95%
10 Confidence Interval
Std. ’ Asymptoti |1 gwer Upper
o1 Area |Error® |c Sig.” Bound Bound
Zory 0.942 10.040 [0.000 0.864 1.020
1 - Specificity

Table (5): Correlation between S-100B and Other Biochemical Parameters in PKU Cases

Diagnosis 100p |Tonized Ca" Ca TP
age Pearson Correlation| 0.285 -0.056- -0.036- 0.217
KU Sig. (2-tailed) | 0238 | 0.818 0.885 | 0373
N 19 19 19 19
Phe Pearson Correlation | -.173- -.361- -.320- 405
Sig. (2-tailed) 479 129 181 .085
N 19 19 19 19
1Q Pearson Correlation| .368 262 410 475%
Sig. (2-tailed) 133 294 .091 .046
N 18 18 18 18
Ca Pearson Correlation| .256 965%** -—-- -.016-
Sig. (2-tailed) 290 000 | - .947
N 19 19 | - 19
Ionized |Pearson Correlation| .272 -—-- 965** -.242-
Ca” Sig. (2-tailed) | 260 000 318
N 19 - 19 19
TP Pearson Correlation | -.157- -.242- -.016- ---
Sig. (2-tailed) 521 318 .947 ---
N 19 19 19 ---

* P values < 0.05 were considered significant.
** P values < 0.0001 were considered very high significant.
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According to the different ages group

There were no statistical variations in S-
100B between different age groups [F=.050,
P>0.05(P=0.826)](Fig.2). In the group of age (0-
12yrs), there was no significant negative correlation
between S100B and both of Phe, Ca and ionized Ca*"
(r=-0.0.222, P=0.0.607, r=-0.237, P=0.651 and r=-
0.0.590, P=0.217 respectively) However, there was
no significant positive correlation between S100B
and 1Q and TP (1=0.575, P=0.232 and r=-0.411, P=
0.419 respectively).

| $100B Conc. According to Ages Group
6000

5000

4000

3000 +——

S100B (pg/ml)

2000 +——

1000 +—

0 f

0-12yrs  13-18yrs overl8yrs

AgesGroup

Fig. (4): Mean Values for S100B Conc. in Different
Age group s of PKU

According to Severity of PKU:

The results revealed that there was no
variation between different severity of PKU groups
(F=2.998, P=0.104).

In Classic Phe severity. There was no
significant positive correlation between S100B and
both of Phe, IQ, Ca and ionized Ca®'
(r=0.251,P=0.0.484,r=317, P=0.373, r=0.330,
P=0.352 and r=0.463, P=0.0.178 respectively). As
well as in Moderate Phe severity, there was non
significant positive correlation between S100B and
both of Phe and IQ (r=0.490, P=0.262 and r=-0.0.233,
P=0.615 respectively), but there was non significant
negative correlation between S100B and both of Ca
and ionized Ca'*(r=-0.083-, P=0.859 and r=-0.146-,
P=0.754 respectively)

According to Degree of Mental Retardation
(Depended on IQ Score) in PKU:
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The results indicated that the mean values +
SE of S100B in Borderline (B), Moderately (Mod)
retarded and Severely (S) retarded of Mental
retardation in PKU were 4898.5+112.5,
3941.94252.71and 3380.1+411.26 pg/ml respectively
with ranges of 4786-5011,3162-5128 and 1995-5248
pg/ml respectively, Statistically, there was no
significant changes between these groups (F=0.05,
P=0.826).

As well as the result showed one case have
Mild Mental retardation and another one haven't IQ
score.

4. Discussion

Phenylketonuria (PKU) is the most common
inherited disorder of amino acid metabolism that
arises from a single enzyme deficiency of
phenylalanine hydroxylase, which converts the
essential amino acid phenylalanine to tyrosine.
Failure of this conversion results in the accumulation
and elevation of phenylalanine in blood and tissues.
Elevated concentrations of phenylalanine and its
metabolites interfere with normal development of the
central nervous system, leading to severe mental
retardation. In PKU, plasma Phe concentrations may
reach 400-1800 gmol/L and are harmful especially
during the first year of life (Leader et al., 2008).

Our study showed a significant negative
correlation between concurrent Phe level (ranged
from 7 to 37 mg\dl) and IQ score (ranged from 21 to
80) for the affected individuals' .Our results agreed
with previous investigators (Antshel et al., 2003;
White et al., 2002).

It is generally accepted that early-treated
children with classic PKU suffer loss of IQ scores if
the diet is discontinued, and children who are
maintained on phe- restricted diet are more likely to
achieve higher IQ scores and greater school
achievement than those who discontinue the dietary
management (Sharman et al., 2009; Susan et al.,
2007).

On the other hand, another longitudinal
study of intelligence among early-treated patients
with PKU concluded that for each 300 pmol/l
(5mg\dl) increase in phe level, IQ measured during
pre-school years decreased by 0.5 SD (approximately
7 points) up to 10 years of age, after which time 1Q
remained reasonably stable (Burgard, 2007).

The measurement of biomarker of neural
tissue damage such as S-100B protein may offer an
alternative and direct indicator of cell damage in the
nervous system when clinical and radiologic signs are
not yet fully manifest and it is recommended to
additional advantage of providing a quantitative
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indicator of the extent of brain lesion (Steiner et al.,
2010).

Several reports have been published
regarding the expression of S100B in patients with
Phenylketonuria, Down’s syndrome, in children with
cerebral palsy or delayed development (Steiner et al.,
2010).

Previous authors reported that higher
concentrations of serum S-100B protein in normal
neonates and children compared to adults could
reflect the ongoing central neuro-developmental
processes occurring during these different stages of
life (Mori et al, 2009) the proliferation and
maturation of glial cells, growth of neuritis and
formation of synapses have been documented to be
the most important functions of S-100B in
morphogenesis (Tateihi et al., 2006).

Our results showed a significant increase in
S-100B levels in the affected cases and a significant
correlation between S-100B and phe and total protein
(TP) .Our data are in agreement with corresponding
data reported by other investigators (Boneh et al.,
2006; Alarcon et al., 2005; Foerch et al., 2005;
Marchi et al., 2004; Park et al., 2004; Schulpis et al.,
2004).

Marchi et al, (2004) reported that serum
S100B is an ideal marker of blood-brain barrier
integrity, because with a molecular weight of 21 kDa
(S100B dimer) it may not penetrate through an intact
blood-brain barrier. Furthermore, its concentration is
high in central nervous system fluids and normally
low in blood. Indeed, serum levels of SI00B were
directly correlated with an experimental damage of
the blood-brain barrier.

One hypothesis is that S-100B accumulates
in the extracellular space after astrocyte death or due
to increased release by activated astrocytes, or after
cellular disintegration of the damaged parenchyma.
Under these conditions, the S-100B concentration
may be in the micromolar range and the protein may
become toxic due to its stimulatory effects on nitric
oxide (NO) production by astrocytes and microglia. It
interacts with receptor for advanced glycation end
product (RAGE) on neurons and RAGE mediated
neuronal apoptosis, or stimulates of interleukin-6
(IL-6) secretion by neurons (Alarcon et al., 2005). In
this regard, it is noteworthy that RAGE is up
regulated in many tissues including brain, during
development and in the course of pathologic states
i.e., under conditions in which many cells are
destined to die by apoptosis. RAGE therefore may be
an important progression factor in several disease
states, and S-100B might be one crucial RAGE ligand
in the brain (Alarcon et al., 2005).
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Similarly, it was suggested that elevated S-
100B levels are involved in the development of
Down's syndrome; its expression was also correlated
with the density of dystrophic neuritis with over-
expressed P-amyloid precursor proteins (APPP)
(Medana et al., 2007). Recent evidence indicates that
high levels of S-100B in cerebrospinal fluid CSF
increase the risk of repeated seizures in children with
severe infection due to axonal injury (Medana et al.,
2007).

Our results showed a significant negative
association between S-100B and both Total Calcium
(Ca) and Ionized Calcium (Ca”") in the affected cases
although S-100B plays an important role in Calcium
homeostasis. Our data agree with previous studies
that reported similar findings (Wojda et al., 2008;
Mattson et al., 2004; Petzold et al., 2003).

S-100B is involved in calcium homeostasis.
For example, glial cells from mouse S100B null
cerebellar cultures have been reported to display
enhanced calcium transients in response to potassium
chloride (KCl) or caffeine suggesting a role of S-
100B in cytosolic calcium buffering. This observation
is difficult to reconcile with the relatively low affinity
of S-100B for calcium in vitro but one cannot exclude
the possibility that normally S-100B modulates the
activity of one or more effect or proteins (calcium
channels/endoplasmic  reticulum  ATPase) that
regulate the levels of cytosolic calcium with ensuing
abnormality in calcium handling in the absence of
S100B (Petzold et al., 2003).

In conclusion, our findings support the
hypothesis of a positive relationship between serum
S-100B level and Phe blood level in PKU patients,
and estimation of S-100B blood could be a useful
informative peripheral marker monitoring the toxic
effect of phe on central nervous system and direct
indicator of cell damage in nervous system.
Moreover, the combination of this marker with other
diagnostic techniques may the way forward to
improve the clinical assessment of patients with
PKU.

Our study emphasized the correlation
between early-dietary intervention and IQ score
improvement in children with classic PKU.

Further studies with increase number of
cases are highly recommended.
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