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Fig. 2. Deduced amino acid sequence of the carboxyl terminal region {the cytoplasmic tail) of the F protein of the measles and SSPE
viruses. Asterisks indicate amino acids identical to the corresponding residues of the Edmonston strain. Positions relative to the
second AUG codon of the open reading frame of the F protein are indicated at the top. The F protein sequences of the Biken,
1P-3-Ca, and Yamagata-I strains of SSPE viruses were from Watanabe et al. (1995), Cattanco «t al. (1939) and Komase et al. (1990},

respectively.

tivity. There was no common amino acid substitu-
tion found only among the three SSPE strains,
and the substitutions were scattered m the extra-
celtular domain of the protein.

Concerning the cytoplasmic domain of the F
protein, however, all three strains of SSPE virus
were markedly affected, whereas the extent and
the mode of alteration differed among the strains
(Fig. 2). The predicted F protein sequences of the
three sibling viruses of the Osaka-1 strain showed
six nonconservative amino acid substitutions, in
addition to elongation of the C-terminus by 29
residues. In contrast, C-terminal truncation with
two nonconservative substitutions was found in
the sequences of the three sibling viruses of the
Osaka-3 strains. The Osaka-2 Fr/V and Osaka-2
F1/B sibling viruses of the Osaka-2 strain had six
and five amino acid substitutions, respectively,
showing neither elongation nor truncation.

The common feature among the F genes of the
SSPE viruses was the overall conservation of the
F protein-coding capacity despite the predicted
numerous amino acid substitutions. This contrasts
with the mutation of the M gene of SSPE viruses,
which severely affected the expression of the M
protein (Cattaneo et al., 1986, 1987, 1988a,b; Ay-
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ata et al., 1989, 1998a,b; Seto et al., 1999). Biased
hypermutation, which was commonly found in
the M genes of the SSPE virus Osaka-1, -2, and -3
strains (Ayata et al., 1998a), was not obvious in
the F genes of the same strains. A subtilisin-re-
lated protease cleavage site at amino acid residues
108—112 and the hydrophobic region located at
amino acid residues 113-136, which has been
postulated to play an important role in fusion
activity (Richardson et al., 1986), was perfectly
conserved. Cysteine residues used for the disulfide
bond formation at amino acid residues 68 and 195
(Griffin and Bellini, 1996) were also conserved.
There was no amino acid substitution at the po-
tential sites of glycosylation {(at amino acid
residues 29, 61, and 67) or of palmitoylation (at
amino acid residues 503, 515, and 521) (Caballero
et al., 1998). An A to G transition generated an
arginine to glycine substitution at residue 70,
which was found in two of the three sibling
viruses of the Osaka-3 strain, might be significant
for viral survival in the brain based on the fact
that amino acid residue 70 plays a role in the
dominant antigenic site of the F protein (Fayolle
et al., 1999). In addition, no common substitu-
tions in the F protein sequences were found
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among the four SSPE viruses including the Biken
strain (Watanabe et al., 1995), an SSPE virus
closely related to the Osaka-1 and -3 strains (Ay-
ata et al., 1998b).

When the predicted amino acid sequences of
the F proteins were compared in order to consider
the evolutionary relationship between the Osaka-3
Bs/V (or the Osaka-3 Bs/B) and the Osaka-3
Oc/V sibling viruses, a newly created premature
termination and eight substitutions, for 14 and 14
amino acid differences between the Nagahata
strain and the Osaka-3 Bs/V, and between the
Nagahata strain and the Osaka-3 Oc/V, respec-
tively (Table 2), were common to the two sibling
viruses. Six and six amino acid substitutions inde-
pendently occurred in the Osaka-3 Bs/V and the
Osaka-3 Oc/V sibling viruses, respectively. There-
fore, it is likely that the Osaka-3 Bs/V and the
Osaka-3 Qc/V viruses emerged separately, accord-
ing to the progression of SSPE, from an interme-
diate ancestor that contained the common
substitutions.

As previously indicated by Schmid et al. (1992),
it is noteworthy that the cytoplasmic tail of the F
protein was found to be targely affected in all
three strains of SSPE viruses, whereas the extent
and the mode of alteration were different among
the strains. These variations might have been the
result of selectivity for persistence in the brain.
Thirty-three residues of the cytoplasmic tail of the
F protein were identical among the known wild-
type MVs, whereas the predicted F protein of
three sibling viruses of the Osaka-1 strain had six
nonconservative amino acid substitutions in this
region. Further, a U-C transition at the authentic
termination codon for the F protein of MV re-
sulted in elongation of the C-terminus by 29
residues. Similar elongation of the cytoplasmic
tail was found in the brain of SSPE patient P
(Schmid et al., 1992). In contrast, in the sequence
of the Osaka-3 strain, a U-G transversion gener-
ated a premature termination codon and resulted
in a truncation of the C-terminus by five residues,
in addition to two nonconservative substitutions.
Truncations of the cytoplasmic tail were very
common, and were found in the brains of SSPE
patients A, B, F, G, O, R, and S (Schmid et al,,
1992), as well as in the F protein of the Biken

(Watanabe et al.,, 1995) and the [P-3-Ca strains
(Cattaneo et al., 1989). The C-terminus of the
Yamagata-1 strain was also truncated and had an
altered reading frame (Komase et al., 1990). Al-
though the termination codon conserved for the F
protein of the Osaka-2 strain was similar to that
found in the brains of SSPE patients D and K
(Schmid et al., 1992), five and six substitutions
were predicted in the F protein of the sibling
viruses of Osaka-2 Fr/B and Osaka-2 FrjV, re-
spectively. These changes could greatly alter the
primary and the secondary structure of the cyto-
plasmic tail of the F protein, and would affect
possible interaction with other proteins such as
M, H, and N to alter the virus assembly within
membrane rafts, virus release (Naim et al., 2000;
Vincent et al.; 2000), and fusogenic activity. Cath-
omen et al. (1998b) reported that the recombinant
MYV with altered cytoplasmic tails of the envelope
glycoproteins produced a larger syncytium than
that of its parental MV. In addition, M-less MV
showed enhanced syncytium forming ability and
restricted virus production (Cathomen et al,
1998a), suggesting that F and H proteins need to
interact M protein at the cell membrane. Since all
of our SSPE strains are defective M protein ex-
pression, both acquired characters of M protein
defectiveness and altered cytoplasmic tail of the F
protein might be much of significance in develop-
ing of MV into SSPE virus in patient brains. The
reason why the F genes with a highly mutated
cytoplasmic tail are selected in the brains of SSPE
patients is not fully understood. An exception was
the F protein analyzed directly from a cloned gene
from SSPE patient C, a patient with measles
inclusion body encephalitis (MIBE), in which the
cytoplasmic tail was not altered (Cattaneo et al.,
1985). Although the characteristics of the viruses
isolated from SSPE and MIBE patieats might be
similar {Roos et al., 1981; Ohuchi et al., 1987), the
mechanisms of the emergence or the evolution of
the virus might be different. It is of great interest
that the recombinant virus with an SSPE virus-
like cytoplasmic tail of the F protein penetrated
more deeply into brain parenchyma but demon-
strated rather reduced neurovirulence to mice
when it was inoculated into the brains of CD46
transgenic mice (Cathomen et al., 1998b). Studies
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of mutations commonly found in SSPE viruses
using reverse genetics technology will provide fur-
ther evidence to clarify our understanding of the
molecular mechanisms of MV persistence in the
brain.
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Abstract Molecular analysis of the a-N-acetylglucosami-
nidase gene in seven Japanese patients with Sanfilippo syn-
drome type B from six unrelated families was carried out,
and six disease-causing mutations were found. The parents
of Patient 2 had a consanguinous marriage, but other fami-
lies did not have any record of consanguinity. Two families
were from Okinawa Island, where more patients with
Sanfilippo syndrome were found than in other areas in
Japan. Patients 1 and 6 showed the most severe pheno-
type with rapid progression. Patients 2, 5, and 7 were mod-
erate. Patients 3 and 4 (sib cases) showed an attenuated

form compared with other patients. Patients 1,2,and 6 were

homozygous for R482W, RS565W, and R565P, respectively.
Patients 3 and 4 were compound heterozygous for F314L
and R565P. Patient 5 had delTG2171-2172 in exon 6 in one
allele, and the other allele was unknown. Patient 7 was
compound heterozygous for V241M and R482W. The
family of Patients 3 and 4 and that of Patient 6 are unre-
lated, although both families are from Okinawa Island, and
the patients have the same mutation, R565P; thus, R565P
might be a common mutation in the Okinawa district.
F314L and V241M are novel mutations.
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Introduction

Sanfilippo syndrome, mucopolysaccharidosis type 11,
is characterized by severe central nervous system
degeneration, but shows only mild somatic disease.
Such disproportionate involvement of the central ner-
vous system is unique among mucopolysaccharidoses.
Patients with Sanfilippo syndrome are classified into
four types based on deficient enzymes: heparan N-sulfatase
(type A), a-N-acetylglucosaminidase (type B), acetyl
CoA: a-glucosaminide acetyltransferase (type C), and
N-acetylglucosaminide 6-sulfatase (type D) {Neufeld and
Muenzer 2001). Type A is the most common subtype, and
type B is the second most common among Sanfilippo syn-
drome patients in northern Europe (OMIM #252900 and
#252920) and in Australia (type Aitype B = 1.9:1) (Weber
et al. 1999). However, among Japanese patients, type B is
more frequent than type A (type A:type B = 1:1.2) accord-
ing to the registered members of the Japanese Society of the
Patients and the Families with Mucopolysaccharidoses.

The a-N-acetylglucosaminidase gene has been isolated
and characterized (Zhao et al. 1996; Weber et al. 1996),
and many disease-causing mutations have been reported
(Bunge et al. 1999; Coll et al. 2001; Emre et al. 2002). Type
B is reported to be phenotypically heterogenous with severe
and mild forms (Zhao et al. 1998, Weber et al. 1999)
compared with type A, although most of the disease-caus-
ing mutations reported so far have been for the severe
phenotype.

This is the first report of mutation analysis of the
a-N-acetylglucosaminidase gene in Japanese patients with
Sanfilippo type B.

Patients and methods
Patients

Patient 1 was an 8-year-old boy. He showed speech delay at
the age of 2 years, and the diagnosis of Sanfilippo type B
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was made when he was 4 years old. He showed coarse facial
features, joint stiffness, and hepatomegaly. He deteriorated
rapidly: He could speak only one-word sentences when he
was 3 years old, he could not speak at all when he was 5
years old, and he could not walk at the age of 6 years.

Patient 2 was a male patient who died of respiratory
infection at the age of 26 years. He was noted to have
hyperactivity and speech delay at the age of 3 years. He was
diagnosed with Sanfilippo type B at the age of 4 years. He
showed coarse facial features and joint stiffness. He could
not talk at the age of 9 years, seizures appeared when he was
13 years old, he became bedridden at the age of 15 years,
and nasal tube feeding was instituted at the age of 19 years,

Patients 3 and 4 were siblings aged 20 and 18 years,
respectively. Neither patient showed abnormal facial fea-
tures. Patient 3, a brother, was noted to have delay of
speech at the age of 3 years, and showed hyperactivity at the
age of 5 years. He could talk and walk until the age of 8 and
14 years, respectively. Seizures appeared at the age of 10
years. Patient 4, a sister, was noted to have hyperactivity at
the age of 6 years. She could not talk when she was 14 years
old, and sleep disorders appeared at the age of 16 years. She
could walk and had no seizures at the age of 13 years.

Patient 5 was a 9-year-old boy. He showed coarse facial
features and developmental delay at the age of 3 years, and
showed hyperactivity at the age of 6 years. He could walk
but could ntot talk at the age of 9 years.

Patient 6 was a 5-year-old girl. She was noted to have
speech delay and hyperactivity at the age of 2 and 3 years,
respectively. She showed coarse facial features. She could
speak one-word sentences at the age of 5 years.

Patient 7 was a S-year-old boy. He had a large skull and
hepatomegaly, and showed hypertrichosis. He showed a
delay of speech but no hyperactivity at the age of 5 years.

The parents of Patient 2 had a consanguinous marriage,
but other families did not have any record of consanguinity.

a-N-acetylglucosaminidase assay

The activity of a-N-acetylglucosaminidase was analyzed
in cultured skin fibroblasts (Patients 1, 3, 4, and 6) or in
lymphocytes (Patients 2, 5, and 7} by the method described
previously (Marsh and Fenson 1985) using the fluorogenic
substrate of 4-methylumbelliferyl-a-N-acetylglucosaminide
(Sigma-Aldrich, Tokyo, Japan).

Molecular analysis

Cultured fibroblasts were used in Patients 1, 3, 4, and 6, and
peripheral white blood cells were used in Patients 2, 5, and
7. Genemic DNA was extracted by the standard method.
Each exon of the a-N-acetylglucosaminidase gene was
amplified by polymerase chain reaction (PCR) according to
the method of Schmidtchen et al. (1998) with some modifi-
cations. PCR products were sequenced by the direct se-
quencing method using a capillary sequencer ABI PRISM
310 Genetic Analyzer (Perkin Elmer Japan/ABI, Chiba,
Japan) with a dRhodamin Terminator Cycle Sequencing
Kit from the same company.
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Table L. a-N-acetylglucosaminidase activity in six patients with MPS$
j{)8:3

Activity (nmol/mg/h}
Subject Fibroblasts Lymphocytes
Nommal control (n) 9.02 2229 (n = 6) 301 =090 (n = 6)
Patient 1 0.595 NA
Patient 2* NA 0.673
Patient 3* 0.734 NA
Patient 4" 0.354 NA
Patient 5 NA 0.449
Patient 6° 0.169 NA
Patient 7 NA 0.109

MPS, Mucopolysaccharidoses; NA, not availabie
*Parents are cousins

®Siblings

*From Okinawa district

Results

The activity of o-N-acetylglucosaminidase in each patient
as analyzed in cultured skin fibroblasts or peripheral blood
lymphocytes is shown in Table 1. No significant difference
of enzyme activity among the patients was seen. The results
of the molecular analysis are summarized in Table 2,
Patients 1, 2, and 6 were homozygous for R482W (CGG-»
TGG: exon 6), R565W (CGG—TGG:; exon 6), and R565P
(CGG—CCG; exon 6), respectively. Patients 3 and 4 were
compound heterozygous for F314L (TTC-TTG; exon 5)
and R565P {CGG—CCG; exon 6). Patient 5 had a two-
nucleotide deletion in exon 6 (2171-72 TG) in one allele,
and the mutation of the other allele was unknown. Patient 7
had V241IM (GTG—ATG; exon 4) in one allele, and
R482W (CGG—TGG; exon 6} in the other. Four poly-
morphisms were found in the noncoding region. They in-
cluded g1352insC (5' end of the gene; 14/14 alleles),
a2259A—C (intron 1; 10/14 alleles), g2304insA (intron 1;
14/14 alleles), and g2739G—C (intron 2; 12/14 alleles).

Discussion

In patients with Sanfilippo syndrome, type B occurs more
frequently than type A (type A:type B = 1:1.2) among the
Japanese, according to the registered members in the
Japanese Society of the Patients and the Families with
Mucopolysaccharidoses. Moreover, type B occurs more
frequently in the Okinawa district in Japan. We examined
molecular defects of the a-N-acetylglucosaminidase gene in
seven patients with Sanfilippo type B from six unrelated
families, including two families from Okinawa. We found
six distinct disease-causing mutations including five mis-
sense mutations and one two-base deletion.

The mutations R482W, R565W, R5365P, and delTG2171-
2172 have been reported previously (Weber et al. 1999;
Bunge et al. 1999; Coll et al. 2001} in patients fram other
ethnic groups with severe phenotypes of type B. The muta-
tions R432W and R565W were caused by a C-to-T transi-
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Table 2. Mutations and polymorphisms in the o-N-acetylglucosaminidase gene

Polymorphism {frequency in normal individuals)

g1352insC a2259A—C £2304ins A 22739G=C

Subjeet Mutation {(14114) (8114) (14/14) (11114)
Patient 1

Allele 1 R482W (+) (+) (+) (+)

Allele 2 RAR2W (+) (+) (+) {+)
Patient 2

Allele 1 R565W {+) (-) (+) (+)

Allele 2 RS65W (+) (-} (+) (+)
Patient 3

Altele 1 R565P (+) (+) (+) (+)

Allele 2 F3t4L (+) +) (+) (+)
Patient 4

Allele 1 R565P (+) (+) {+) (+)

Allele 2 F314L {+) (+) (+) {+)
Patient 5

Allele 1 delTG2171-2172 (+) (=) (+) (-)

Allele 2 Unknown (+) (-) (+) (-)
Patient 6~

Allele 1 R565P {+) (+) (+) (+)

Allele 2 R565P (+) (+) +) (+)
Patient 7

Allele 1 V241M (+) (+) (+) (+)

Allele 2 R48IW (+) (+) (+) (+)

tion at a CpG hot spot. R482W has been reported in a
Turkish patient with the severe phenotype as a homozygote
(Bunge et al. 1999). Weber et al. (1999) reported that
R565W accounted for 6% of mutant alleles in Australian
patients with Sanfilippo type B. Each of R3565P and
delTG2171-2172 has been found in 1 allele of 50 mutant
alleles among Australian patients (Weber et al. 1999).

R565P was found in two unrelated families from the
Okinawa district, and the parents of Patient 6, who was
homozygous for R565P, had no record of consanguinity,
although both parents come from Okinawa. This mutation
was a nucleotide substitution from CGG to CCG, which was
neither a CpA nor a TpG change although it was at a CpG
site. Moreover, four polymorphisms studied in this report
were completely the same in these three alleles carrying
R565P. Thus, R565P might be a common mutation in
Okinawa. However, these polymorphisms did not neces-
sarily indicate that RS65P in these patients originated from
a common ancestor, because each polymorphism was
frequent in the Japanese population.

F314L and V241M are novel mutations. F314L may
cause an attenuated phenotype in Patients 3 and 4, because
the other allele in these patients was R365P, which was
known to cause a severe Sanfilippo disease. Patient 6 was
homozygous for RS65P and showed a severe phenotype.
Although a wide clinical spectrum and allelic heterogeneity
of Sanfilippo type B has been reported, only a few muta-
tions were shown to cause attenuated clinical forms so far.
For example, R643C was shown by a clinical survey in
Dutch patients to cause the attenuated phenotype (Weber
et al. 1999), and F48L was shown to have significant resid-
ual enzyme activity by in vitro gene expression study
{Yogalingam et al. 2000).

Four polymorphisms were found. Two of them,
£2304insA and g2739G—C, were also reported in non-
Japanese individuals (Zhao et al. 1998; Tessitore et al.
2000). The frequencies of g2304insA and g2739G—-C were
14/14 and 11/14 in the Japanese, and 2/36 and 20/36 in non-
Japanese (Zhao et al. 1998), respectively. Two other poly-
morphisms, g1352insC (14/14) and a2259A-»C (8/14),
were frequently in the Japanese, and have not been re-
ported in non-Japanese; thus, these polymorphisms might
have originated in Japan.
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ABSTRACT

Objectives: To evaluate the role of growth factors in amniotic
fluid and in human milk on gastrointestinal adaptation of the
fetus and very low-birth-weight infants, the effects of these
fluids and muitiple growth factors were investigated in a human
feral small intestinal cell line (FHs 74 Iat).

Methods: After FHs 74 Int cells were incubated with amniotic
fluid, human milk, or recombinant growth factors, growth-
promoting activity was measured by [*H]-thymidine incorpo-
ration into cells. :
Results: Incubating cells with amniotic fluid or human milk
promoted growth dose dependendy. Genistein almost com-
pletely inhibited growth-promoting activity in amniotic fluid
P = 0.002), and growth was partially inhibited by antibodies
against epidermal growth factor (EGF) (P = 0.047), insulin-
like growth factor-1 (IGF-1, P = 0.047), or fibroblast growth

factor (FGF, £ = 0.014). This activity in human milk was
inhibited almost completely by genistein (P < 0.0001} and par-
tially inhibited by antibedies against EGF (P = 0.036), IGF-1
(P = 0.009), FGF (P = 0.004), hepatocyte growth factor
(HGF, P = 0.001), or transforming growth factor-a (TGF-o, P
= (.001). Although recombinant EGF, IGF-1, FGF, HGF, and
TGF-a elicited a synergistic trophic response on cultured cells,
the response was much less than with amniotic fluid or with
human milk.

Conclusion: In aminiotic fluid and in human milk, EGF, IGF-
1, FGF, HGF, and TGF-a have a strong trophic effect on im-
mature intestinal cells and may be involved in perinatal gas-
trointestinal adaptation. JPGN 34:524-528, 2002, Key
Words: Intestinal cells—Amniotic fluid—Human milk—
Trophic factors—Functional maturation.

Growth factors such as epidermal growth factor
(EGF), insulin-like growth factor-1 (IGF-1), transform-
ing growth factor-a (TGF-a), and hepatocyte growth
factor (HGF) have a trophic effect on the fetal and neo-
natal gastrointestinal tract (1), promoting proliferation
and differentiation of fetal and neonatal gastrointestinal
cells. In our previous study, we established a bioassay for
growth factors in human milk using a human fetal small
intestinal cell line, reporting that human milk had a
growth-promoting effect on the cells and also demon-
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strating that EGF in human milk contributed to this ac-
ivity (2). These growth factors also have been identified
in amniotic fluid (3-5). Other investigations that used
various cell lines indicated that growth factors in amni-
otic fluid might promote proliferation of fetal intestinal
cells (6,7). However, the single-factor models used in
these studies represented a limited range of in vivo in-
teractions (2,6-8). Thus little is known about the com-
bined actions of multiple growth factors in human milk
or in amniotic fluid on the immature gastrointestinal tract
9).

Very low-birth-weight (VLBW) infants who receive
early enteral feeding with human milk have been re-
ported to require fewer days to reach full eateral feeding,
to have greater gains in weight and head circumference,
and to experience fewer gastrointestinal complications
than formula-fed infants (10-14). Although gut hor-
mones such as gastrin probably are involved, precise
mechanisms are unclear. Suspecting that growth factors
in human milk could contribute to these beneficial ef-
fects, we tested amniotic fluid, human milk, and various
growth factors contained in these fluids on a human fetal
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small intestinal cell line that represented a suitable model
of intestinal cells in the fetus and VLBW infant.

METHODS

A human fetal small intestinal cell line, FHs 74 Int (15-17),
was purchased from the American Type Culture Collection
(line number CCL241 ATCC, Bethesda, MD, U.S.A.). Its mor-
phology is epithelial-like, the viability is approximately 93%,
and EGF (30 ng/ml) reduces the doubling time from 168 to 65
hours. Dulbecco minirmal essential medium and fetal calf serum
were obtained from Nissui (Tokye, Japan). [*H]-thymidine (4.0
Ci/mmol) was purchased from ICN Biomedicals Inc. (Costa
Mesa, Ca, U.5.A.). A radioimmunoassay kit for EGF was pur-
chased from Amersham (Amersham Place, United Kingdom).
Genistein and dimethyl sulfoxide were purchased from Caibio-
chem (Tokyo, Japan). Recombinant human TGF-a was pur-
chased from Wako Pure Chemical (Osaka, Japan), whereas
recombinant human EGF, HGF, fibroblast growth factor
{FGF), anti-human EGF, HGF, and [GF-2 were purchased from
Genzyme/Techne (Minneapolis, MN, U.8.A.). Recombinant
human IGF-1 was purchased from SIGMA (3. Louis, MO,
U.S.A)). Antibodies against human IGF-1, TGF-«, FGF, and
vascular endothelial growth factor (VEGF) were purchased
from Pepro Tech (London, United Kingdom).

All donors of amniotic fluid and human milk samples gave
informed consent. Thirty samples of amniotic fluid were ob-
tained at delivery. Twelve samples were from the mothers of
full-term infants (37 to 42 wecks of gestation), and 18 were
from mothers of preterm infants (25 to 36 weeks). Five samples
of manually expressed breast milk were obtained from five
mothers of full-term infants. No maternal disease was docu-
mented during pregnancy. Bloody or stained amnpiotic fluid was
excluded. Samples were centrifuged at 18,000g for 10 minutes
at 4°C, and supemnatant was frozen and stored at —80°C until
subsequent thawing for assays. Epidermal growth factor con-
centrations were measured using the RIA kit from Amersham
(Amersham Place, United Kingdom).

For bicassay of growth-promoting activiry, a uniform num-
ber of human fetal small intestinal cells were added to Costar
96-well plates and cultured with 200 wL of Dulbecco minimal
essential medium containing 10% (vol/vol) fetal calf serum, for
10 to 14 days, All measurements were performed on confluent
monolayers. Cefls were cultured with 200 uL of serum-free
Dulbécco minimal essential mediura for 10 hours and then with
20 p.L of control fluid, sample fluids, or various concentrations
of growth factors added to each well for 24 hours, followed by
2 hours of incubation with [*H}-thymidine (1 nCi/well). Cells
were collected on a cell harvester and deposited on discs of
filter paper. Radiocactivity then was measured with a scintilla-
tion counter. Radioactivity was observed and defined as the
measure of cell proliferation (growth).

Genisiein, an inhibitor of tyrosine kinase ([8), was dissolved
in dimethyl sulfoxide and used at a final concentration of 50
ug/mL. Cells were preincubated with this inhibitor for 1 hour
and then washed free of inhibitor before adding test samples.
To study blocking of several antibodies against growth factors,
cells were incubated for 24 hours with antibodies against EGF,
IGF-1, IGF-2, FGF, HGF, TGF-«, or VEGF (5 pg/mL, respec-
tively) together with fluid samples.

The significance of differences between means was deter-
mined using the Student ¢ test, and correlations were deter-

mined using the Pearson test. Statistical significance was set at
P less than 0.05.

RESULTS

Figures 1 and 2 show [*H]-thymidine incorporation
into cultured small intestinal cells incubated with various
concentrations of amniotic fluid or human milk, With
both fluids, the growth increment beyond control cul-
tures was dose dependent, reaching a maximum at 40%
concentration for ammniotic fluid and 5% for milk. Ac-
cordingly, we used 40% amniotic fluid and 5% human
milk in subsequent assays.

Figure 3 shows EGF concentration in amniotic fluid at
each gestational age. The concentration of EGF in pre-
term amniotic fluid obtained before 30 weeks of gesta-
tion was significantly lower than in fluid obtained sub-
sequently. However, no significant difference was ob-
served among gestational ages in growth-promoting
activity in ampiotic fluid (Fig. 4).

Genistein inhibited growth-promoting activity in am-
niotic fluid by 96% (mean) in cultured small intestinal
cells (P = 0.002). This activity in amniotic fluid also
was partially inhibited by antibodies against EGF (40%,
P = 0.047), IGF-1 (38%, P = 0.047), or FGF (58%,
P = 0.014, Fig. 5). Genistein inhibited cell culture
growth-promoting activity in human milk by a mean of
98% (P < 0.0001), and activity was partially inhibited
by antibodies against EGF (22%, P = 0.036), IGF-1
(40%, P = 0.009), FGF (75%, P = 0.004), HGF (56%,
P = 0.001), or TGF-a (73%. P = 0.001, Fig. 6).

When cultured human small intestinal cells were in-
cubated with EGF, IGF-1, FGF, HGF, or TGF-a, [*H]-
thymidine incorporation into cells increased in a dose-
dependent manner (Fig. 7). Although EGF, IGF-1, FGF,
HGF, or TGF-« had a trophic response on the cells, the
response was much lower than that for amniotic fluid or
human milk. When EGF, IGF-1 and FGF; or EGF, IGF-
I, FGF, HGF, and TGF-a were added in combination,
the response was greater than that for each growth factor
alone. However, the synergistic response of these growth
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FIG. 1. Incomporation of [*H]-thymidine into cultured human fetal
small intostinal cells incubated with amniotic. fluid. Bars show
means = SO.
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FIG. 2. Incorporation of [PH]-thymidine into cultured human fetal
small intestinat cells incubated with human milk. Bars show
means = SD.

factors was lower than that for amniotic fluid or human
milk (Table 1).

DISCUSSION

To clarify the role of growth factors in amniotic fluid
and human milk in the gastrointestinal adaptation of the
fetus and the VLBW infant, effects of these fluids and
multiple growth factors were investigated in a human
fatal small intestinal cell line (FHs 74). Because this cell
line is derived from the normal human fetus, because its
morphology is epithelial-like, and because EGF reduces
the doubling time, this cell line is a svitable model of
intestinal cells in the fetus and VLBW infant.

After incubation of cultured human fetal small intes-
tinal cefls with amniotic fluid, [*H]-thymidine incorpo-
ration showed a dose-dependent increase. This result in-
dicated that amniotic fluid possessed growth-promoting
activity in cultured human fetal small intestinal cells.
Mulvilli et al. (19,20) reported that esophageal ligation
of the fetal rabbit resulted in significant inhibition of
gastrointestinal tract growth and gastric function that was
reversed by intragastric infusion of amniotic fluid. These
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FIG. 3. Epidermal growth factor {EGF) concentration in amniotic
fluid at various gestational agas, measured by radicimmunoas-
say. Resuits shown are means = SD.
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FIG. 4. Incorporation of [*H]-thymidine into cultured human fetal
small intestinal cells incubated with 40% amniotic fluid obtained
at various gestational ages. Results shown are means = SD. No
significant difference was observed among gestational ages.

results suggest that amniotic fluid may promote gastro-
intestinal tract growth in the human fetus.

After incubation of fetal intestinal cells with human
milk, [*H]-thymidine incorporation into the cells showed
dose-dependent increases, indicating that human milk
had growth-promoting activity in these cells. Evidence
suggests that the fat compartment of human miik pro-
vides growth factors and receptors through its milk fat
globule/membrane (21). We studied the effects of the
aqueous, nonfat, and noncellular components of human
milk, and investigated whether, if these components
were studied as whole milk, perhaps greater cellular pro-
liferation and, therefore, trophic effects would be attrib-
utable to human milk. Small intestinal weight and protein
and DNA content in puppies fed canine breast milk were
significantly greater than in puppies fed formula (22).
Permeability of the small intestine was lower and gas-
wointestinal tolerance and intestinal lactase activity were
greater in preterm infants fed human milk than in those
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FIG. 5. Growth factor activity blocking by genistein or antibody in
amniotic fluid. Human fatal small intestinal cells were incubated
with genistein or with one of several antibodies against growth
factors. Growth-promoting activity in amniotic fluid showed 96%
inhibition by genistein (P = 0.002) and partial inhibition by anti-
bodies against epidermal growth factor (EGF) (P = 0.047), insu-
linlike growth factor-1 (IGF-1) (P = 0.047), or fibroblast growth
factor (FGF) (58%, P = 0.014). Asterisks indicate significant in-
hibition. Bars show means + SD.
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FIG. 6. Blocking by geanistein or antibody of growth factor activity
in human milk. Human fetal small intastinal cells were incubated
with genistein or with one of several antibodiss against growth
factors. Growth-promoting activity in human milk showed 98%
inhibition by genistein (P <0.0001) and partial inhibition by anti-
bodies against epidermal growth factor (EGF) (P = 0.036)}, insu-
finlike growth factor-1 (IGF-1) (P = 0.009), fibroblast growth factor
{FGF) (P =.004}, hepatocyte growth factor (HGF) (P =0.001}, or
transforming growth factor-a {TGF-a) (P = 0.001). Astarisks in-
dicate significant inhibition. Bars show means £ SD.

fed formula (13,14). These results suggest that human
milk may promote gastrointestinal tract growth and func-
tion in newborns.

No significant differences in growth-promoting activ-
ity of amniotic fluid in cultured small intestinal cells
were seen among a wide range of gestational ages. Be-
cause EGF concentration in amniotic fluid obtained be-
fore 30 weeks of gestation was lower than the concen-
tration in fluid obtained subsequently, additional factors
may contribute to growth- promoting activity in amniotic
fluid. Incubation with a tyrosine kinase inhibitor, genis-
tein, almost completely abolished growth-promoting ac-
tivities in amniotic fluid or human milk, suggesting that
these activities are mediated by receptors functionally
linked to tyrosine kinase. Blocking activity by antibodies
against growth factors suggested that EGF, IGF-1, and
FGF contribute to activity in amniotic fluid, whereas
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FIG. 7. Incorporation of [*H]}-thymidine into, cultured human fstal
small intestinal cells incubated with recombinant human epider-
mal growth factor (EGF), insulinlike growth factor-1 (IGF-1), fi-
brobiast growth factor (FGF), hepatocyts growth factor (HGF), or
transforming growth factor-a (TGF-a). The results shawn are
means = SD.
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TABLE 1. Effect of amnioric fluid, human milk, or
recombinant human growth factors on [*H]-thymidine
incorporation in human fetal small intestinal cells

{(*H)-Thymidine
incorporation
Addition {% basal, n = §) T iad Pt

Amniotic fluid 2161 £ 383
Human milk 1452275
EGF (1 ng/mL) 635 £86 <0.00l  <0.001
IGF-1 (1 ngfmlL) 27242 <0.001  <0.001
FGF (1 ng/mL) 537 = 140 <000l <0.001
HGF (1 ng/mL) 229£37 <0.001 <0.001
TGF-a (1 ng/mL) 416 £78 <000l <0.001
EGF + IGF-1 + FGF .

(1 ng/mL, respectively) 943 + 173 <0.001 0.003
EGF + IGF-1 + FGF +

HGF + TGF-a

(1 ng/mL, respectively) 1034 = 175 <0.001 0.005

EGF, epidermal growth factor; FGF, fibroblast growth facter; HGF,
human growth factor; IGF, insulin-like growth factor; TGF, transform-
ing growth factor.

* Compared with amniotic fluid.

t Compared with human milk.

EGF, IGF-1, FGF, HGF, and TGF-ca contribute to activ-
ity in human milk. Although EGF has been considered
the main growth factor in amniotic fluid and human milk
(20,23), our study suggests that other growth factors such
as IGF-1, FGF, HGF, and TGF-a are comparably active.
Because the trophic effect of each recombinant growth
factor or the synergistic effect of these growth factors
were much [ower than the effects of amniotic fluid or of
human milk, unknown factors in these fluids may be
important. Therefore, intestinal cell growth-promoting
activity equal to that of amniotic fluid or human milk
cannot yet be duplicated artificially, even with recombi-
nant growth factors.

This is the first investigation of the combined action of
multiple growth factors in amniotic fluid and human
milk on cultured human small intestinal cells in which
the two fluids were compared. Growth-promoting activ-
ity of amniotic fluid on these cells proved equal to that of
human milk. The growth factors in amniotic fluid appar-
ently promote proliferation of intestinal cells in utero,
whereas the growth factors in human milk promote pro-
liferation of neonatal intestinal cells. These responses are
important for the gastrointestinal tract as it adapts to
postnatal requirements.

Very low-birth-weight infants, born in the second tri-
mester, have had reduced exposure to the growih factors
in amniotic fluid. This may cause gastrointestinal imma-
turity and lead to complications. However, VLBW in-
fants fed human milk had fewer gastrointestinal compli-
cations (24). More specifically, early initiation of enteral
feeding with human milk reduced such complications
(10). Growth factors in human milk may act on the gas-
trointestinal tract of VLBW infants to favor structural
and functional maturation in lieu of the growth factors no
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longer supplied by amniotic fluid. Therefore, enteral
feeding of VLBW infants with human milk should be
initiated as soon as possible after birth.

In conclusion, EGF, IGF-1, FGF, HGF, and TGF-a in
amnijotic fluid or in human milk have a trophic effect on
immature intestinal cefls and may be important in peri-
natal adaptation of the gastrointestinal tract. Unknown
factors in these fluids also may participate, and this issue
requires further investigation.
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Abstract. Tetrahydrobiopterin (BH,) is an essential cofactor
of nitric oxide synthase as well as a cofactor of aromatic
amino acid hydroxylases. However, its role in pregnancy is
not yet understood. We evaluated the concentrations of BH,
throughout normal pregnancy and puerperium, and compared
them with those of non-pregnant women by measuring its
oxidation product biopterin. In addition, we also measured 6-
pyruvoyl tetrahydropterin synthase (PTPS) activities, the rate-
limiting enzyme in synthesizing BH,, in pregnant women at
the 30th gestational week and non-pregnant women. Although
the urinary biopterin levels did not remarkably change,
plasma biopterin levels significantly decreased from the 10th
gestational week to the 1st day of postpartum compared with
those of non-pregnant women, There was no significant
difference in PTPS activities between pregnant and non-
pregnant women. However, the proportion of reticulocytes,
which have been shown to possess high PTPS activity, is
significantly higher in pregnant women than in non-pregnant
women. Qur results suggest that decreased plasma BH, levels
in pregnancy is caused by impaired PTPS activity.

Introduction

The roles of nitric oxide in pregnancy have been shown to
regulate vascular tone to fit with the hemodynamic changes
characterizing pregnancy and to modulate uterine contractility
(1-3). The activity of nitric oxide synthase is dependent on the
availability of cofactors including tetrahydrobiopterin (BH,)
{4). The precise role of BH, is not yet known. However, it
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Key words: tetrahydrobiopterin, pregnancy, biopterin, neopterin,
6-pyruvoyl tetrahydropterin synthase

could be important in maintaining nitric oxide synthase in an
active configuration, or may have a regulatory redox role (5.6).

The biosynthesis of BH, starts from GTP, which is
converted to 7,8-dihydroneopterin. This key intermediate in
BH, biosynthesis is then further metabolized to BH, in a

series of steps. In these steps, 6-pyruvoyl tetrahydropterin
‘synthase (PTPS) serves as a rate-limiting enzyme (7).
Biopterin and neopterin are oxidation products of BH, and
7.8-dihydroneopterin, and are detectable due to their intense
fluorescence. The measurements of biopterin and neopterin
can be used to study changes in BH, metabolism (8,9).

BH, may be important in supplying an adequate reserve of
nitric oxide needed to maintain normal pregnancy. However
at present, there is no such report of the role of BH, in
pregnancy including its concentration. This study shows BH,
concentration changes throughout pregnancy and compares
them with those of non-pregnant women. We also investigated
PTPS activity in erythrocytes and the proportion of reticulo-
cytes, which have been shown to possess high PTPS activity
(10}, in pregnant and non-pregnant women.

Materials and methods

Subjects. After obtaining informed consent, blood and urinary
samples were collected. Gestational age was determined
based on the crown-rump length of the fetuses measured by
ultrasonography between the 8th and 10th weeks of gestation.
None of the pregnant women were in labor. The plasma of 40
healthy pregnant women with singleton pregnancies, 30 healthy
women who had completed spontaneous labor, and 15 healthy
non-pregnant women of corresponding age were analyzed.
Of the 40 healthy pregnant women, there were 10 women for
each 10th gestational week. Of the 30 healthy women who had
completed spontaneous labor, there were 10 on the Ist day,
10 on the 5th day and 10 on the 30th day of postpartum. Their
postparturn days were all normal. The urine of 60 healthy
pregnant women with singleton pregnancies, 30 healthy women
after spontaneous labor and 10 healthy non-pregnant women of
corresponding age were analyzed. Of the 60 healthy pregnant
women, there were 15 women for each 10th gestational week.
Of the 30 healthy women who had completed spontaneous
— 292 -
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labaor, there were 15 on the Sth day and 15 on the 30th day of
postpartum. Their postpartum days were normal.

Blood and urinary sampling. The plasma and erythrocytes of
heparinized blood were separated by centrifugation. The
plasma was frozen until further analysis. Erythrocytes were
diluted 2-4 times with 0.2 M Tris-HCl buffer {(pH 7.4) and
then frozen. Spot urinary samples were also collected and
frozen until processing.

Determination of biopterin and neopterin concentrations by
high performance liquid chromatography. Plasma and urinary
concentrations of biopterin and neopterin were measured by
high performance liquid chromatography (HPLC) with
fluorimetric detection (11,12). In brief, 10 pl of 30% w/v tri-
chloroacetic acid solution was added to 100 pul of plasma and
urine, and this mixture was centrifuged. A 10 u! volume of
1% iedine solution was added to 50 Wl of the supernatant and
the mixture was kept at room temperature for 60 min. The
excess iodine solution was destroyed by adding 15 pl of 1%
aq. ascorbic acid. The biopterin and neopterin concentrations
of the supernatant were then measured. To take physiological
alterations of urine concentration into account, the
concentration of urinary creatinine was measured.

Assay for PTPS activity in erythrocytes. The PTPS activity in
erythrocytes was measured as described previously (13).
Erythrocytes were hemolysed by freezing and thawing. After
centrifugation, a portion of the hemolysate supernatant was
bubbled with carbon monoxide gas for | min. The standard
assay mixture with a final volume of 100 pl contained the
fallowing components: 0.1 M Tris-HC! buffer (pH 7.4),
10 mM magnesium chloride, 30 uM dihydroneopterin
triphosphate, | mM NADPH, | mM NADH, approximately
5 mU sepiapterin reductase, approximately 200 mU dihydro-
pteridine reductase, and 50 pl hemolysate. The reaction mixture
without hemolysate served as the control. The biopterin
concentration of the reaction mixture before incubation was
used as the zero-time blank derived from the hemolysate. The
reaction was started by the addition of the substrate. After
incubation at 37°C for 90 min in the dark, the reaction was
terminated by the addition of 10 pl of 30% wi/v trichloro-
acetic acid solution and the mixture was then centrifuged.
Next, the biopterin concentration was measured. One unit of
PTPS activity produced I pmol of biopterin per min under
the assay conditions described. The specific activity of PTPS
was indicated as International Units per gram hemoglobin.

Measurement of reticulocytes. Reticulocytes were measured
using the flow cytometry method (Sysmex R-3000).

Staristical analysis. Data was statistically analyzed using the
Kruskal-Wallis test {(multiple comparison). p<0.05 was
considered statistically significant.

Results
The plasma concentrations of neopterin and biopterin are

shown in Fig. 1. Biopterin levels decreased significantly in
the IOth gestational week compared with non-pregnancy
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Figure 1. The plasma concentrations of neopterin and biopterin (nmol/l) in
healthy non-pregnant women, normal pregnant women and puerperal women.
*p<0.05; 'p<0.05 vs non-pregnant womien. Error bars correspond to SD.
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Figure 2. The urinary concentrations of neopterin and biopterin (mmol/mol
creatinine) In healthy non-pregnant women, normal pregnant women and
puerperal women. “p<0.05 vs non-pregnant women, Error bars correspond to
SD. :

{15.14£3.99 vs. 21.7114.87 nmol/l, respectively, mean % SD,
p<0.05), and these decreases continued until the 1st day of
postpartum. .Neopterin concentration increased as gestational
weeks progressed and was significantly higher in the 40th
gestational week (34.3546.76 nmol/l) and in the 1st day of
postpartum (38.8419.03 nmol/1) in comparison to non-pregnant
women (20.27+7.53 nmol/).

The urinary concentrations of neopterin and biopterin are
shown in Fig. 2. We did not find significant changes in urinary
biopterin concentrations. However, these concentrations
were slightly lower for pregnant than for non-pregnant
women (0.67740.401 vs 0.731+0.268 mmol/mol creatinine,
respectively). Similar to plasma, urinary neopterin
concentrations increased as gestational weeks progressed and
were significantly higher in the 5th day of postpartum
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Figure 3. The neopterin/biopterin ratios in healthy non-pregnant women,
normal pregnant women and puerperal women. "p<0.05; fp<0.05 vs non-
pregnant women. Error bars correspond to SD.

Table I PTPS activity in erythrocytes and the proportion of
reticulocytes.

PTPS activity Reticulocytes

(LU/gHDb) (%c)
Pregnant 25.516.3 18.1£5.7
CTL 25.3%6.3 10.845.5
Significance p=0.7039 p=0.0149

PTPS activities in erythrocytes and the proportion of reticulocytes
in normal pregnant women and healthy non-pregnant women.
Pregnant, normal pregnant women in their 30th gestational week
(n=20); CTL, healthy non-pregnant women (n=20). The results are
expressed as mean £ SD.

(0.717£0.588 mmol/mol creatinine) compared to that of non-
pregnant women (0.302+0.183 mmol/mol creatinine).

The changes in the ratio of neopterin/biopterin levels in
plasma and urine are shown in Fig. 3. Plasma neopterin/
biopterin ratios for pregnant and postpartum women were
higher than those for non-pregnant women. There were
significant increases in the plasma neopterin/biopterin ratios
in the 30th (2.214%£0.741) and 40th gestational week
(2.65040.909) and in the Lst day of postpartum (3.699£1.776)
in comparison to non-pregnant women (0.924£0.211). Urinary
neopterin/biopterin ratios for pregnant and postpartum women
were also higher than those for non-pregnant women. A
significant increase in the urinary neopterin/biopterin ratio were
observed in the 40th gestational week (0.99120.412) and in
the 5th day of postpartum (1.114£0.661) comparing to those
of non-pregnant women (0.394+0.141).

Table I shows the PTPS activity of erythrocytes and the
proportion of reticulocytes in pregnant women in their 30th
gestational week and in non=pregnant women. There was no
significant difference in PTPS activity between the two groups
(25.5%6.3 vs. 25.316.3 pU/gHb, pregnant and non-pregnant
respectively), although the proportion of reticulocytes in

pregnant women (18.1+5.70%0) was significantly higher than
in non-pregnant women (10.8+5.50%).

Discussion

In healthy pregnant women, plasma biopterin levels decreased
compared with those of non-pregnant women. The phenomenon
of decreased plasma biopterin levels accompanied by
elevations in plasma neopterin levels suggests the impaired
PTPS activity, which is a rate-limiting enzyme to convert
7.8-dihydroneopterin triphosphate to BH, (14). Therefore we
examined PTPS activities in both pregnant and non-pregnant
women. However, there was no significant difference between
the two groups. Shintaku et al reported elevated PTPS activity
in erythrocytes, which contain a higher proportion of
reticulocytes (10). Thus, we also measured the proportion of
reticulocytes in both groups. Although a higher proportion of
reticulocytes was observed in pregnant women, PTPS
activities were not different from those in non-pregnant
women. These findings suggest a possible decrease of PTPS
activity during pregnancy.

Some investigators who reported elevated neopterin levels
during pregnancy concluded that elevated neopterin levels
might be related to the immune activation phenomena (15-17).
However, they did not comment on BH, metabolism, which
we thought was important. Therefore, we propose that if an
elevation in neopterin level was observed, BH, metabolism
should be taken into consideration.

Physiological hemodilution usually occurs during normal
pregnancy. For example, the hematocrit of normal pregnant
women in the 30th géstational week is about 78.5% of non-
pregnant women (data is not shown). However, our findings
that the plasma biopterin levels of pregnant women at the
30th gestational week is about 63.1% of non-pregnant women
suggest that observed decreases in plasma biopterin levels
are not only due to physiological hemodilution.

Fuith et af reported the elevation of urinary neopterin levels
in normal pregnancies (16). Therefore, we also measured
urinary neopterin and biopterin levels. Compared with those
of non-pregnant women, we did not find any significant
changes of urinary neopterin and biopterin levels in pregnant
women except for an elevated neopterin level on 5th day of
postpartum. In our results, the urinary neopterin and biopterin
level distribution ranged wider than the results previousty
reported.

In conclusion, we presented the concentration levels and
changes of BH, throughout pregnancy. Whether the decrease
of plasma biopterin levels during pregnancy is needed for the
adjustment to pregnancy or whether the decrease is due to an
impairment in BH, synthesis is remained to be examined,
However, the BH, metabolism in pregnancy should be
distinguished from that in non-pregnancy. Although’the role of
BH, in pregnancy is not yet known, we believe our findings
will heip to understand the pathophysiology of such diseases
as preeclampsia and intrauterine growth restriction.
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