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Summary Poor growth in utero has been suggested to be associated with adverse levels of
serum cholestercl concentrations in later life. In Asia, there have only been a limited num-
ber of studies examining the relationship between fetal status and serum lipids, especially
in adolescents. The objective of this study was to examine the relationships between birth
weight and serum high-density lipoprotein (HDL) and low-density lipoprotein (LDL) choles-
terol levels; adjusting for current physical status including percent body f{at, physical activity
and nutrient intake in healthy Japanese late adolescents. The data ol 573 late adolescents
with an average age of 17.6 (287 boys and 286 girls) who underwent physical examina-
tions which included blood sampling and who had all the required data, were analyzed.
Birth weight was obtained from their maternal and child health handbook. Multiple regres-
sion analysté showed that birth weight was positively associated with serum HDL in girls,
independently of percent body fat or fat intake, when adjusted for current body height and
weight. There were no associations between birth weight and serum HDL in boys, or serum

LDL in either sex.

Key Words  birth weight, serum cholesterol, body fat, physical activity, Japanese late ado-

lescent

Poor growth in utero has been suggested to be asso-
ciated with adverse levels of serum cholesterol con-
centrations in adult life (1). This could be because that
impaired growth of the [etal liver in gestation may lead to
permanent changes in lipid metabolism (1), In western
countries, several studies have reported on the adverse
association between size at birth and components of the
lipid profile in later life (2, 3), although there is variabil-
ity in the degree of the associations. Meanwhile, there
has only been limited number of studies conducted in
Asia.

In previous studies, serum lipid levels had significant
relationships with percentage body fat (4, 5) and physi-
cal activity (6) in childhood and adolescence. However,
few studies examined the association between birth
weight and serum lipids in adolescence, adjusting for
percent body fat and physical activity.

The objective of this study was to examine the rela-
tionships between birth wéight and serum high-density
lipoprotein (HDL) and low-density lipoprotein (LDL)
cholesterol levels adjusting for current physical status,
including percent body fat, physical activity and nutri-
ent intakes, in healthy Japanese late adolescents whose

E-mail: sitoh@eiyo.ac.jp

serum lipid levels were assumed to be in stable phase
that approached adult levels.

MATERIALS AND METHODS

Subjects. We have conducted physical examina-
tions including optional blood sampling of students at a
junior and senior high school in Tokyo, Japan, annually
in April of each year since 2000. A questionnaire about
their birth records was mailed to pavents of 2,056 stu-
dents (1,054 boys and 1,002 girls) who were enrolled
at the school in 2005. We obtained data at birth from
1,157 subjects (616 boys and 541 girls). In this study,
we analyzed subjects who were born at full term preg-
nancy (gestational age: from 37 to 41 wk) from a single
birth to avoid possible conflicts from pre- or postma-
turity or multiple pregnancies. The following subjects
were excluded from analysis: 31 subjects who were
born before 37 wk or after 41 wk and 3 subjects who
were born as twins. Results from the examination in the
3rd year of high school (aged 17 or 18) were used as
the current physical status of late adolescents. Finally,
573 subjects (287 boys and 286 girls) who had all the
required data were analyzed for this study. The purpose
and protocol of this study were explained to the subjects
in advance and written informed consent was obtained
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from each subject. This study was conducted in compli-
ance with the Declaration of Helsinki. The Ethics Com-
mittee of Kagawa Nutrition University approved the pro-
cedures used in this study.

Measurements. A questionnaire about their birth
record asked parents to provide measurements at birth
from their maternal and child health handbook. In this
study, birth weight was used as a measurement of fetal
nufrition status. Body height and weight at the 3rd year
of high school were measured to the nearest 0.1 cm
and 0.1 kg, respectively, while subjects wore light
clothes and no shoes. Body mass index (BMI, weight
(kg)/height (m)?) was calculated. Percent body fat was
assessed using a multi-frequency impedance bioelectri-
cal impedance analyzer (BIA, InBody, Biospace Japan
Inc., Tokyo, Japan). Serum samples were obtained from
blood drawn in the morning under nonfasting condi-
tions. All samples were maintained at a temperature of
—20°C while in transport for measurement at a labora-
tory in Tokyo (SRL Inc., Tokyo, Japan). Serum HDL and
LDL cholesterol levels were measured directly. Dietary
intakes during the preceding month were assessed using
a self-administered food frequency questionnaire (FFQ)
(7). Energy intake (kcal/d), and also protein and fat
energy percent intake (% Energy) were calculated on
the basis of the Standard Tables of Food Composition
in Japan (8). Pearson’s correlation coefficients between
the FFQ and dietary records were 0.42 for energy
(p<<0.001), 0.32 for protein (p<<0.001) and 0.31 for fat
intake (p<<0.001}). Frequency of physical activity (d/wk)
asked as “How many days do you usually exercise in a
week besides for school classes?”, and only for girls, their
age. at menarche were reported in a self-administered
lifestyle questionnaire. Postmenarcheal age (age at the
time of the survey minus age at menarche) was also cal-
culated. All the measurements except the questionnaire
about birth record were conducted on the same day.

Statistical analysis. Pearson's product-moment cor-
relation coefficient was calculated to test for linear cor-
relations between birth weight and serum HDL and
LDL cholesterol levels with other measures. Multiple
regression analysis was used to assess the relationships
of serum HDL and LDL cholesterol levels with each
measurement. A p-value <0.05 'was considered statisti-
cally significant. All statistical analyses were performed
using IBM SPSS Statistics version 19.0 (IBM Japan, Ltd.,
Tokyo, Japan).

RESULIS

The subjects’ birth weight, and demographic and
physical characteristics, serum HDL and LDL cholesterol
level, frequency of physical activity and nutrient intakes
in the 3rd year of high school are shown in Table 1. The
mean*standard deviation (SD) of birth weights were
3.163+0.363 kg for boys and 3.069+0.347 kg for
girls. The body height and weight of the subjects were
equal to the subjects aged 17 to 18 y that participated
in the National Nutrition Survey, Japan (9).

Table 2 shows the correlation coefficients for birth”

weight and serum HDL and LDL cholesterol levels with

Table 1. Characteristics of study subjects.!
Vatiable Boys (n=287) Girls (n=286)
Bicth weight (kg) 3.16320.363 3.069%0.347
At 3rd grade of high school
Age (y) 17.6+0.3 17.6=0.3
Postmenarcheal age (y) 5.6%1.3
Body height (cm) 171.9x54 158.4%5.0
Body weight (kg) 63.0+8.2 53.0£7.2
BMI? (kg/m?) 21.3%2.5 » 21.1x25
Percent body fat (%) 14.6+4.4 26.0%5.0
Serum HDL3(mg/dL) 59x11 67%13
Serum LDL* (mg/dL) 93+23 97423
Physical activity (d/wk) 3.5%2.6 21x2.0
Energy intake (kcal/d) 2,034+486 1.674+343
Protein intake (% Energy) 17.7+2.7 18.0x2.8
Fatintake (% Energy) ~ 31.4%5.0 34.724.7

1Values are mean*standard deviation.
2Body mass index.

3 High-density lipoptotein.
*Low-density lipoprotein.

other measures. Birth weight correlated positively with
body height (r=0.27, p<0.001 for boys and r=0.26,
p<0.001 for girls), body weight (r=0.24, p<0.001 for
boys and r=0.28, p<0.001 for girls) and BMI (r=0.13,
p<0.05 for boys and r=0.18, p<0.01 for girls). Only in
boys, birth weight also correlated positively with energy
intake {r=0.12, p<0.05). Serum HDL correlated nega-
tively with body weight (r=—0.17, p<0.01 for boys and
r=-0.18, p<0.01 for girls), BMI (r=~0.15, p<0.05 for
boys and r=-0.14, p<0.05 for girls), percent body fat
(r=-0.16, p<0.01 for boys and r=—0.21, p<0.001 for
girls) and positively with [requency of physical activity
(r=0.29, p<0.001 for boys and r=0.27, p<0.001 for
girls) in both sexes. In addition, only in girls, serum HDL
also correlated negatively with body height (r=-0.12,
p<0.05) and positively with fat intake (r=0.17,
p<0.01). Serum LDL correlated positively with body
weight (r=0.22, p<0.001), BMI (r=0.26, p<0.001)
and percent body fat (r=0.37, p<0.001) and nega-
tively with frequency of physical activity (r=-0.17,
p<0.01) only in boys. There was no significant correla-
tion between serum LDL and the other measurements
in girls.

Table 3 shows the results of linear regression mod-
els used to examine the relationship between serum
HDL or LDL cholesterol levels and other measurements.
Predictor variables were birth weight, postmenarcheal
age {only for girls), body height, body weight, percent
body fat, physical activity, energy intake, protein intake
and fat intake in model 1, and birth weight, postmen-
archeal age (only for girls), percent body fat, physical
activity, energy intake, protein intake and fat intake in
model 2. BMI was not included in any of the models
because of the high correlation between BMI and per-

“cent body fat. In boys, birth weight had no significant

association with serum HDL, while a lower body weight

Table 2. Pearson’s correlation cocfficients for birth weight and serum HDL! and LDIZ cholesterol levels with other measures.

Girls (n=286)

Boys (n=287}

Serum LDL?
(mg/dL)

Serum HDL Serum LDL? Birth weight Serum HDL!

Birth weight

(mg/dL)

(kg)

(myg/dL)

(mg/dL)

(kg)

»

I

0.08
0.34
0.06
0.82

~0.11
-0.06
-0.11

0.10

0.74
<0.05

0.10
-0.02
~0.12
~0.18
~0.14
-0.21

0.50

0.42 ~0.04

0.05

Birth weight (kg)

0.97
<0.001
<0.001
<0.01

~0.00

Postmenarcheal age (y)
Body height (cm)

Body welght (kg)

BMI* (kg/m?)

ItoSetal.

0.26
0.28

0.18
~0.03

0.42
<0.001
<0.001
<0.00]
<0.05

=0.05

0.19
<0.01

-0.08
-0.17
~0.15
=0.16

<0.001
<0.001
<0.05

0.27
0.24
0.13
~0.07

0.01
0.07
0.11
0.05

<0.01

0.22
0.26

—
a
=

<0.05

<0.05

0.07
0.42

<0.001

0.67
0.10
0.08

0.37
~0.15

<0.01

Percent body fat (%)
Serum HDL! (mg/dL)
Serum LDIZ (mg/dL)

0.10
~0.11

0.42
0.50

0.05
~0.04

0.42
<0.001

0.05
0.27
0.02
~0.01
0.17

~0.17
~0.05

<0.05

-0.15

0.64
0.10
0.50
0.15

0.03
0.10
0.04
0.09

0.10
0.00
=0.05
=0.03

<0.01

<0.001

0.29
0.10
~0.07
-0,09

Physical activity (d/wk)
Energy intake (kecal/d)

0.78

0.95
0.38
0.64

0.37

08
0.25
0.13

<0.05

0.12
0.

0.91
<001

67
.16

0.

0.03
0.08

Protein intake (% Energy)
Fat intake (% Energy)

0.17

0,08

! High-density lipoprotein.

2 Low-density lipoprotein.

3 Pearson’s correlation coeflicients,

4 Body mass index.



0.21
0.2
0.98
0.15
.30
.08
0.98
0.08
0.16

B
~-0.08
-0.09
~0.10
-0.00
0.14
0.07
0.11
~0.00
0.08
—-0.10
-0.08

Serum LDL (mg/dL)

0.65 (0.45)
0.67 (0.64)
0.01 (0.00)

~0.01 (0.49)
0.39 (0.30)

0.059

b (SE)}
—5.14 (4.10)

—1.67 (1.08)
~0.44(0.37)
—0.01 (0.35)
~6.72 (3.84)
—1.48 (1.05)

Girls (1=286)

P
<0.05
0.72
0.27
0.06
0.93
<0.001
0.77
0.80
<0.01
017
0.71
<0.05

B
0.15
-0.02
—0.09
-=0.20
—0.01
0.29
-0.02
—0.02
0.17
0.08
—0.02
-0.13
0.23
-0.05
-—0.02

Serum HDL (mg/dL)

b (SB)®
5.68 (2.19)
—~0.21 (0.58)
—0.22 (0.20)
—0.36 (0.19)
—0.2070.24)
1.56 (0.35)
0.00 (0.00)
—0.07 (0.26)
0.46 (0.16)

0.169
2.93 (2.10)
—0.22(0.58)
—0.34(0.16)

b
0.67
0.74
0.45

<0.01
0.18
0.94
0.87
0.72
0.83

Serum LDL (mg/dL)
B
-0.03
-0.03

0.08
0.30
-0.09
-0.01
-0.01
0.02
~0.01

b(sE)?
—1.61(3.81)
—0.12 (0.35)
0.22 (0.29)
1.59 (0.50)
~0.81 (0.60)
0.00 (0.00)
-0.09 (0.55)
0.11 (0.30)

0.147
~0.76 (3.58)

287)

Boys (n
0.10
0.11

<0.001
0.39
0.48
0.89
0.67

<0.01

Serum HDL {(mg/dL)
ﬁ"l
0.10
-0.35
015
~0.05
—0.01
0.03

0.14)
0.25)
0.144

b (SE)*
3.10(1.88)

0.40
0.79 (1.82)

~0.19 (0.27)
-0.02 (0.15)

Multiple regression analysis of serum HDL? and LDL? against birth weight and other measurements.
~0.49

3

Model 2

Predictor variables

2

Physical activity (d/wk)

Birth weight (kg)
Postmenarcheal age (y)
Body height (cm)

Body weight (kg)
Percent body fat (%)
Energy intake {(kcal/d)
Protein intake (% Energy)
Fat intake (% Energy)
Birth weight (kg)
Postmenarcheal age (y}
Percent body fat (%)

Table 3.
Model 1

Birth Weight and Serum Cholesterol

0.15

<0.001

Q.35
-0.07

1.87(0.31)
~0.65 (0.56)

0.15
<0.001

-0.09

0.11
0.99
0.16

n
EL
(=]
v

0.07
0.10
0.00
0.09

0.68 (0.28)
0.64 (0.60)
0.01 (0.00)
0.01 (0.49)
0.42 (0.30)

0.050

0.37
0.79

<0.001
<0.01

0.17

1.28(0.33)
0.127

—0.00 (0.00)
—-0.07 (0.27)
0.48 (0.16)

0.24
0.96
0.88
0.75

00
0.02

[oX
-0.01

0.00 (0.00)

—0.08 (0.54)

0.09 (0.30)
0.145

0.78
0.40
0.89

0.26
0.02
—0.05
0.01

1.18 (0.28)
0.096

-0.22 (0.16)
0.00 (0.00)
—0.23 (0.28)
0.02 (0.15)

3 Multiple regression coefficient (standard error).

48tandardized partial regression coefficient.

Physical activity (d/wk)
Energy intake (kcal/d}

Protein intake (% Energy)

Fat intake (% Energy)

RS

! High-density lipoprotein.

2L ow-density lipoprotein.

5 Coefficient of determination.
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(b=—0.49, p<0.01) and a higher frequency of physical
activity (b=1.53, p<<0.001) in model 1, and a higher
frequency of physical activity (b=1.18, p<0.001) in
model 2 individually were significantly associated with
greater serum HDL. Also in boys, birth weight had no
significant association with serum LDL, while a higher
percent body fat (b=1.59, p<0.01 in model 1 and
b=1.87, p<0.001 in model 2) was significantly asso-
ciated with greater serum LDL. In girls, a higher birth
weight (0=5.68, p<<0.05) was significantly associated
with greater seram HDL, while a higher physical activ-
ity (b=1.56, p<0.001) and fat intake (b=0.46, p<0.01)
were significantly associated with greater serum HDL
in model 1. However in girls, birth weight had no sig-
nificant association with serum HDL, while a Jower per-
cent body fat (b=-0.34, p<0.05) and a higher physi-
cal activity {b=1.28, p<0.001) and fat intake (b=0.48,
p<0.01) were significantly associated with greater
serum HDL in model 2. There was no significant asso-
ciation with serum LDL in girls in model 1. In model 2,
birth welght had no significant association with serum
LDL, while a higher percent body fat (b=0.68, p<0.05)
was significantly associated with greater serum LDL in
girls. The results did not change when the subject's age
was added into each model.

DISCUSSION

In this study, the relations between birth weight and
serurn HDL and LDL cholesterol levels were examined
in Japanese late adolescents. Birth weight was positively
associated only with seram HDL in girls independently
of percent body fat and fat intake only when adjusted
for current body height and weight. Most of the articles
focusing on relationships between birth weight and
serum cholesterol levels in later life used current body
size as a correction factor (2, 3). However, current body
size may have positive correlation with birth weight
partly due to genetic effect. In fact, we found positive
correlation between birth weight and body height and
weight in both sexes in this study. Thus, we employed
two types of models with or without body height and
weight as predictor variables. In girls, significant correla-
tion between birth weight and serum HDL was detected
only when the model using body height and weight was
applied; the relationship is still unclear. Another analy-
sis method considering genetic effect would be required
for the validation.

Serum lipid levels in adolescents change drastically
with changes in sex sieroid hormones as they develop
(10). Thus, it should be considered that there is a range
of serum lipid levels associated with the growing phase
in individuals, even those of the same age, especially
in early or middle adolescence. However, the relations
between serum. lipid levels and growing phase are not
linear (11); thereflore, it is not appropriate to adjust
serum lipid levels linearly with the growing phase. Sev-
eral studies have reported that total and LDL cholesterol
levels decreased once during puberty, especially in males
(12-14). We actually confirmed that in boys; LDL cho-
lesterol decreased from the 1st to 2nd year of junior

high school and thereafter increased in subjects of this
study (data not shown). In this study, we analyzed the
data in the 3rd year of high school where HDL and LDL
cholesterol levels were assumed to be close to adult lev-
els and stable.

In childhood and adolescence, serum low HDL or
high LDL was shown to be associated with contempo-
rary atherosclerosis (15). It may also indicate that risk
factors such as serum total or LDL cholesterol levels
in childhood or adolescence predict the risk associated
with adult cardiovascular disease (16, 17). Thus, it may
be necessary to examine serum lipid levels at a young
age to predict current and future risk ol cardiovascular
events.

In a previous study of Japanese subjects, birth weight
was inversely related to serum total cholesterol, but not
to HDL cholesterol, at the middle adolescent age of 15
or 16 in both sexes (18). In another study, higher birth
weight was significantly associated with lower serum
total cholesterol in both sexes at age 20 (19). Purther-
more, birth weight was inversely correlated with seruum
total cholesterol, but only in males at 22.5 y {20). We
could not identily the reasons for the difference of the
results among all of these studies, including this study.
The differences of subject age and confounding fac-
tors may be part of the reason; moreover, we examined
serum LDL cholesterol instead of total cholesterol. This
may also have affected the differences in the results.

Increase in body fat among children and adolescents -
was suggested to be assoctated with adverse changes in
serum lipids (4, 5). In this study, percent body [at had a
positive association with serum LDL only in boys. Physi-
cal activity may also have a positive effect on serum lip-
ids among children (6). In this study, physical activity
had a positive association with serum HDL in both sexes.

Currently in Japan, the mean birth weight has been
decreasing and the prevalence of low-birth weight
infants (birth weight <2,500 g) has also been increas-
ing, while an opposite trend has been shown in West-
ern countries (21), Takimoto et al. indicated that the
increase in preterm deliveries and multiple gestations
were important factors with regard to the increase in
low-birth weight infants in Japan (21). In addition, a
decrease in BMI of young women with childbearing
potential may be another important factor (22). Actu-
ally, the National Nutrition Survey showed a decreasing
trend of BMI among young Japanese women in recent
years (23). In this study, lower birth weight at full term
and single births may be partly due to the mother’s poor
nufrition status.

Our study had several limitations; blood sampling
was conducted under nonfasting conditions. However, it
is known that the effects of meal intake on serum HDL
and LDL cholesterol levels are insignificant (24). We
were not able to estimate dietary cholesterol intake with
a food frequency questionnaire. In addition, we did not
examine the Tanner stage (25) as a growing phase out
of consideration for the subjects’ privacy. Thus, only for
girls, were we able to verify the effects of growing phase
by menarcheal age. Furthermore, we did not assess
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dietary or physical activity habits of the subjects at an
earlier age.

In conclusion, we found that in healthy Japanese late
adolescents, birth weight had a significantly positive
effect on serum HDL cholesterol levels independently of
physical activity and fat intake in girls when adjusted for
current body height and weight, but not in boys. Fur-
ther studies would be required for the clarification of the
relationship between birth size and serum lipids consid-
ering genetic effect and also the relationship in younger
ages while appropriately adjusting for their growing
phase.
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ARTICLE INFO ABSTRACT

Article history: Background: A metabolomic approach using umbilical cord blood from infants at birth has not been studied

Received 1 September 2012 widely yet.

Received in revised form 27 October 2012 Afm: We d changes in bolite levels in umbilical cord bload at birth via gas chromatography/mass

Accepted 31 October 2012 spectrometry (GC/MS)-based metabolomics, with the aim of achieving a detailed understanding of fetal stress
- during labor.

ﬁymw:rds. Study design: All procedures were reviewed and approved by the Institutional Review Board of Kobe University

c.\uéose School of Medicine. This was a cohort study of pregnant women based in Palmore Hospital, which islocated inan

Mannose urban area of Japan, and was carried out between December 2010 and May 2011.

Fructose Subject: Umbilical cord arterial blood samples were obtained from 41 infants immediately after delivery.

Qutcome measures: Metabolites in the blood samples were measured using GC/MS to investigate whether the de-
livery method (spontaneous onset of labor, induction of labor or elective cesarean section) affected the metabolite

profile in umbilical cord blood.

Results: Elective cesarean section without labor led to lower levels of isoleucine, fructose, mannose, glucose,
aliose, glucuronic acid, inositol and cysteine in comparison with vaginal delivery following spontaneous labor

and without medication.

Conclusion: It is proposed that the stress associated with labor be involved in alterations in the levels of metab-
alites, particularly saccharides such as ghucose, in umbilical cord bload.

. © 2012 Elsevier Ireland Ltd. All rights reserved.

1. Intreduction

The mode of delivery during birth is strongly associated with feta)
and maternal stress. In previous studies, it has been reported that fetal
stress was decreased in newborns delivered by cesarean section com-
pared with vaginal delivery, and cesarean section was associated with
significantly lower maternal hormonal responses compared with vagi-
nal delivery [1]. In addition, cortisol concentrations of second babies

glucose concentration was Jower in cesarean section infants than that
in vaginal delivery infants {2} Umbilical cord blood is the peripheral
blood of the fetus, and various molecules derived from the maternal
body are generally moved to the cord blood. To date, the low molecular
weight metabolites in umbilical cord blood have not beext comprehen~
sively analyzed. Therefore, clarifying the metabolites in umbilical cord
blood may be useful for the assessment of fetal nutrition or delivery
stress for mfants

Metabol s ( bolomie analysis) provides comprehensive data

were significantly lower in comparison to first babies {1), and I

* Corresponding author at: Departmeant of Pediatrics, Kobe University Graduate School
of Medicine, 5-1 Kusunoki-cho 7 chome. Chuo-ku, Kobe, 650-0017, Japan. Tel: +81 78
382 6090; fax: +81 78 382 6099,

E-mait address; {ijimatmed.kobe-uacip (K. lijima).

! These authers share senior authorship,

0378-3782/3 ~ see front matter © 2012 Elsevier Ireland Lrd. Al rights reserved.
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about the metabolic processes of a cell or organism. Metabolomics has
recently developed rapidly, and has been applied to various research
fields including medicine. We have studied pancreatic [3}, lung {4], and
gastrointestinal {5] cancers, and gastroenterological diseases [6}, and
have revealed alterations in the serum metabolite profile associated

with these diseases. In perinatology, analyses of neural tube defects [7]

316 F. Hashimoto et ai, / Early Human Development B9 (2013) 315-320

and intrauterine growth restriction |8,9] have been performed.
Metabolomics analysis of human umbilical vein endothelial cells
has demonstrated that activation of AMP-activated protein kinase
induces metabolic effects in celf metabolism |16). Here, we examined
changes in metabolite levels in umbilical cord blood at birth via gas
chromatography/mass spectrometry (GC/MS)-based metabolomics with
the aim of achieving a detailed understanding of fetal stress during labor.

2. Methods
2.1. Study design, participants, and location

All procedures were reviewed and approved by the Institutional Re-
view Board of Kobe University School of Medicine. This was a cohort

study of pregnant women based in Palmore Hospital, which is located
in an.urban area of Japan, and was carried out between D b

health examination at the hospital. Information about the participants
is summarized in Supplemental Table 1.

2.2. Serum collection and preparation

Immediately after delivery of the newborn, a segment of the umbil~
ical cord was doubly clamped, and an arterial blood sample was collect-
ed from this into a tube. The blood was centrifuged at 3000xg for
10 minat4 °C,and the serum was transferred to a clean tube and stored
at—80 *Cuntil use. Previously described methods were used to extract
low-molecular-weight metabolites from the sera [11}, and to complete
oximation and subsequent derivatization for GC/MS measurements
[11}

2.3. GC/MS analysis and data processing

As previously described {12}, GC/MS analysis was performed using

2010 and May 2011. The study consisted of 60 pregnant women who
volunteered to participate, or to have the study explained, after they
had read our advertisement (Fig. 1). Informed consent was obtained
from 54 of the 60 potential participants; the remaining six women de-
clined. Thus, a total of 54 singleton pregnant women and their single in-
fants participated. All of these pregnancies were full term. Forty-seven
infants were delivered vaginally; the remaining seven infants were de-
livered by cesarean section prior to spontaneous labor owing to;placenta
previa or recurrent cesarean, The mother of one of these seven infants

hibited maternal hyperthyroidism, so this infant was excluded from
the study. Among the 47 infants deli inally, 19 were delivered
without medication, and 16 were deli i vaginally with landi
E2 and/or oxytocin independently. A total of 12 infants were excluded

from the analysis because the mothers had been admini d antibi-

otics, or because the infants had ventricular septal defects, low birth .

weight (birth weight <2500 g), or exhibited intrauterine growth retar-
dation, or there was poor information available regarding the infants.
All of the pregnant women were kers and had no obesity, dia-
betes mellitus, or gestational diabetes mellitus. A total of 41 infants from
41 pregnant women were therefore analyzed, Our study also included
13 healthy adult volunteers, who had given a blood sample dunng a

GCMS- QP2010 Ultra (Shimadzu Co., Kyoto, Japan) with a fused silica
capillary cofumn {CP-SIL 8 CB low bleed/MS; 3¢ mx 0.25 mm (inner di-
ameter), film thickness: 0.25 pn; Agilent Co., Palo Alto, CA). Data pro-
cessing was performed using MetAlign software (Wageningen UR, The
Netherlands) and in-house analytical software (Aloutput). The metabo-
lite identification was performed according to previous reports [12,13).
In this analysis, the peak detection and alignment was performed by
MetAlign software. In Aloutput, the retention time for the obtained
data was also corrected using an internal standard. The metabolite data-
base used in our study includes the information about retention time
and El spectrum for each metabolite, and the retention time of each me-
tabolite in this database was also corrected on the basis of the results
from n-atkane mix analysis. For semi-quantitative analysis, the peak
height intensity of each ion was calculated and normalized using the
peak height of 2-isopropyimalic acid as an internal standard. In GC/MS
analysis, multiple peaks are sometimes detected for a particular metab-
olite owing to TMS-derivatization or isomeric form. In such cases, the
peak that most closely reflected the level of the metabolite was adopted
for semi-quantitative evaluation. The results obtained were also checked
manually, and the low-trust data were excluded Thus, the data analysis
including database was strictly ¢ !

[Invilaﬁon to pregnant women to participate in this study at Palmore Hospital ]

Voluntary participants
60

Agree
54

Refuse
6

" Vaginal delivery
47

Elective cesarean section
7

Mothers with antibiotics

Low birth weight infants

Ventricular septal defects infants

Intrauterine growth retardation
oor information re: infants

Maternal
hyperthyroidism
1

Without medication

‘With prostagtandin E2 and/or
oxytocin
16

Grou,
Elective cesarean section

Fig. 1. Derivation of the cohort.
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24. of glucose concentration

Serum glucose concentration was measured using a hexokinase
method (UniCel DxC 600, Beckman Coulter) according to the
manufacturer's instructions,

2.5, Statistical analysis

Data were analyzed using JMP9 software, Statistical significance was
determined using the Steel-Dwass test or the median test, and p<0.05
was used as the criterion for significance.

3. Results

This study consisted of 60 pregnant women between the ages of 21
and 45 years old. Their infants were divided according to the method
of delivery: the first group (group 1) included vaginal delivery without
medication (n=19}; the second group {group 2) included vaginal deliv-
ery with prostaglandin E2 and/or oxytocin treatment {n== 16); and the
third group (group 3) included cesarean section prior to spontaneous
laber (n==6). Table 1 shows data from the three groups, There were
no statistically significant differences in the birth weight among the
three groups. The gestational age of group 3 was significantly lower
than that of the other groups.

In our experimental conditions, a total of 81 metabolites were de-
tected in the sera of umbilical cord blood (Supplemental Table 2). We
compared the metabolites in sera obtained from umbilical cord blood
with those from the venous blood of healthy adult controls. This compar-
ison showed that the levels of 20 metabolites were significantly higher,
and 18 metabolites were significantly lower, in the sera obtained from

bilical cord blood ( 1 v Table 3), suggesting that metabo-
lites in umbilical cord blood may provide relevant information on differ-
ences compared with control venous blood, and that the metabolite
profile of the umbilical cord blood may be useful for und ding the

metabolomics analysis, serum glucose concentrations in group 1 (p=
0.002) and group 2 (p=~0.001) were significantly higher than those in
group 3, suggesting that the results from the GC/MS-based metabolomics
analysis are reliable.

Next, we compared the serum metabolites between primiparous
and multiparous mothers who gave birth via vaginal delivery (Supple-
mental Tables 4 and 5): both the primiparous group (n=26) and the
multiparous group included vaginal delivery with/without medication
{n==9). Of the 81 metabolites identified, the serum levels of five me-
tabolites were significantly higher in the primiparas compared with
the multiparas {Table 3); fructose (p=0.010}, mannose (p=0.020},
glucose {p=0.042), allose {p==0.043), and glucuronic acid {p=0.048.

4. Discussion

In this study, a GC/MS-based metabolomic approach was performed
using umbilical cord bloed obtained from infants at birth. In the umbil-
ical cord blood of infants born by vaginal delivery, serum levels of vari-
ous saccharides and related molecules; e.g., fructose, mannose, glucose,
allose, glucuronic acid, and inositol, were higher than those in the blood
of infauts delivered by cesarean section. In particular, the vaginal deliv-
ery group with prostaglandin E2 and/or oxytocin treatment had higher
levels, suggesting a correlation between the stress associated with labor
and alterations in metabolites.

Allose, which is a rare sugar, is known to be a potent inhibitor of
ischemia/reperfusion injury [14]. Administration of allose has been
shown to have protective effects against neutrophil-related post-
ischemic injury of the liver [ 14]. There is little information on the effects
of rare sugars in infants born by vaginal delivery following labor, and this
is the first report to demonstrate that infants delivered by cesarean sec-
tion had decreased levels of aliose in umbilical cord blood sera
{Table 2). This suggests that infants born via vaginal delivery have a ten-
dency to produce more allose as protection against ischemia, although
this hypothesis needs to be i { in detail.

baby's status. Serum metabolites of the three groups (groups 1, 2, and
3) were therefore compared as described above. As shown in Table 2,
the levels of nine metabolites were significantly different between
groups 1 and 3 {p<0.05). 3-Hydroxybutyric acid (p=0.038) was higher
in group 1, while the remaining eight significantly different metabolites
(isoleucine {p==0.027), fructose (p="0.003), mannose {p==0.023), glu-
cose {p=0.003)},allose (p==0.042), glucuronic acid {p=0.003), incsito!
(p==0.004), and cystine (p="0002)) were significantly higher in group
3 compared with those in group 1 (Table 2). In contrast, the jevels of
two metabolites (acetoacetic acid and 1-hexadecanol), were significantly
higher (p<0.05) in group 2 compared with those in group 1; these dif-
ferences may be due to the administration of prostaglandin E2 and/or
oxytocin. As shown in Table 2, the levels of various saccharides (includ-
ing glucose) in groups 1 and 2 were higher than those in group 3. To cor-
roborate this observation using a non MS-based method, the serum
glucose level in these groups was measured using an enzymatic (hexoki~
nase) method (Fig. 2). In agreement with the results from GC/MS-based

In a previous report, it was demonstrated that the glucose concen-
tration in infants bormn by elective cesarean section without labor was
fower than that in vaginally delivered term infants [ 2], which is consis-
tent with our results. Marom et al. pointed out that fetal stress during
labor may lead to an increase in the fetal glucose level [2]. The levels
of hormones such as cortisol and progesterone, which cause fetal stress
via the cord blood, were significantly higher in the normal vaginal deliv-
ery group compared with those in the cesarean group [ 15,16}, Increased
cortisol associated with stress increases the level of blood sugar through
ghuconeogenesis. In this study, high levels of saccharides, including glu-
cose, were observed in the vaginal delivery groups using GC/MS-based
metabolomics (Table 2) and enzymatic (Fig. 2) methods. In addition,
the level of glucuronic acid, which is derived from glucose via oxidation
of the hydroxyl group, was also higher (Table 2). Therefore, elective ce~
sarean section may be less stressful for the fetus in comparison to vag-
inal delivery, and labor may enhance stress via an up-regulation of
cortisol and progesterone.

Table 1
Comparison of characteristics between groups.
Group 1{n=219) Group 2 (n=16) Group 3 (n=6) p-Value

Gender (% male) 9719 {47.3%) 471G (25.0%) 3/6 {50.0%) 0948
Birth weight {g) 3060 (2620-3336) 3125 {2825-3285) 2894 {2504-20932) 0435
Gestational age (weeks) 393 {37.1-40.4) 39,6 (39.6-414) 37.6 {37.0-40.0) 0017 *
Primipara mothers (%) 12/19 (63.2%) 14/16 (87.5%) 1/6 {16.7%) 0020
Apgar score (1 min} 8.7 (8-10) 8.8 (8-9) 92 (8-9) 0591
Cord blood pH 7.31(7.24-7.36) 7.29(2.16-7.39) 7.33(7.25-7.37) 0151
Cord blood base excess (mEq/L) —~3.1{~102--03) =52{-11.1-—-27) ~18(—4.9-~03) 0.003
Cord blood €Oz (mm Hg) 43(26-60) 45(18-58) 43{41-56} 0.128
Maternal Bvi before pregnancy 19.3(17.8-246) 209(16.6-242) 18.7(16.9-22.5) 0.128
Maternal weight gain (kg) 11.4(52-15.7) 10.5(5.8-23.2) 12.1(66-16.7} 0.873

Data are represented as the mean followed by the range. P values were caleulated according to the median-test, and superscript fetters (*) indicate p values lower than 0.05.
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Table 2
Meabolites with significantly different levels berween groups.
No Compaound name Average Fold induction p-Valoe
Al Group 1 Group 2 Groupd  Group ! Grewp?  Croup3 Groupivea 2 Groupived  Growp2ws.3

(n=41) (n=18) (n=16) (n=6)

7 3-Hydroxybunricacid 00777 00670 00496 01854
18 tsolencine 00118 00011 00122 Q0093
41 Acetoacetic acid 00010 00008 00011 00010
63 Tagatose 00Ds2 0005 00038 0O
B4 Fructose 0128 0.3021 01983 Q0222
65 Mannose 01097  0I18 0307 00456
6  Glucose 22131 22054 27472 07814
67 Allose 0.0089 00091 40116 o011
71 Glucuronic acid 00017 0OOI8 00020 0.0008
73 1-Hexadecanol 00010 00008 OG04 00007
76 Inositol 02786 02990 02956 0683
81 Cystine 00193 00207 0018 00082

038 z7 100 G058 o3 o010t
L0 134 100 575 D27 0016
081 110 100 0.033° 0467 ang

0354 Q30 100 0206 0127 filohy
459 B9z 100 fukci:H o003 «Q.L01*
230 269 L0 0865 asz3t felerzod
284 352 100 0303 opest oot
B85S LSS RELY 73y 00427 0.013°
237 285 1.00 0582 Qo3 BO04*
130 pie:] 100 0017t 0656 (oL
178 136 1.00 G988 ety [de ey
252 268 100 0347 ooz et

Yalues represented the fold-induction of the peak intensity of groups 1 and 2 compared with that of group 3. The p valoes were cabculat

e Steed-Dwass rest, and 5 ript

Tetters {*) indicate p values Jower than 005, AT data are shown in Supplerental Table 2, andd those metabolites with significant differences beoween groups are represersted in this table.

“Na! is described acoording to Supplemnental Table 2.

The lower level of glucose in umbilical cord blood of infants bom by
cesarean section without labor may be due to shorter gestation. If the
gestational age is lower, hepatic accumulation of glycogen in the fetus
is small, leading to a fower level of serum glucose. The gestational age
of babies delivered by the cesarean section group is generally Jess than
that of babies born via the vaginal delivery group, and a significant dif-
ference between these groups was observed in this study (Table 1).
Newborns delivered by cesarean section have relative hypoglycemia, be-
cause the mother is treated with dextrose infusion, leading to an in-
crease of the blood insulin level in both mother and fetus, resulting in
lower serum- glucose in the fetus. Our observations may be explained
by these phenomena, Furthermore, the stress to the mother also seems
to increase the level of saccharides (including glucose} in the umbilical
cord blood. In the case of vaginal delivery, prostaglandin E2 and/or oxy-
tocin treatment tended to lead to higher levels of saccharides in the um-
bilical cord blood. Generally, 2 primipara mother is heavily stressed
during delivery compared with a multipara, and the level of glucose in
the umbilical cord blood of the baby of a primipara was higher than
that of a multipara (Table 3). These results may therefore be related ro
stress of the mother.

Mannose is required for glycoprotein and glycophospholipid synthe-
ses. The level of mannose is increased by fetal synthesis rather than by
placental transport |17}, The umbilical uptake of mannose from the ma-
ternal circulation suggests the presence of a mannose transporter in
human trophoblasts {17}, The characteristics of the mannose transporter

Glucose fog/di]

p=0.002
160

group! graup2 group3

Fig. 2. Serum concentrations of gluosse in infants. The serum concentration of glucose in the
umbilical cord blood was measured using a hexokinase method. Data are the average value
for each group, and error bars ihe standard deviation. Significant differences
were evaluated using the Steel-Dwass test, and p values are as described in the graph.

are different from those of a ghiose transporter; the mannose trans-
porter has a high affinity for mannose and relatively low affinity for gle
cose |17} Thet of both the layer and
the endothelial laver have been observed to strongly and continuously
express mannose | 18] Mannose glycans accumulate in fetal tissues dur-
ing development, and the production of mannese glycans in human fi-
Dbroblasts may require the presence of extra-cellular mannose, rather
than relying on its intrecellular production from glucose (18] In this
study, a higher level of mannose was observed in the vaginal delivery
groups {Table 3. Placental function declines during labor. and therefore
the accumulated mannose may be released into the umbilical cord blood

during labor.
The production of fructose via the sorbite] pathway exists in the fetus
and newborn, and isan fye in glucose bolism that

may maintain redox batance in the fetus [ 19] The presence of fructose in
the umbilical cord blood suggests fructese production by the fetus at
term {17]. GLUTS, which is a fructose transporter into cells, has been
identified in cells derived from trophoblasts, and the sorbitol pathway
was also found te be active in macerated umbilical cords from human
newborns | 17]. Our findings suggest that the increased level of fructose
in the umbilical cord blood during labor may contribute to its fevel in
newborns. Fructose, glucose, and sucrose have been widely studied in
human newborns, and were found to have equal analgesic effects {201,
Pructose may therefore reduce fetal pain and stress, in particular during
iabor.

Inositol is present in all tssues, and its level is particularly high in tis-
sues whase cells do not divide rapidly in adultlife [17]. The concentration
of inositol in the fetus is higher than that in the mother, and is elevated
during fetal life before decreasing postnatally [ 17} Inositol may therefore
have important biological roles during early development, but fetal ino-
sitol requirements are currently unknown. The level of inositel in the
umbilical cord blood may be regulated in response to the stress associat-
ed with labor.

Tagatose is a stereoisomer of fructose, and is a rare sugar present
in nature preducts. It has a minimal effect on blood glucese and insu-
fin levels. Supplemental p-tagatose could lower the plasma glucose
level in previous animal and clinical studies {21}, Therefore, the alter-
ation in the fetal tagatose levet caused by fetal stress during labor may
Dbe associated with the alteration in the glucose level.

Inthe umbilical cord blood of infants born by vaginal delivery, serum
levels of various saccharides and related molecules were higher than
those in the blood of infants delivered by cesarean section, but the mol-
ecules except saccharides and related molecules also had the distinctive
alterations. In humans, 3-hydroxybutyric acid, which is one of the ke-
tone bodies, is synthesized in the liver from acetyl-CoA in a reaction cat-
alyzed by the enzyme 3-hydroxybutyrate dehyd and can be
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Table 3
Metabolites with significantly different levels between primiparous and multiparous mothers,
Mo. Compound name Average Fold induction p-Value
Al Primiparous Multiparous primi/muli
{n=35) {n=26) (n=9)

64 Fructose 0.1047 0.1852 0.0365 507 0.010°

65 Mannose 0.1201 0.1350 0.0772 173 0.020"

66 Glucose 2.4585 26571 1.8848 141 0.042¢

67 Allose 0.0103 Q0121 0.0049 245 0.043"

7 Glucuronic acid 0.0019 0.0020 0.0014 141 0.048"
Values represented the fold-induction of the peak intensity of i mothers with that of mothers, The p values were calculated according to the
Steel-Dwass test, and superscript letters (*) indicate p values Jower than 0.05. All data are shown in Table 5, with signil ly different ites shown in this
table, "No. is described according to Supplemental Table 5.
used as an energy source in the brain when the blood glucose level is Acknowledgments

low. Little is known whether 3-hydrocybutyric acid can act as a potential
central signal in maintaining energy homeostasis {22}, but the high nu-
tritional supply is needed during suckling, possibly showing that its level
is increased during early development and decreased after weaning. Ac-
tually, in this study, the level of 3-hydroxybutyric acid was significantly
higher in the infants’ group compared with that in the normal adult con-
trols (Supplemental Table 3). In addition, the level of 3-hydroxybutyric
acid in the vaginal delivery group was significantly lower than that in
the cesarean group (Table 2). Fetal stress during labor increased the
fetal glucose level, and so its increase may lead to the decreased level
of 3-hydroxybutyric acid.

Acetoacetic acid is also one of the ketone bodies. The level of
acetoacetic acid was not significantly different between the infants’
group and the normal adult controls (Supplemental Table 3), and the
significant difference between group 1 and group 2 was observed
(Table 2). 7 ,the with pr landin E2 and/or oxyto-
cin may lead to its significant alteration, althought we could discuss the
TeasorL.

1-Hexadecanol, which is one of the fatty alcohols, had the higher
level in group 2 compared with other groups (Table 2). However, we
could not obtain the insight inte the relationship between the fetal
ievel of 1-hexadecanol and the labor/delivery method. Therefore, the al-
teration in the leve! of 1-hexadecanol might be false-positive, although
detailed research may be needed.

In conclusion, in the umbilical cord blood of infants born by vaginal
delivery, serum levels of various saccharides and related molecules
were higher than those in infants delivered by cesarean section, and
we propose that the stress associated with labor would be involved in
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