Atherosclerosis 275 (2018) 346e351

Contents lists available at ScienceDirect

Atherosclerosis
journal homepage: www.elsevier.com/locate/atherosclerosis

Effect of gestational diabetes mellitus on newborn cholesterol
metabolism
€ no
€ b, Saila B. Koivusalo b, Johan G. Eriksson c, d,
Helena E. Miettinen a, *, Kristiina Ro
Helena Gylling e
a

University of Helsinki and Helsinki University Hospital, Endocrinology, Finland
University of Helsinki and Helsinki University Hospital, Obstetrics and Gynaecology, Women's Hospital, P.O. Box 140 Haartmaninkatu 2, 00029 HUS,
Finland
c
€lsan Research Center, P.O. Box 20
University of Helsinki and Helsinki University Hospital, General Practice and Primary Health Care, Folkha
(Tukholmankatu 8 B, 6. Fl), Biomedicum, Helsinki, 00014, Finland
d
University of Helsinki National Institute for Health and Welfare, Chronic Disease Prevention, Finland
e
University of Helsinki and Helsinki University Hospital, Internal Medicine, P.O. BOX 700, 00029 HUS, Helsinki, Finland
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 31 March 2018
Received in revised form
20 June 2018
Accepted 21 June 2018
Available online 22 June 2018

Background and aims: Impaired glucose metabolism during pregnancy may associate with changes in
fetal cholesterol metabolism. We investigated if gestational diabetes mellitus (GDM) affects newborn
cholesterol metabolism as determined by cord blood squalene and non-cholesterol sterols. Furthermore,
we examined potential correlations between cord blood and maternal serum non-cholesterol sterols.
Methods: Pregnant women at risk for GDM (BMI>30 kg/m2) were enrolled from maternity clinics in
Finland. GDM was determined from the results of an oral glucose tolerance test. Serum samples were
taken in the third trimester of pregnancy, and cord blood samples collected from their newborns at birth.
Squalene and non-cholesterol sterols were analyzed from serum and cord blood by gas liquid chromatography. All women with GDM were in good glycaemic control.
Results: The ratios of squalene and non-cholesterol sterols to cholesterol (100  mmol/mmol of cholesterol) in cord blood did not differ between the infants born to mothers with GDM (n ¼ 15) or mothers
with normal glucose tolerance (n ¼ 13). The ratios of sitosterol and campesterol to cholesterol in the cord
blood correlated with the corresponding maternal serum ratios (r ¼ 0.70, p < 0.0001) in both groups.
Conclusions: In obese women under good glycaemic control, GDM did not affect newborn cholesterol
metabolism. Cord blood sitosterol and campesterol ratios to cholesterol correlated with the corresponding maternal serum ratios thus potentially reﬂecting maternal-fetal cholesterol transport.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Incidence of obesity and gestational diabetes (GDM) are
increasing in western countries, leading to a growing number of
GDM associated adverse pregnancy outcomes [1]. These GDM
related risks, most importantly fetal macrosomia, are mediated at
least partly via disturbed glucose- and/or lipid metabolism.
Maternal plasma lipids might be stronger determinants for fetal

Abbreviations: GDM, gestational diabetes mellitus; OGTT, oral glucose tolerance
test.
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growth than plasma glucose levels [2], reviewed in Ref. [3]. Studies
focusing upon serum lipids and lipoproteins in GDM have been
controversial showing increase, decrease or no change in serum
triglyceride, total- or LDL cholesterol levels [4e7], reviewed in
Ref. [3].
In addition to cholesterol, serum contains cholesterol precursors
(squalene, lanosterol, cholestenol, desmosterol and lathosterol),
which reﬂect cholesterol synthesis, and cholestanol, a derivative of
cholesterol, and plant sterols (campesterol, sitosterol and avenasterol), which reﬂect cholesterol absorption efﬁciency in many
conditions [8]. We have previously shown that cholesterol synthesis markers in obese GDM pregnancies were increased when
compared to obese control pregnancies with normal glucose
tolerance. Furthermore, in GDM, the second trimester maternal
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serum squalene concentration correlated with neonatal birth
weight suggesting potential contribution of maternal cholesterol
metabolism to fetal weight [7].
Although several studies have investigated maternal serum and
cord blood lipids in GDM, less is known about the impact of GDM
on placental and fetal cholesterol metabolism. In some studies,
infants of diabetic mothers have had higher plasma cholesterol and
phospholipid levels, or altered HDL composition whereas others
failed to show any differences [9e11]. Impaired glucose metabolism
during pregnancy could associate with changes in fetal cholesterol
metabolism, detectable by analysing cord blood squalene and noncholesterol sterols. To our knowledge, no studies have explored
cholesterol metabolism of newborns of GDM mothers. Nor is there
data available about potential associations of maternal noncholesterol sterols in GDM with those in cord blood.
Thus, the present study was undertaken to examine serum
cholesterol precursors, cholestanol, and plant sterols in cord blood
of infants born to mothers with GDM or normal glucose tolerance.
Furthermore, we evaluated potential correlations between fetal
and maternal non-cholesterol sterols.

lathosterol), cholestanol and plant sterols (campesterol, sitosterol
and avenasterol) were assayed by gas liquid chromatography as
described [15]. Shortly, serum/cord blood squalene and noncholesterol sterols were quantiﬁed from non-saponiﬁable materials by capillary gas liquid chromatography (Agilent 6890 N
Network GC System, Agilent Technologies, Wilmington, DE)
equipped with a 50 m long non-polar Ultra 2 capillary column (5%
phenyl-methyl siloxane; Agilent Technologies, Wilmington, DE)
with 5a-cholestane as internal standard [15]. The serum and cord
blood values of squalene and non-cholesterol sterols are expressed
as concentrations (mg/dL) or ratios to cholesterol (100  mmol/
mmol of cholesterol) by dividing squalene and non-cholesterol
sterol concentrations with the cholesterol value of the same gas
liquid chromatography run in order to eliminate the effect of
different cholesterol levels [16].
Serum and cord blood triglycerides, total-, LDL-, and HDL
cholesterol concentrations were determined by enzymatic
methods, Thermo Konelab GO (Thermo Scientiﬁc, Vantaa, Finland).

2. Materials and methods

Statistical analyses were performed with IBM SPSS 22.0 statistics program. Normality was tested before further analyses. Student's t-test or Mann-Whitney U test were used to analyze
differences in between the groups. Spearman's correlation was
used to analyze correlation between parameters. p-value <0.05 was
considered statistically signiﬁcant.

2.1. Subjects
All pregnant study subjects were participants of our previous
study [7] and originated from the control arm of the Finnish
RADIEL-study [12]. Characteristics of the pregnant study subjects,
as well as their serum non-cholesterol sterol concentrations and
ratios to cholesterol, have been described previously in detail [7].
Brieﬂy, pregnant women classiﬁed as at risk for developing GDM
(BMI>30 kg/m2) were enrolled to the study at the time of their ﬁrst
visit to the maternity clinics in Southern Finland. Exclusion criteria
for all subjects included previous diabetes, undiagnosed thyroid
disease (abnormal serum thyroid stimulating hormone (TSH) concentration), use of insulin before samples were taken, age<18 years,
oral corticosteroid treatment, alcohol or drug abuse, multiple
pregnancy, physical disability, signiﬁcant co-operation difﬁculties
(e.g. insufﬁcient language skills) or history of severe psychiatric
disorder or hypertension. An oral 75 g 2-hr glucose tolerance test
(OGTT) was performed to all subjects at weeks 22e29 of pregnancy,
with the exception of 3 subjects with OGTT performed at weeks
31e33. OGTT was considered diagnostic for GDM if any of the
measures were pathological. The following diagnostic thresholds
were used: fasting plasma glucose >5.3 mmol/L, 1 h plasma glucose
10.0 mmol/L or 2 h plasma glucose 8.6 mmol/L [13]. With the
exception of two subjects all study subjects were of Finnish origin.
Cord blood samples were collected when technically feasible
from all subjects (n ¼ 28) participating in our previous study [7].
The GDM group (n ¼ 15) consisted of women having a pathological
OGTT while the control subjects (n ¼ 13) had a normal OGTT during
pregnancy and no history of previous GDM.
The newborns were weighed directly after delivery on a digital
baby scale. The relative weight was calculated using Finnish standards at the time of the study adjusted for sex and gestational age
[14].

2.3. Statistical analyses

2.4. Ethical approval
The study was performed according to the principles of the
Declaration of Helsinki and was approved by the Ethical Committees of the Helsinki University Central Hospital (Dnro 300/E9/06)
and South Karelia Central Hospital (Dnro M06/08). Trial Registration: Clinicaltrials.gov Identiﬁer: NCT01698385. All participants
signed an informed consent form.
3. Results
The GDM and control groups did not differ in age, nor were
there any differences in serum total-, HDL-, LDL cholesterol, triglyceride or insulin levels. Subjects with GDM had higher BMI and
plasma glucose concentration but they were in good glycaemic
control (Table 1).
Characteristics of the infants born to mothers with GDM (GDM
group, n ¼ 15) or mothers with normal glucose tolerance (control
group, n ¼ 13) are shown in Table 2. The GDM and control groups,
Table 1
Characteristics of women with GDM and control subjects, and their serum total and
lipoprotein cholesterol, triglyceride, glucose and insulin concentrations in the third
trimester of pregnancy.

Age (years)
BMI (kg/m2)
Glucose (mmol/L)
Insulin (mU/L)
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Triglycerides (mmol/L)

2.2. Methods
Serum samples were collected from all subjects during pregnancy weeks 34e36 as described previously [12]. Cord blood
samples were collected at birth and stored at 80  C until analyzed.
Serum and cord blood cholesterol and cholesterol precursors
(squalene,
lanosterol,
dihydrolanosterol,
D8dimethylsterol,
D8methostenol, D7methostenol, cholestenol, desmosterol and

a

p < 0.05.
p < 0.01.
Values are mean ± SE.

b

Control
n ¼ 13

GDM
n ¼ 15

29.9 ± 1.9
35.5 ± 0.8
4.59 ± 0.08
13.99 ± 2.02
6.00 ± 0.22
1.73 ± 0.10
3.45 ± 0.26
2.35 ± 0.21

31.1 ± 0.9
39.2 ± 1.2a
5.11 ± 0.13b
15.88 ± 2.24
5.80 ± 0.18
1.63 ± 0.14
3.10 ± 0.21
2.53 ± 0.18
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Table 2
Characteristics of the infants born to control mothers and mothers affected by GDM
and their cord blood total and lipoprotein cholesterol and triglyceride
concentrations.

Gestational age (weeks)
Birth weight (kg)
Relative weight
Boys/girls
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Total triglycerides (mmol/L)

Control n ¼ 13

GDM n ¼ 15

40.54.7 ± 0.32
3.54 ± 0.13
0.25 ± 0.27
8/5
1.55 ± 0.11
0.55 ± 0.05
0.79 ± 0.09
0.47 ± 0.06

39.8 ± 0.33
3.50 ± 0.12
0.09 ± 0.24
5/10
1.55 ± 0.10
0.57 ± 0.06
0.78 ± 0.08
0.44 ± 0.05

Values are mean ± SE.

or boys and girls, did not differ in gestational age, weight or relative
weight. Nor were there any differences in their cord blood total-,
HDL-, LDL cholesterol or total triglyceride levels.
Cord blood concentrations of squalene and non-cholesterol
sterols (data not shown), as well as their ratios to cholesterol,
were similar in GDM and control groups (Table 3). In maternal
serum dihydrolanosterol, D8dimethylsterol, D8methostenol and
D7methostenol were undetectable but in the cord blood they were
present in high amounts, especially D8methostenol and
D7methostenol. As cord blood total cholesterol concentration was
low, the ratios of squalene, lanosterol, cholestenol, desmosterol,
lathosterol and cholestanol were about 2e4 fold higher than the
corresponding ratios in the maternal serum. Only the ratios of
sitosterol and campesterol to cholesterol were lower in the cord
blood than in maternal serum (p < 108). In the maternal serum the
major plant sterol was campesterol, and the ratio of campesterol to
sitosterol was 1.9 ± 0.05, whereas in cord blood the ratio of campesterol to sitosterol was only 0.7 ± 0.04.
The ratio of cord blood sitosterol to cholesterol was 50.2% ± 3.7
and 56.8% ± 3.0 of the maternal serum ratios (control vs. GDM,
respectively, mean ± SE), and varied between 30% and 85%, while
the corresponding percentages for campesterol were only
22.4 ± 2.3% and 28.7 ± 0.9% (control vs. GDM). The cord blood
sitosterol concentration was 13.5 ± 1.9% and 15.1 ± 1.2% of the
maternal serum concentrations (control vs. GDM, respectively,

mean ± SE), and again for campesterol the respective percentages
were lower (6.1 ± 0.9% and 5.0 ± 0.4%) (p < 106 sitosterol vs.
campesterol).
Cord blood non-cholesterol sterols did not correlate with
maternal BMI. We next looked at potential correlations between
cord blood and third trimester maternal serum lipids and sterols.
There were no correlations between maternal serum triglyceride,
or total-, LDL- or HDL cholesterol concentrations and those in the
cord blood. Neither were there any correlations between cholesterol precursor sterols in cord blood and in maternal serum. The
high cholestanol concentration observed in both the cord blood and
in maternal serum in the third trimester did not correlate with each
other. However, the ratio of sitosterol to cholesterol in the cord
blood correlated to the ratios of sitosterol (r ¼ 0.70, p < 0.0001)
(Fig. 1), campesterol (r ¼ 0.68, p < 0.0001) and cholestanol (r ¼ 0.71,
p < 0.0001) in the maternal serum in both groups (p-values for
combined groups). Also the ratio of campesterol to cholesterol in
the cord blood correlated with the maternal serum ratio of campesterol (r ¼ 0.69, p < 0.0001).
In the cord blood, total cholesterol concentration correlated
with sitosterol (r ¼ 0.78, p < 0.00001), campesterol (r ¼ 0.610,
p ¼ 0.001), desmosterol (r ¼ 0.646, p < 0.001) and cholestanol
(r ¼ 0.67, p < 0.0001) concentrations in both groups (Fig. 2). In
addition, cholestanol and desmosterol concentrations correlated
with sitosterol (r ¼ 0.62, p < 0.001, and r ¼ 0.44, p < 0.05, respectively) and campesterol (r ¼ 0.47, p < 0.05 and r ¼ 0.47, p < 0.05)
concentrations.
Birth weight or relative birth weight did not correlate with cord
blood triglyceride, or total-, LDL- or HDL cholesterol concentration
nor with squalene or non-cholesterol sterol concentrations or ratios to cholesterol. Cord blood triglyceride concentration correlated
with the length of gestation in both GDM (r ¼ 0.652, p ¼ 0.008) and
control groups (r ¼ 0.783, p ¼ 0.003).

4. Discussion
The present study explores for the ﬁrst time cord blood squalene
and non-cholesterol sterols in newborns from pregnancies affected

Table 3
Total cholesterol (mmol/L) and squalene and non-cholesterol sterol ratios to
cholesterol (100  mmol/mmol of cholesterol) in cord blood of infants born to
mothers with GDM and in controls, and in the serum of their mothers in the third
trimester of their pregnancy.
Cord blood

Total cholesterol
Squalene
Lanosterol
Dihydrolanosterol
D8 Dimethylsterol
D8 Methostenol
D7 Methostenol
Cholestenol
Desmosterol
Lathosterol
Cholestanol
Campesterol
Sitosterol

Maternal serum

Control
n ¼ 13

GDM
n ¼ 15

Control
n ¼ 12

GDM
n ¼ 15

1.5 ± 0.1
43.0 ± 7.9
34.4 ± 6.1
25.2 ± 2.0
41.5 ± 8.1
159.2 ± 22.7
136.8 ± 29.3
72.1 ± 5.2
168.5 ± 7.6
319.6 ± 21.8
695.1 ± 35.8
37.3 ± 4.4
46.3 ± 2.3

1.5 ± 0.1
31.3 ± 4.3
30.1 ± 1.7
27.2 ± 3.0
32.7 ± 5.1
156.5 ± 15.8
119.2 ± 17.7
72.3 ± 5.4
152.8 ± 5.3
308.9 ± 19.5
694.7 ± 19.6
29.9 ± 2.1
46.0 ± 1.8

6.0 ± 0.2c
9.2 ± 0.8a
11.9 ± 1.1a
ND
ND
ND
ND
17.4 ± 1.4c
91.1 ± 5.1c
142.9 ± 14.0c
261.3 ± 13.4c
179.2 ± 20.0c
97.3 ± 8.2c

5.8 ± 0.2c
11.3 ± 0.8b
12.8 ± 1.1c
ND
ND
ND
ND
15.1 ± 0.7c
84.4 ± 3.7c
134.6 ± 8.4c
253.6 ± 9.3c
162.7 ± 12.3c
84.5 ± 5.8c

ND ¼ not detectable.
a
p < 0.01.
b
p < 0.001.
c
p < 0.0001.
Values are mean ± SE; p-values are for cord blood vs. maternal serum.

Fig. 1. Correlation between the cord blood ratios of sitosterol to cholesterol (100 
mmol/mmol of cholesterol) and the third trimester maternal serum ratios of sitosterol
to cholesterol (100  mmol/mmol of cholesterol).
Open circle, control pregnancies; black circle, pregnancies affected by GDM (r ¼ 0.70,
p < 0.0001).
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Fig. 2. Correlation between the cord blood cholesterol and (A) sitosterol (r ¼ 0.78,
p < 0.00001), (B) desmosterol (r ¼ 0.646, p < 0.001) and (C) cholestanol (r ¼ 0.67,
p < 0.0001) concentrations in control newborns (open circle) and newborns of mothers
with GDM (ﬁlled circle).
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by obesity and GDM, and further investigates correlations between
cord blood and maternal serum sterols. We proposed that impaired
glucose metabolism during pregnancy could associate with
changes in fetal cholesterol metabolism, detectable by analysing
cord blood squalene and non-cholesterol sterols. The main ﬁndings
in our study were that 1. in obesity, GDM under good glycaemic
control did not affect squalene or non-cholesterol sterol concentrations or ratios to cholesterol in cord blood. 2. The ratio of cord
blood plant sterols correlated with the respective maternal serum
plant sterol ratios potentially reﬂecting maternal-fetal cholesterol
transport.
In all newborns, the presence of methylsterols and 2e4 fold
higher ratios of lanosterol, desmosterol, lathosterol, cholestenol
and squalene to cholesterol in the cord blood, as compared to
corresponding maternal serum ratios, suggest that all steps of
cholesterol synthesis were increased at birth, a ﬁnding similar to
previous studies [17,18].
The ﬁnding that total cholesterol concentration correlated with
desmosterol, but not with lathosterol, concentration in cord blood
suggests that the cholesterol synthesis pathway through the desmosterol i.e. Bloch route might have been preferred over the
Kandutsch-Russell route at this point. It is apparently not explained
by the effect of maternal obesity as similar correlation was also
found in healthy control newborns (Vuorio AF, Miettinen HE and
Gylling H, unpublished data). It may be that, as desmosterol is
highly abundant in the brain, its production may be important at
the time of vigorous growth and development [19,20]. Further
studies are required to examine the speciﬁc role, if any, of desmosterol in the newborns.
High levels of cholestanol found in cord blood, and the lack of its
correlation to maternal serum cholestanol levels, may reﬂect either
increased fetal cholestanol synthesis from cholesterol, supported
by the ﬁnding that cholesterol concentration correlated with that of
cholestanol, or decreased elimination via biliary excretion, i.e. mild
cholestasis, due to immature biliary secretion in the newborns.
Previously it has been shown that cholestanol levels drastically
decrease by the ﬁrst year of life, probably indicating development
of biliary system, and/or decrease in cholesterol synthesis activity
[18].
GDM in obese subjects did not have any signiﬁcant impact on
cord blood cholesterol or triglyceride concentrations, or newborn
cholesterol metabolism as determined by cord blood squalene and
non-cholesterol sterols. However, as all of our GDM subjects were
in good glycaemic control, the potential impact of glycaemic variation on fetal cholesterol metabolism might have been abolished.
The lack of correlation between maternal and fetal cholesterol
and triglyceride concentrations is in accordance with the previous
studies [21]. Maternal and fetal cholesterol and lipoprotein levels
do not commonly correlate in full term newborns [21,22] reviewed
in Ref. [23], whereas in early stage of pregnancy, when cord blood
cholesterol is higher, correlation may exist because at that time the
fetus assumingly relies mainly on maternal cholesterol sources
[24,25]. To our knowledge, associations of non-cholesterol sterols
in cord blood with maternal serum sterols in GDM have not been
examined before. At birth, the concentrations of cholesterol precursor sterols in cord blood are affected not only by the maternalfetal transport, but also by highly active fetal endogenous cholesterol synthesis. Thus, it is not surprising that concentrations, or
ratios of cholesterol precursors in the cord blood did not associate
with the corresponding maternal serum levels. As the samples from
the mother were not taken simultaneously with the cord blood, this
might have inﬂuenced the results [7], but in a previous and only
study exploring simultaneous correlations of maternal and cord
blood sterols at birth, no such correlations were detected either
[17]. In that respect, the ﬁnding that the ratios of sitosterol and
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campesterol to cholesterol correlated with the corresponding
maternal ratios, is of interest, and a new observation in GDM
pregnancies [17]. Although a low number of the GDM subjects is a
limitation to our study, a similar correlation was previously
observed in healthy pregnancies [17].
As plant sterols cannot be synthesized, all sitosterol and campesterol present in the cord blood must originate from the maternal
circulation and may thus reﬂect maternal-fetal cholesterol transport. Also, despite of increased cholesterol synthesis of the newborns, cord blood cholesterol concentration correlated with
sitosterol and campesterol concentrations. Previously it was estimated that in cord blood of healthy fetuses, sitosterol ratios were
40e50% of the non-related pregnant levels [18]. In our study, percentages of sitosterol ratios in cord blood varied from 30 to 85%
(average 54%) of the corresponding maternal ratios, but were not
affected by GDM or maternal BMI. On the other hand, the percentage of plant sterol concentrations in cord blood were only 15%
of the maternal concentrations. Which of the parameters then, if
any, reﬂects the actual extent of maternal-fetal cholesterol transport, requires further studies.
The amount of campesterol in serum is normally higher than
that of sitosterol due to better absorption of campesterol from the
intestine [26]. This was also seen in maternal serum, where the
concentration of campesterol was almost twice as high as that of
sitosterol. In this respect, it is interesting that in cord blood the ratio
of campesterol to sitosterol was only 0.7. Plant sterols in serum are
carried mainly in LDL particles, in which the campesterol to sitosterol ratio is similar to that of serum. The exact mechanisms and
regulation of maternal-fetal cholesterol delivery are not yet
completely understood. Maternal lipoproteins must ﬁrst be taken
up in the apical side of the trophoblasts, which express several lipoprotein receptors, reviewed in Ref. [27]. Excretion of cholesterol
from the basolateral membrane to the fetal side may involve ABCA1
[28,29], which is also capable of secreting plant sterols. Thus, at
some point campesterol apparently is handled differently than
sitosterol, as reﬂected by lower ratios of cord blood campesterol to
maternal serum campesterol.
Further studies are required to ﬁnd out if sitosterol and campesterol concentrations or ratios to cholesterol in the cord blood, or
during pregnancy from amniotic ﬂuid, could be used as a tool to
determine activity of maternal-fetal cholesterol transport.
4.1. Conclusion
We have shown that, in obesity, and under good glycemic
control, GDM did not have any effect on newborn cholesterol
metabolism as determined by cord blood squalene and noncholesterol sterol concentrations or ratios to cholesterol. The ratios of sitosterol and campesterol to cholesterol in cord blood
correlated with corresponding maternal serum ratios, apparently
reﬂecting maternal-fetal cholesterol transport.
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