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Abstract: Pregravid obesity is one of the major risk factors for pregnancy complications such as
gestational diabetes mellitus (GDM) and an increased risk of cardiovascular events in children of
affected mothers. However, the biological mechanisms that underpin these adverse outcomes are not
well understood. High-density lipoproteins (HDLs) are antiatherogenic by promoting the efflux of
cholesterol from macrophages and by suppression of inflammation. Functional impairment of HDLs
in obese and GDM-complicated pregnancies may have long-term effects on maternal and offspring
health. In the present study, we assessed metrics of HDL function in sera of pregnant women with
overweight/obesity of the DALI lifestyle trial (prepregnancy BMI ≥ 29 kg/m2) and women with
normal weight (prepregnancy BMI < 25 kg/m2), as well as HDL functionalities in cord blood at
delivery. We observed that pregravid obesity was associated with impaired serum antioxidative
capacity and lecithin–cholesterol acyltransferase activity in both mothers and offspring, whereas
maternal HDL cholesterol efflux capacity was increased. Interestingly, functionalities of maternal
and fetal HDL correlated robustly. GDM did not significantly further alter the parameters of HDL
function and metabolism in women with obesity, so obesity itself appears to have a major impact on
HDL functionality in mothers and their offspring.

Keywords: obesity; pregnancy; gestational diabetes mellitus; cholesterol efflux capacity; paraoxonase-1;
LCAT; antioxidative capacity

1. Introduction

Obesity poses a serious health concern during pregnancy, and maternal obesity is
associated with difficulties in conceiving, adverse perinatal outcomes, and represents
a long-term risk to the health of the child [1,2]. Maternal obesity increases the risk of
pregnancy complications such as gestational diabetes mellitus (GDM) [3] and gestational
hypertension [4]. GDM is the most common pregnancy disorder affecting up to 22% of all
pregnancies [5,6] and is characterized by the onset of glucose intolerance first diagnosed
in the second and third trimesters of pregnancy [7]. Women with a history of GDM
have an increased risk of developing type 2 diabetes mellitus, hypertension, metabolic
syndrome, hyperlipidemia, and cardiovascular disease later in life [8–12]. Maternal obesity
is further associated with an increased risk in their children of congenital anomalies,
including congenital heart disease, together with premature death from cardiovascular
events, compared with children born to women without obesity during pregnancy [13,14].
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The exact pathophysiology of this increased CVD risk in the offspring of obese women
remains to be determined [13].

The inverse association of high-density lipoprotein (HDL) cholesterol with cardiovas-
cular risk is well established [15,16]; however, recent research has shown that steady-state
HDL cholesterol concentrations may provide limited information regarding the potential
antiatherogenic and anti-inflammatory functions of HDL. There is clear evidence that HDL
composition determines its functional properties rather than the levels of circulating HDL
cholesterol. The HDL-associated enzyme paraoxonase-1 (PON1), for example, protects
HDL from lipid oxidation and shows anti-inflammatory activities independent of HDL
cholesterol [17]. The first step of HDL to promote reverse cholesterol transport, which
can be measured in a cell-based assay as cholesterol efflux capacity, has been shown to be
inversely associated with an increased risk of cardiovascular events independent of HDL
cholesterol levels [18]. In general, HDL particles exert anti-inflammatory, antioxidative,
and vasoprotective effects through associated enzymes and proteins [17,19,20].

Obesity has significant effects on the metabolism, composition, and function of
HDL [21–23]. In the present study, we investigated the effects of overweight/obesity
and obesity + GDM on HDL functionality in pregnant women and their offspring, which
has not been previously studied. We assessed metrics of HDL function in sera of pregnant
women with overweight/obesity of the DALI lifestyle trial (prepregnancy BMI≥ 29 kg/m2)
and women with normal weight (prepregnancy BMI < 25 kg/m2). In addition, we analyzed
HDL functionalities in umbilical cord blood at delivery, representing neonatal blood [24,25].

2. Materials and Methods
2.1. Study Cohorts

Pregnant women < 20 weeks gestation with a singleton pregnancy, aged ≥ 18 years
with a prepregnancy BMI of ≥29 kg/m2 were invited to participate. These women were
recruited within the multicenter randomized controlled trial study “vitamin D and lifestyle
intervention for GDM prevention (DALI),” which was conducted between 2012 and 2015
at 11 study sites in nine European countries (Austria, Belgium, Denmark (Odense, Copen-
hagen), Ireland, Italy (Pisa, Padua), Netherlands, Poland, Spain, and United Kingdom). The
study was registered under trial registration number ISRCTN70595832 and was approved
by all local ethics committees (Netherlands, Amsterdam, 2012/400; Belgium, Leuven,
S52171; Italy, Padua, n. 200 del 27/03/2013; Italy, Pisa, nr. 3266; Denmark, Odense and
Copenhagen, H-4-2013-005; Ireland, Galway, Ref 7/12; UK, Cambridge, 11/EE/0221; Spain,
Barcelona, 13/006 (OBS); Poland, Poznan, Nr 1165/12; Austria, Vienna, 2022/2012).

Women were excluded if they had GDM at baseline according to the International
Association of Diabetes and Pregnancy Study Group (IADPSG) criteria (fasting venous
plasma glucose ≥ 5.1 mmol/L and/or 1 h glucose ≥ 10 mmol/L and/or 2 h glucose
≥ 8.5 mmol/L) [26] or if they had a history of diabetes, chronic diseases, or psychiatric
disorders. Other exclusion criteria included inability to walk 100 m safely, requirement
for a complex diet, and inability to communicate with the lifestyle coach due to a lack of
language skills.

Following written informed consent, women were randomly assigned to three (pilot
study) or four (lifestyle trial) groups receiving counseling for healthy eating (HE), physical
activity (PA), healthy eating + physical activity (HE + PA), and—in the lifestyle trial—a
control group receiving usual care (UC). For this analysis, data from 186 participants were
combined into one cohort and analyzed. At baseline, women were screened, and fasting
blood samples were collected before and during an oral glucose tolerance test. This was
repeated at 24–28 weeks and at 35–37 weeks. From women with GDM at 24–28 weeks,
only fasting blood samples were taken at 35–37 weeks, as previously described [27,28].
Whole blood samples were separated into serum and stored at −20 ◦C or −80 ◦C to
be further handled in the ISO-certified central trial laboratory in Graz, Austria. GDM
was defined according to IADPSG/WHO2013 criteria (oral glucose tolerance test, venous
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plasma glucose: fasting ≥ 5.1 mmol/L, 1 h ≥ 10 mmol/L and/or 2 h ≥ 8.5 mmol/L) at
<20 weeks, at 24–28 weeks, and 35–37 weeks gestation.

Normal-weight women (prepregnancy BMI < 25 kg/m2) were recruited at the Medical
University Graz and gave informed written consent at the time of delivery (26–333 ex 13/14).
Included women had normal blood pressure levels and absence of medical complications
during pregnancy. Included women were matched to the DALI cohort in maternal age
and offspring sex. Venous blood from pregnant women was collected before delivery,
while corresponding umbilical cord blood was taken longest 10 min after delivery. Serum
samples were stored at −80 ◦C.

2.2. Biochemical Analyses

Plasma glucose was measured using the hexokinase method (DiaSys Diagnostic Sys-
tems, Holzheim, Germany) with a lower limit of sensitivity of 0.1 mmol/L.

Insulin was quantified using a sandwich immunoassay (ADVIA Centaur, Siemens
Healthcare Diagnostics Inc., Vienna, Austria) with an analytical sensitivity of 0.5 mU/L,
intra-assay CVs of 3.3–4.6%, and interassay CVs of 2.6–5.9%. All assays were carried out
following the manufacturer’s instructions. HOMA-IR was calculated as [glucose∗insulin]/
22.5 mmol/L∗µU/mL.

Total cholesterol and triglycerides were measured using colorimetric enzymatic assays
using reagents from DiaSys Diagnostic Systems (Holzheim, Germany) and were calibrated
using secondary standards from Roche Diagnostics (Mannheim, Germany). HDL-C was
measured with a homogenous assay from DiaSys Diagnostics, and LDL cholesterol (LDL-C)
was calculated according to the Friedewald formula (LDL-C = TC − HDL-C − TG/5).
Nonesterified fatty acids (FFAs) were quantified using an enzymatic reagent and standards
from Wako Chemicals (Neuss, Germany). All lipid analyses were performed on an Olympus
AU640 automatic analyzer (Beckman Coulter, Brea, CA, USA).

2.3. ApoB-Depletion of Serum

To analyze HDL composition and function, we used serum HDL (apoB-depleted
serum). A 20% stock solution of polyethylene glycol (P1458, Sigma-Aldrich, Darmstadt,
Germany) was prepared in 200 mmol/L glycine and 40 µL added to 100 µL serum. The
mixture was mixed gently and incubated for 20 min at room temperature. The samples were
centrifuged at 10,100× g for 30 min at 4 ◦C, and the supernatant was collected. Samples
were stored at −70 ◦C until usage.

2.4. Cholesterol Efflux Capacity

Cholesterol efflux capacity of apoB-depleted serum was measured as described else-
where [22]. Briefly, J774.2 macrophages (Sigma-Aldrich, Darmstadt, Germany) were cul-
tured in DMEM media (containing 10% FBS, 1% PS). The cells were seeded on 48-well plates
(300,000 cells/well), maintained for 24 h, and loaded with 0.5 µCi/mL radiolabelled [3H]-
cholesterol (ART0255, Hartmann Analytics, Braunschweig, Germany) in medium (contain-
ing 2% FBS, 1% PS, and 0.3 mM 8-(4-chlorophenylthio)-cyclic AMP (c3912, Sigma-Aldrich,
Darmstadt, Germany)) overnight. Cells were then rinsed and equilibrated in serum-free
media supplemented with 0.2% BSA (A7030, Sigma-Aldrich, Darmstadt, Germany) for 2 h.
To determine [3H]-cholesterol efflux, cells were incubated with 2.8% apoB-depleted serum
for 3 h at 37 ◦C. Cholesterol efflux capacity was calculated as radioactivity in cell culture
supernatant relative to total radioactivity in supernatant and cells.
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2.5. Lecithin–Cholesteryl Acyltransferase (LCAT) Activity

LCAT activity of serum was assessed using a commercially available kit (MAK107,
Merck, Darmstadt, Germany) according to the manufacturer’s instructions. In brief, serum
samples were incubated with the LCAT substrate at 37 ◦C for 4 h. The substrate emits
fluorescence at 470 nm. Hydrolysis of the substrate by LCAT releases a monomer that
emits fluorescence at 390 nm. Activity of LCAT is measured over time and expressed as the
change in emission intensity at 470/390 nm.

2.6. Arylesterase (AE)—Activity of Paraoxonase1 (PON1)

The Ca2+-dependent AE activity of PON1 was assessed using a photometric assay and
the substrate phenylacetate (108723, Sigma-Aldrich, Darmstadt, Germany), as described
elsewhere [29]. In brief, apoB-depleted serum was diluted (1:10), and 1.5 µL was added
to 200 µL reaction buffer (100 mM Tris, 2 mM CaCl2, 1 mM phenylacetate) in absorbance
at 270 nm. Activities were calculated from the slopes of the kinetic diagrams of three
independent experiments measured in duplicate.

2.7. Antioxidative Capacity of Apob-Depleted Serum

As described [29], the antioxidative capacity of apoB-depleted serum was determined
with a fluorometric assay by using the fluorescent dye dihydrorhodamine (D1054, Sigma-
Aldrich, Darmstadt, Germany). The dye was dissolved in DMSO (50 mM stock), diluted
in HEPES (20 mM HEPES, 150 mM NaCl2, pH 7.4) containing 1 mM 2,2′-azobis-2-methyl-
propanimidamide-dihydrochloride (440914, Sigma-Aldrich, Darmstadt, Germany) to yield
a 10 µM working reagent. Into a 384-well plate, 10 µL apoB-depleted serum dilution (1:10)
was added, and 90 µL of working reagent was added. The increase in fluorescence as a
result of dihydrorhodamine oxidation was monitored at 538 nm for 90 min. The increase in
dihydrorhodamine fluorescence per minute in absence of apoB-depleted serum was set at
100%, and the individual apoB-depleted serum samples were expressed as a percentage of
inhibition of dihydrorhodamine oxidation.

2.8. Statistical Analyses

The characteristics of study participants are presented as mean and standard deviation
(SD), median and interquartile range (IQR), or as count and proportion.

Maternal and neonatal characteristics, as well as HDL-related parameters, were com-
pared between normal-weight controls, obesity group, and women with GDM using
ANOVA or Kruskal–Wallis test, depending on the distribution of the variable.

Spearman correlation coefficients between maternal and cord blood levels of HDL
parameters were calculated.

All analyses were performed in IBM SPSS (Version 27.0. IBM Corp, Armonk, NY,
USA). A p-value of <0.05 was used to determine statistical significance.

3. Results
3.1. Characteristics of the Study Population

A detailed description of the study participants is provided in Table 1. In this study,
186 women of the DALI cohort were included, of whom 54 (29%) developed GDM. Normal-
weight controls (n = 34) provided maternal and cord serum. Maternal age and blood
pressure did not differ between the groups.

Neonates of overweight/obese women had higher birthweights when compared with
the offspring of normal-weight mothers, while birthweight was further elevated in the
GDM group. Besides that, no significant differences in maternal or neonatal characteristics
between women of the DALI study with or without GDM were observed.

While the analyzed groups were matched in maternal age and offspring sex, most of
the included normal-weight women underwent delivery by cesarean section, while this
was the case for 32% of women in the overweight/obese group. However, no significant
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relationship was observed when comparing the mode of delivery and antioxidant capacity
or HDL-related parameters in mothers and neonates (Supplementary Figure S1).

Table 1. Clinical characteristics of study cohort. Data are presented as mean and standard deviation,
median and interquartile range, or as count and proportion. Differences between normal-weight and
overweight/obese subjects, as well as comparisons between obese and GDM groups, were calculated:
BMI, body mass index; GDM, gestational diabetes mellitus.

Maternal Characteristics Normal Weight
N = 34

Overweight/Obese
N = 132

P
Normal Weight vs.
Overweight/Obese

GDM
N = 54

P
Overweight/Obese

vs. GDM

Maternal age, year 29.9 ± 5.1 31.9 ± 5.2 0.13 31.1 ± 5.8 0.66
BMI, kg/m2 21.5 ± 1.7 34.2 ± 4.6 <0.001 34.1 ± 4.4 0.99

Systolic blood pressure, mm Hg 117 ± 11 120 ± 10 0.491 118 ± 10 0.472
Diastolic blood pressure, mm Hg 74 ± 9 78 ± 9 0.45 75 ± 7 0.104

HOMA-IR - 3.3 (2.4–4.4) - 5.1 (3.0–6.6) <0.001

Neonatal characteristics
Birth weight, g 3177 ± 498 3495 ± 518 0.03 3768 ± 483 0.003

Gestational age at birth, week 38.6 ± 1.7 39.6 ± 1.4 <0.001 39.8 ± 1.2 0.71
Placenta weight, g 591 ± 95 633 ± 138 0.24 686 ± 133 0.06

Female sex, 19 (56%) 61 (46%) 0.31 28 (51%) 0.64

3.2. Serum Plasma Lipids of Normal-Weight, Overweight/Obese, and GDM Mothers and
Their Neonates

We first examined lipid levels in our study cohort. We observed an obesity-related
reduction in total cholesterol in maternal serum (Figure 1A), while no difference was
observed in the cord blood (Figure 1B). Compared with normal-weight pregnant women,
serum HDL-C levels were reduced in overweight/obese women of the DALI cohort,
whereas HDL-C was even lower in the obese and GDM group. A trend for lower HDL-C
levels in the neonates of overweight/obese mothers was observed (p = 0.072). Triglycerides
were increased in the obese + GDM maternal group compared with the normal-weight
pregnant women. Interestingly, we observed that obesity also was significantly associated
with fetal triglyceride concentrations, which were elevated in both the obese and obese and
GDM groups.

3.3. Obesity- and GDM-Associated Changes in Parameters of HDL Metabolism and Function

We next assessed whether overweight/obesity in the absence or presence of GDM
in pregnant women of the DALI cohort was associated with maternal as well as neonatal
functional metrics of HDL. The ability of HDL to remove cholesterol from macrophages
(cholesterol efflux capacity) was increased in both maternal obese and obese GDM groups
when compared with normal-weight women (Figure 2A). Interestingly, HDL cholesterol
efflux capacity was not significantly altered in the neonates of obese mothers with or
without GDM; in fact, we found a trend toward lower capacity compared with the normal-
weight group (p = 0.053) (Figure 2B). Of particular interest, maternal serum triglycerides
correlated with maternal cholesterol efflux capacity (rS = 0.240, p < 0.01).

Lecithin–cholesterol acyltransferase (LCAT) is an enzyme important for HDL particle
maturation [30,31]. We observed an obesity-related reduction in LCAT activity in maternal
serum as well as a nonsignificant trend in cord blood (p = 0.077) (Figure 2C,D).

To gain insight into the changes in serum antioxidant and anti-inflammatory activities
associated with obesity/GDM, we examined the activity of the HDL-associated enzyme
PON1 and the total antioxidative capacity of serum. Serum antioxidant capacity was
significantly reduced in overweight/obese mothers and tended to be lower in obese and
GDM mothers, which was also observed in their offspring (Figure 2E,F). Interestingly,
neither obesity nor GDM was associated with altered PON1 activity (Figure 2G,H).
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Figure 2. Differences in serum functionalities in normal-weight and overweight/obese pregnant
women and in women with GDM and their offspring. Cholesterol efflux capacity was assessed with a
cell-based assay (A,B). The activity of LCAT in mothers (C) and offspring (D) was evaluated. Serum
antioxidative capacity was assessed in mothers (E) as well as in paired umbilical cord blood (F).
Activity of HDL-associated anti-inflammatory enzyme paraoxonase-1 in mothers (G) and neonates
(H) was evaluated. Data are presented as Tukey boxplots showing the median and interquartile
ranges as well as minimum and maximum values and outliers. Differences were analyzed by ANOVA
or Kruskal–Wallis test based on the distribution of the variable. * p < 0.05, ** p < 0.01.

3.4. Correlations of Maternal and Neonatal HDL-Related Parameters

We were next interested to see whether serum functional parameters between mothers
and offspring of the DALI cohort are linked. For that purpose, we calculated Spearman
correlation coefficients for correlations between maternal samples and the corresponding
umbilical cord samples. The maternal and neonatal HDL functional parameters correlated
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significantly. Maternal and cord blood cholesterol efflux capacity correlated robustly
(rS = 0.44, p < 0.01) (Figure 3B), even though we observed divergent results when comparing
maternal and fetal cholesterol efflux capacities. PON1 activity and antioxidative capacity
of serum also correlated significantly between mothers and their offspring (Figure 3C,D),
whereas maternal HDL-C levels showed a weaker correlation with cord blood levels
(rS = 0.18, p < 0.05) (Figure 3A).
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activity, and (D) serum antioxidative capacity. * p < 0.05, ** p < 0.01.

4. Discussion

In this study, we investigated whether overweight/obesity with or without GDM
was associated with changes in functional parameters of HDL in pregnant women as
well as in their offspring. We observed that serum antioxidant capacity was decreased
in obese mothers and neonates when compared with normal-weight controls. GDM did
not further affect the antioxidative capacity of serum in mothers and their offspring. In
addition, LCAT activity was decreased in sera of overweight/obese and overweight/obese
and GDM mothers and offspring, suggesting significant alterations in HDL maturation.
Remarkably, we observed that the ability of HDL cholesterol efflux capacity was increased
in overweight/obese mothers with or without GDM. Differences in the mode of delivery or
weight gain during pregnancy were not associated with changes in HDL-related parameters
of the antioxidative capacity of serum.

An important finding of the present study was that overweight/obese women with or
without GDM showed comparable changes in functional metrics of HDL. This suggests
that overweight/obesity itself, largely independent of GDM, affects parameters of HDL
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function and metabolism in both mothers and offspring. Another interesting observation
of this study was that maternal HDL functions such as cholesterol efflux capacity, PON1
activity, and antioxidant capacity in serum correlate robustly with parameters in cord blood,
whereas HDL-C showed a weaker association.

Obesity is generally associated with a decrease in HDL-C levels, and obese individuals
depict lower HDL2 and higher HDL3 particle concentrations [22,23,32–34]. This was also
observed in previous studies in obese pregnant women, who tended to have higher total
cholesterol and triglyceride levels but lower serum HDL-C levels [35,36]. Similarly, we
found that HDL-C levels in overweight/obese pregnant women with or without GDM
were decreased. HDL-C levels in neonates of overweight/obese mothers showed only a
nonsignificant trend to be lower.

We observed no significant differences in maternal serum triglyceride levels between
the normal-weight and overweight/obese groups, while cholesterol levels were lower. This
observation seems surprising but is in good agreement with a previous study [35]. In
general, obese pregnant women have a more atherogenic lipid profile in early pregnancy
compared with normal-weight women [35]. Maternal serum total cholesterol, LDL choles-
terol, HDL cholesterol, and triglycerides increase in all women from the first to the late
second trimester. However, in overweight/obese women, the increase in maternal serum
cholesterol is significantly attenuated between the first and late second trimester [35]. This
may lead to late-second-trimester cholesterol levels often being higher in normal-weight
women than in overweight or obese women [35]. Regarding total cholesterol in the cord
blood, we detected no significant differences between the samples from the offspring of
normal-weight and overweight/obese groups. Consistent data were shown in a previ-
ous study [37]. Also in good agreement with a previous study [38], we observed that
triglyceride levels were increased in the offspring of overweight/obese mothers.

The association of overweight/obesity with changes in the HDL-mediated cholesterol
efflux capacity of pregnant women has not been studied previously. One study reported
that the cholesterol efflux capacity of HDL is increased in pregnant women when compared
with nonpregnant controls [39].

Unexpectedly, in the present study, we observed an overweight/obesity-related in-
crease in HDL cholesterol efflux capacity. This was also observed in overweight/obese
women with GDM, although overweight/obesity was associated with lower serum HDL-C
levels. A few studies have investigated the association of BMI with the cholesterol efflux
capacity of HDL [40,41]. Levels of small preβ-1 HDL particles, which depict the highest
cholesterol efflux capacity [42], are increased in obese subjects when compared with lean
subjects. This has been explained by increased hepatic lipase and phospholipid trans-
fer protein activities [23,43]. An increase in preβ-1 HDL particles was also observed in
individuals with elevated serum triglyceride levels but low HDL-C levels [44,45], and
HDL cholesterol efflux capacity was positively associated with serum triglycerides [46,47].
Similarly, we observed that maternal serum triglyceride concentrations correlated with
cholesterol efflux capacity.

LCAT is a key enzyme involved in HDL remodeling. By esterifying free cholesterol
on the HDL surface, LCAT increases HDL particle size and leads to HDL maturation [48].
Previous studies reported that LCAT activity is higher in pregnant women [49].

We observed a decrease in LCAT activity in obese pregnant women and a trend in
their offspring when compared with normal-weight controls. Thus, maternal obesity in
pregnancy appears to affect both maternal and fetal lipid metabolism [50].

In addition to parameters of HDL metabolism, we also examined serum antioxidant
capacity. Of particular interest, we observed a marked obesity-related reduction in serum
antioxidant capacity in mothers and in the cord blood. This observation in the mothers is
consistent with a previous study, showing that BMI is markedly associated with oxidative
stress [51]. Obesity has been shown to affect PON1 activity [52], but we neither detected
obesity nor GDM-related changes in PON1 activity in pregnant mothers or their offspring.
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However, similar to previous studies, we observed that cord blood PON1 activity was
markedly lower compared with maternal PON1 enzyme activity [53–55].

An intriguing observation of this study was that maternal serum and HDL func-
tionalities such as cholesterol efflux capacity, serum antioxidant capacity but also PON1
activity correlated strongly with cord blood functional parameters, whereas HDL-C levels
correlated only weakly. This observation is surprising, given that during pregnancy, the
fetus is protected from direct contact with external factors in maternal circulation. Maternal
and fetal HDL metabolism are not directly linked [56], and it is assumed that lipoproteins
do not cross the placenta efficiently to enter fetal circulation [57,58]. Maternal lipoprotein
cholesterol is thought to be initially taken up by trophoblasts, transported by a number of
sterol transport proteins, and secreted from the basal site. This cholesterol is then taken up
by the endothelium and effluxed to acceptors within the fetal circulation [59]. However, in
obese mothers, an infiltration of proinflammatory macrophages in the placenta is observed,
increasing proinflammatory cytokines and oxidative stress [60]. Therefore, we suggest that
this proinflammatory environment affects maternal as well as fetal blood parameters. In
addition, genetic factors [61] shared between mother and fetus may also impact parameters
of HDL function and serum antioxidative capacity on both sides.

Some limitations must be acknowledged. The samples of the normal-weight control
group were collected at the Medical University of Graz, whereas the samples of the DALI
cohort were collected all over Europe. Therefore, we cannot exclude that the different
lifestyles in other countries may have an influence on our results. In addition, the normal-
weight control subjects differed from the DALI cohort subjects by mode and gestational
age at delivery, as most of the infants born to the women included in this study were
delivered by cesarean section. Since participants in the DALI study were well controlled
during pregnancy, we cannot confidently state whether this cohort is representative of the
general population. Because this study was originally designed as an intervention study to
prevent GDM in overweight/obese pregnant women, normal-weight GDM controls were
not included.

The strengths of this study are that we examined several HDL functional parameters in
maternal serum and in paired umbilical cord blood serum of the offspring. In addition, we
included a normal-weight (BMI < 25 kg/m2) control cohort to determine the relationship
of obesity with changes in HDL functional parameters. Further, it should be noted that
although the samples were collected at different centers, the serum lipid levels were mea-
sured at the same core laboratory. To our knowledge, this is the first large study to examine
the effects of obesity and GDM on HDL-related parameters in mothers and offspring.

5. Conclusions

We observed that pregravid obesity was associated with impaired serum antioxidative
capacity and lecithin–cholesterol acyltransferase activity in both mothers and offspring,
whereas maternal HDL cholesterol efflux capacity was increased. GDM did not significantly
further alter the parameters of HDL function and metabolism in women with obesity, so
obesity itself appears to have a major impact on HDL functionality in mothers and their
offspring. Interestingly, functionalities of maternal and fetal HDL correlated robustly.
Follow-up studies are needed to clarify whether and when this correlation disappears after
childbirth. Understanding the link between maternal and cord blood parameters could
provide novel mechanistic links for therapeutic options.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12010199/s1, Figure S1: Effect of delivery mode on param-
eters of HDL function and serum anti-oxidative capacity in (A) mothers and (B) neonates.

Author Contributions: Conceptualization, G.M., M.N.M.v.P. and J.T.S.; methodology, J.T.S.; formal
analysis, M.N.M.v.P. and J.T.S.; data curation, M.N.M.v.P., D.S., D.H. and G.D.; writing—original draft
preparation, J.T.S. and G.M.; writing—review and editing, M.N.M.v.P., C.W., M.H., A.P., D.S., D.H.
and G.D.; visualization, J.T.S.; supervision, G.M. and M.N.M.v.P.; project administration, G.D. and

https://www.mdpi.com/article/10.3390/antiox12010199/s1
https://www.mdpi.com/article/10.3390/antiox12010199/s1


Antioxidants 2023, 12, 199 11 of 14

M.N.M.v.P.; funding acquisition, G.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Austrian Science Fund (FWF) (DOC 31-B26) and the
Medical University through the PhD Program Inflammatory Disorders in Pregnancy (DP-iDP). The
DALI project described has received funding from the European Community’s 7th Framework
Program (FP7/2007–2013) under grant agreement no. 242187. In the Netherlands, additional funding
was provided by the Netherlands Organisation for Health Research and Development (ZonMw)
(grant no. 200310013). In Poland, additional funding was obtained from the Polish Ministry of
Science (grant no. 2203/7. PR/2011/2). In Denmark, additional funding was provided by the Odense
University Free Research Fund. In the UK, the DALI team acknowledges the support received from
the NIHR Clinical Research Network: Eastern, especially the local diabetes clinical and research
teams based in Cambridge. In Spain, additional funding was provided by CAIBER 1527-B-226.

Institutional Review Board Statement: Ethical approval for the study was granted by local ethics
committees. The study was performed according to the Declaration of Helsinki II. Trial registration
number: ISRCTN70595832.

Informed Consent Statement: Informed written consent was obtained from all subjects involved in
the study at baseline.

Data Availability Statement: The raw data supporting the conclusions of this manuscript will be
made available by the authors, without undue reservation, on request to the corresponding author.

Acknowledgments: We thank Sabine Meissl for the technical support she provided. The authors
thank all of the participants in the original DALI trials, from the women and babies who par-
ticipated to healthcare professionals and researchers. Open Access Funding by the Austrian Sci-
ence Fund (FWF). Members of the DALI Core Investigator Group: Gernot Desoye (Project Co-
ordinator, Department of Obstetrics and Gynecology, Medical University Graz, Graz, Austria,
gernot.desoye@medunigraz.at), David Simmons (Trial Coordinator, Macarthur Clinical School,
Western Sydney University, Sydney, Australia, Da.Simmons@westernsydney.edu.au), Rosa Cor-
coy (Institut de Recerca de l’Hospital de la Santa Creu i Sant Pau, Barcelona, Spain, CIBER Bio-
engineering, Biomaterials and Nanotechnology, Instituto de Salud Carlos III, Zaragoza, Spain,
RCorcoy@santpau.cat), Juan M. Adelantado Perez (Institut de Recerca de l’Hospital de la Santa
Creu i Sant Pau, Barcelona, Spain, CIBER Bioengineering, Biomaterials and Nanotechnology, Insti-
tuto de Salud Carlos III, Zaragoza, Spain, adelantadojm@gmail.com), Alexandra Kautzky-Willer
(Gender Medicine Unit, Endocrinology and Metabolism, Dept. Internal Medicine III, Medical Uni-
versity of Vienna, Vienna, Austria, alexandra.kautzky-willer@meduniwien.ac.at), Jürgen Harre-
iter (Gender Medicine Unit, Endocrinology and Metabolism, Dept. Internal Medicine III, Medical
University of Vienna, Vienna, Austria, juergen.harreiter@meduniwien.ac.at), Peter Damm (Cen-
ter for Pregnant Women with Diabetes, Departments of Endocrinology and Obstetrics, Rigshospi-
talet, Institute of Clinical Medicine, Faculty of Health and Medical Sciences, University of Copen-
hagen, Copenhagen, Denmark, pdamm@dadlnet.dk), Elizabeth Mathiesen (Center for Pregnant
Women with Diabetes, Departments of Endocrinology and Obstetrics, Rigshospitalet, Institute of
Clinical Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, Copen-
hagen, Denmark, elisabeth.reinhardt.mathiesen@regionh.dk), Dorte M. Jensen (Department of En-
docrinology and Department of Gynecology and Obstetrics, Odense University Hospital, Depart-
ment of Clinical Research, Faculty of Health Sciences, University of Southern Denmark, Odense,
Denmark, Dorte.Moeller.Jensen@rsyd.dk), Lise Lotte T. Andersen (Department of Endocrinology
and Department of Gynecology and Obstetrics, Odense University Hospital, Department of Clin-
ical Research, Faculty of Health Sciences, University of Southern Denmark, Odense, Denmark,
lise.lotte.andersen@rsyd.dk), Fidelma Dunne (Galway Diabetes Research Centre and College of
Medicine Nursing and Health Sciences, National University of Ireland, Galway, Ireland,
fidelma.dunne@nuigalway.ie), Annunziata Lapolla (Universita Degli Studi di Padova, Padua, Italy,
annunziata.lapolla@unipd.it), Maria G. Dalfra (Universita Degli Studi di Padova, Padua, Italy,
mariagrazia.dalfra@aulss6.veneto.it), Alessandra Bertolotto (Azienda Ospedaliero Universitaria—
Pisa, Italy, alessandrabertolotto1959@yahoo.it), Mireille van Poppel (Institute of Human Move-
ment Science, Sport and Health, University of Graz, Austria, mireille.van-poppel@uni-graz.at),
Judith G.M. Jelsma (Department of Public and Occupational Health, Amsterdam Public Health
research institute, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, the Netherlands,
j.jelsma@amsterdamumc.nl), Sander Galjaard (Department of Obstetrics and Gynaecology, Division



Antioxidants 2023, 12, 199 12 of 14

of Obstetrics and Prenatal Medicine, Erasmus MC, University Medical Centre Rotterdam, Nether-
lands, s.galjaard@erasmusmc.nl), Ewa Wender-Oegowska (Medical Faculty I, Poznan University of
Medical Sciences, Poznan, Poland, ewaoz@post.pl), Agnieszka Zawiejska (Medical Faculty I, Poznan
University of Medical Sciences, Poznan, Poland, agazaw@post.home.pl), David Hill (Lawson Health
Research Institute, London, Ontario, Canada, David.Hill@lawsonresearch.com), Roland Devlieger
(KU Leuven Department of Development and Regeneration: Pregnancy, Fetus and Neonate, Gy-
naecology and Obstetrics, University Hospitals Leuven, Belgium, roland.devlieger@uzleuven.be)
Frank J. Snoek (Department of Medical Psychology, Amsterdam University Medical Centres, Vrije
Universiteit Amsterdam, Amsterdam Public Health Research Institute, Amsterdam, the Netherlands,
fj.snoek@amsterdamumc.nl).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vernini, J.M.; Moreli, J.B.; Magalhães, C.G.; Costa, R.A.A.; Rudge, M.V.C.; Calderon, I.M.P. Maternal and Fetal Outcomes in

Pregnancies Complicated by Overweight and Obesity. Reprod. Health 2016, 13, 100. [CrossRef] [PubMed]
2. Alfadhli, E.M. Maternal Obesity Influences Birth Weight More than Gestational Diabetes. BMC Pregnancy Childbirth 2021, 21, 111.

[CrossRef] [PubMed]
3. Leddy, M.A.; Power, M.L.; Schulkin, J. The Impact of Maternal Obesity on Maternal and Fetal Health. Rev. Obstet. Gynecol. 2008,

1, 170–178. [PubMed]
4. Stadler, J.T.; van Poppel, M.N.M.; Christoffersen, C.; Hill, D.; Wadsack, C.; Simmons, D.; Desoye, G.; Marsche, G.; DALI Core In-

vestigator Group. Gestational Hypertension and High-Density Lipoprotein Function: An Explorative Study in Overweight/Obese
Women of the DALI Cohort. Antioxidants 2023, 12, 68. [CrossRef]

5. Jenum, A.K.; Mørkrid, K.; Sletner, L.; Vange, S.; Torper, J.L.; Nakstad, B.; Voldner, N.; Rognerud-Jensen, O.H.; Berntsen, S.; Mosdøl,
A.; et al. Impact of Ethnicity on Gestational Diabetes Identified with the WHO and the Modified International Association
of Diabetes and Pregnancy Study Groups Criteria: A Population-Based Cohort Study. Eur. J. Endocrinol. 2012, 166, 317–324.
[CrossRef]

6. Ferrara, A. Increasing Prevalence of Gestational Diabetes Mellitus: A Public Health Perspective. Diabetes Care 2007, 30, S141–S146.
[CrossRef]

7. American Diabetes Association 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2018. Diabetes
Care 2017, 41, S13–S27. [CrossRef]

8. Bellamy, L.; Casas, J.-P.; Hingorani, A.D.; Williams, D. Type 2 Diabetes Mellitus after Gestational Diabetes: A Systematic Review
and Meta-Analysis. Lancet 2009, 373, 1773–1779. [CrossRef]

9. Vrachnis, N.; Augoulea, A.; Iliodromiti, Z.; Lambrinoudaki, I.; Sifakis, S.; Creatsas, G. Previous Gestational Diabetes Mellitus and
Markers of Cardiovascular Risk. Int. J. Endocrinol. 2012, 2012, 458610. [CrossRef]

10. Davis, C.L.; Gutt, M.; Llabre, M.M.; Marks, J.B.; O’Sullivan, M.J.; Potter, J.E.; Landel, J.L.; Kumar, M.; Schneiderman, N.; Gellman,
M.; et al. History of Gestational Diabetes, Insulin Resistance and Coronary Risk. J. Diabetes Complicat. 1999, 13, 216–223. [CrossRef]

11. Noctor, E.; Crowe, C.; Carmody, L.A.; Saunders, J.A.; Kirwan, B.; O’Dea, A.; Gillespie, P.; Glynn, L.G.; McGuire, B.E.; O’Neill, C.;
et al. Abnormal Glucose Tolerance Post-Gestational Diabetes Mellitus as Defined by the International Association of Diabetes and
Pregnancy Study Groups Criteria. Eur. J. Endocrinol. 2016, 175, 287–297. [CrossRef] [PubMed]

12. Xu, Y.; Shen, S.; Sun, L.; Yang, H.; Jin, B.; Cao, X. Metabolic Syndrome Risk after Gestational Diabetes: A Systematic Review and
Meta-Analysis. PLoS ONE 2014, 9, e87863. [CrossRef] [PubMed]

13. Kankowski, L.; Ardissino, M.; McCracken, C.; Lewandowski, A.J.; Leeson, P.; Neubauer, S.; Harvey, N.C.; Petersen, S.E.; Raisi-
Estabragh, Z. The Impact of Maternal Obesity on Offspring Cardiovascular Health: A Systematic Literature Review. Front.
Endocrinol. 2022, 13, 868441. [CrossRef] [PubMed]

14. Reynolds, R.M.; Allan, K.M.; Raja, E.A.; Bhattacharya, S.; McNeill, G.; Hannaford, P.C.; Sarwar, N.; Lee, A.J.; Bhattacharya,
S.; Norman, J.E. Maternal Obesity during Pregnancy and Premature Mortality from Cardiovascular Event in Adult Offspring:
Follow-up of 1,323,275 Person Years. BMJ 2013, 347, f4539. [CrossRef]

15. Kannel, W.B.; Dawber, T.R.; Friedman, G.D.; Glennon, W.E.; Mcnamara, P.M. Risk factors in coronary heart disease. An evaluation
of several serum lipids as predictors of coronary heart disease: The framingham study. Ann. Intern. Med. 1964, 61, 888–899.
[CrossRef]

16. Castelli, W.P.; Garrison, R.J.; Wilson, P.W.F.; Abbott, R.D.; Kalousdian, S.; Kannel, W.B. Incidence of Coronary Heart Disease and
Lipoprotein Cholesterol Levels: The Framingham Study. JAMA 1986, 256, 2835–2838. [CrossRef]

17. Litvinov, D.; Mahini, H.; Garelnabi, M. Antioxidant and Anti-Inflammatory Role of Paraoxonase 1: Implication in Arteriosclerosis
Diseases. N. Am. J. Med. Sci. 2012, 4, 523–532. [CrossRef]

18. Rohatgi, A.; Khera, A.; Berry, J.D.; Givens, E.G.; Ayers, C.R.; Wedin, K.E.; Neeland, I.J.; Yuhanna, I.S.; Rader, D.R.; de Lemos, J.A.;
et al. HDL Cholesterol Efflux Capacity and Incident Cardiovascular Events. New Engl. J. Med. 2014, 371, 2383–2393. [CrossRef]

19. Boyce, G.; Button, E.; Soo, S.; Wellington, C. The Pleiotropic Vasoprotective Functions of High Density Lipoproteins (HDL). J.
Biomed. Res. 2017, 32, 164. [CrossRef]

http://doi.org/10.1186/s12978-016-0206-0
http://www.ncbi.nlm.nih.gov/pubmed/27567898
http://doi.org/10.1186/s12884-021-03571-5
http://www.ncbi.nlm.nih.gov/pubmed/33549038
http://www.ncbi.nlm.nih.gov/pubmed/19173021
http://doi.org/10.3390/antiox12010068
http://doi.org/10.1530/EJE-11-0866
http://doi.org/10.2337/dc07-s206
http://doi.org/10.2337/dc18-S002
http://doi.org/10.1016/S0140-6736(09)60731-5
http://doi.org/10.1155/2012/458610
http://doi.org/10.1016/S1056-8727(99)00048-3
http://doi.org/10.1530/EJE-15-1260
http://www.ncbi.nlm.nih.gov/pubmed/27422889
http://doi.org/10.1371/journal.pone.0087863
http://www.ncbi.nlm.nih.gov/pubmed/24498216
http://doi.org/10.3389/fendo.2022.868441
http://www.ncbi.nlm.nih.gov/pubmed/35669689
http://doi.org/10.1136/bmj.f4539
http://doi.org/10.7326/0003-4819-61-5-888
http://doi.org/10.1001/jama.1986.03380200073024
http://doi.org/10.4103/1947-2714.103310
http://doi.org/10.1056/NEJMoa1409065
http://doi.org/10.7555/jbr.31.20160103


Antioxidants 2023, 12, 199 13 of 14

20. Jomard, A.; Osto, E. High Density Lipoproteins: Metabolism, Function, and Therapeutic Potential. Front. Cardiovasc. Med. 2020,
7, 39. [CrossRef]

21. Stadler, J.T.; Marsche, G. Obesity-Related Changes in High-Density Lipoprotein Metabolism and Function. Int. J. Mol. Sci. 2020,
21, 8985. [CrossRef] [PubMed]

22. Stadler, J.T.; Lackner, S.; Mörkl, S.; Trakaki, A.; Scharnagl, H.; Borenich, A.; Wonisch, W.; Mangge, H.; Zelzer, S.; Meier-Allard, N.;
et al. Obesity Affects HDL Metabolism, Composition and Subclass Distribution. Biomedicines 2021, 9, 242. [CrossRef] [PubMed]

23. Rashid, S.; Genest, J. Effect of Obesity on High-Density Lipoprotein Metabolism. Obesity 2007, 15, 2875–2888. [CrossRef] [PubMed]
24. Carroll, P.D.; Christensen, R.D. New and Underutilized Uses of Umbilical Cord Blood in Neonatal Care. Matern. Health Neonatol.

Perinatol. 2015, 1, 16. [CrossRef]
25. Hansen, A.P.; Haischer-Rollo, G.D.; Shapiro, J.B.; Aden, J.K.; Abadie, J.M.; Mu, T.S. The Novel Use of Umbilical Cord Blood to

Obtain Complete Blood Counts for Critical Neonatal Assessment. Cureus 2022, 14, e28009. [CrossRef] [PubMed]
26. International Association of Diabetes and Pregnancy Study Groups Consensus Panel; Metzger, B.E.; Gabbe, S.G.; Persson, B.;

Buchanan, T.A.; Catalano, P.A.; Damm, P.; Dyer, A.R.; Leiva Ad Hod, M.; Kitzmiler, J.L.; et al. International Association of
Diabetes and Pregnancy Study Groups Recommendations on the Diagnosis and Classification of Hyperglycemia in Pregnancy.
Diabetes Care 2010, 33, 676–682. [CrossRef]

27. Jelsma, J.G.M.; van Poppel, M.N.M.; Galjaard, S.; Desoye, G.; Corcoy, R.; Devlieger, R.; van Assche, A.; Timmerman, D.; Jans, G.;
Harreiter, J.; et al. DALI: Vitamin D and Lifestyle Intervention for Gestational Diabetes Mellitus (GDM) Prevention: An European
Multicentre, Randomised Trial—Study Protocol. BMC Pregnancy Childbirth 2013, 13, 1. [CrossRef]

28. Simmons, D.; Jelsma, J.G.M.; Galjaard, S.; Devlieger, R.; Van Assche, A.; Jans, G.; Corcoy, R.; Adelantado, J.M.; Dunne, F.; Desoye,
G.; et al. Results from a European Multicenter Randomized Trial of Physical Activity and/or Healthy Eating to Reduce the Risk
of Gestational Diabetes Mellitus: The DALI Lifestyle Pilot. Diabetes Care 2015, 38, 1650–1656. [CrossRef] [PubMed]

29. Trakaki, A.; Sturm, G.J.; Pregartner, G.; Scharnagl, H.; Eichmann, T.O.; Trieb, M.; Knuplez, E.; Holzer, M.; Stadler, J.T.; Heinemann,
A.; et al. Allergic Rhinitis Is Associated with Complex Alterations in High-Density Lipoprotein Composition and Function.
Biochim. Biophys Acta Mol. Cell Biol. Lipids 2019, 1864, 1280–1292. [CrossRef]

30. Calabresi, L.; Franceschini, G. Lecithin:Cholesterol Acyltransferase, High-Density Lipoproteins, and Atheroprotection in Humans.
Trends Cardiovasc. Med. 2010, 20, 50–53. [CrossRef]

31. Glomset, J.A. The Plasma Lecithins:Cholesterol Acyltransferase Reaction. J. Lipid Res. 1968, 9, 155–167. [CrossRef] [PubMed]
32. Hewing, B.; Moore, K.J.; Fisher, E.A. HDL and Cardiovascular Risk. Circ. Res. 2012, 111, 1117–1120. [CrossRef] [PubMed]
33. Pascot, A.; Lemieux, I.; Prud’homme, D.; Tremblay, A.; Nadeau, A.; Couillard, C.; Bergeron, J.; Lamarche, B.; Després, J.-P.

Reduced HDL Particle Size as an Additional Feature of the Atherogenic Dyslipidemia of Abdominal Obesity. J. Lipid Res. 2001,
42, 2007–2014. [CrossRef]

34. Williams, P.T.; Vranizan, K.M.; Austin, M.A.; Krauss, R.M. Associations of Age, Adiposity, Alcohol Intake, Menstrual Status, and
Estrogen Therapy with High-Density Lipoprotein Subclasses. Arterioscler. Thromb. J. Vasc. Biol. 1993, 13, 1654–1661. [CrossRef]
[PubMed]

35. Scifres, C.M.; Catov, J.M.; Simhan, H.N. The Impact of Maternal Obesity and Gestational Weight Gain on Early and Mid-Pregnancy
Lipid Profiles: Maternal Obesity, Weight Gain, and Serum Lipids. Obesity 2014, 22, 932–938. [CrossRef]

36. Martin, C.L.; Vladutiu, C.J.; Zikry, T.M.; Grace, M.R.; Siega-Riz, A.M. Maternal Lipid Levels during Pregnancy and Child Weight
Status at Three Years of Age. Pediatr. Obes. 2019, 14, e12485. [CrossRef]

37. Mocarzel, C.C.; Velarde, G.C.; Antunes, R.d.A.; Sá, R.A.M.d.; Kurjak, A. Maternal Obesity Influences the Endocrine Cord Blood
Profile of Their Offspring. J. Perinat. Med. 2020, 48, 242–248. [CrossRef]

38. Sheikhahmadi, S.; Kazemian, M.; Afjeh, S. abolfazl Association of Umbilical Cord Lipid Profile with Gestational Age and Birth
Weight in Newborns in Mahdieh Hospital in 2017. Sci. J. Kurd. Univ. Med. Sci. 2018, 23, 88–95. [CrossRef]

39. Melchior, J.T.; Swertfeger, D.K.; Morris, J.; Street, S.E.; Warshak, C.R.; Welge, J.A.; Remaley, A.T.; Catov, J.M.; Davidson, W.S.;
Woollett, L.A. Pregnancy Is Accompanied by Larger High Density Lipoprotein Particles and Compositionally Distinct Subspecies.
J. Lipid Res. 2021, 62, 100107. [CrossRef]

40. Talbot, C.P.J.; Plat, J.; Joris, P.J.; Konings, M.; Kusters, Y.H.A.M.; Schalkwijk, C.G.; Ritsch, A.; Mensink, R.P. HDL Cholesterol Efflux
Capacity and Cholesteryl Ester Transfer Are Associated with Body Mass, but Are Not Changed by Diet-Induced Weight Loss: A
Randomized Trial in Abdominally Obese Men. Atherosclerosis 2018, 274, 23–28. [CrossRef]

41. Marsche, G.; Zelzer, S.; Meinitzer, A.; Kern, S.; Meissl, S.; Pregartner, G.; Weghuber, D.; Almer, G.; Mangge, H. Adiponectin
Predicts High-Density Lipoprotein Cholesterol Efflux Capacity in Adults Irrespective of Body Mass Index and Fat Distribution.
None 2017, 102, 4117–4123. [CrossRef]

42. Du, X.-M.; Kim, M.-J.; Hou, L.; Le Goff, W.; Chapman, M.J.; Van Eck, M.; Curtiss, L.K.; Burnett, J.R.; Cartland, S.P.; Quinn, C.M.;
et al. HDL Particle Size Is a Critical Determinant of ABCA1-Mediated Macrophage Cellular Cholesterol Export. Circ. Res. 2015,
116, 1133–1142. [CrossRef] [PubMed]

43. Sasahara, T.; Yamashita, T.; Sviridov, D.; Fidge, N.; Nestel, P. Altered Properties of High Density Lipoprotein Subfractions in
Obese Subjects. J. Lipid Res. 1997, 38, 600–611. [CrossRef]

44. Fournier, N.; Francone, O.; Rothblat, G.; Goudouneche, D.; Cambillau, M.; Kellner-Weibel, G.; Robinet, P.; Royer, L.; Moatti, N.;
Simon, A.; et al. Enhanced Efflux of Cholesterol from ABCA1-Expressing Macrophages to Serum from Type IV Hypertriglyceri-
demic Subjects. Atherosclerosis 2003, 171, 287–293. [CrossRef]

http://doi.org/10.3389/fcvm.2020.00039
http://doi.org/10.3390/ijms21238985
http://www.ncbi.nlm.nih.gov/pubmed/33256096
http://doi.org/10.3390/biomedicines9030242
http://www.ncbi.nlm.nih.gov/pubmed/33673728
http://doi.org/10.1038/oby.2007.342
http://www.ncbi.nlm.nih.gov/pubmed/18198293
http://doi.org/10.1186/s40748-015-0017-2
http://doi.org/10.7759/cureus.28009
http://www.ncbi.nlm.nih.gov/pubmed/36134078
http://doi.org/10.2337/dc10-0719
http://doi.org/10.1186/1471-2393-13-142
http://doi.org/10.2337/dc15-0360
http://www.ncbi.nlm.nih.gov/pubmed/26112044
http://doi.org/10.1016/j.bbalip.2019.06.007
http://doi.org/10.1016/j.tcm.2010.03.007
http://doi.org/10.1016/S0022-2275(20)43114-1
http://www.ncbi.nlm.nih.gov/pubmed/4868699
http://doi.org/10.1161/CIRCRESAHA.112.280958
http://www.ncbi.nlm.nih.gov/pubmed/23065341
http://doi.org/10.1016/S0022-2275(20)31529-7
http://doi.org/10.1161/01.ATV.13.11.1654
http://www.ncbi.nlm.nih.gov/pubmed/8218107
http://doi.org/10.1002/oby.20576
http://doi.org/10.1111/ijpo.12485
http://doi.org/10.1515/jpm-2019-0387
http://doi.org/10.52547/sjku.23.5.88
http://doi.org/10.1016/j.jlr.2021.100107
http://doi.org/10.1016/j.atherosclerosis.2018.04.029
http://doi.org/10.1210/jc.2017-00933
http://doi.org/10.1161/CIRCRESAHA.116.305485
http://www.ncbi.nlm.nih.gov/pubmed/25589556
http://doi.org/10.1016/S0022-2275(20)37268-0
http://doi.org/10.1016/j.atherosclerosis.2003.08.011


Antioxidants 2023, 12, 199 14 of 14

45. Attia, N.; Ramaharo, A.; Paul, J.-L.; Cambillau, M.; Beaune, P.; Grynberg, A.; Simon, A.; Fournier, N. Enhanced Removal of
Cholesterol from Macrophage Foam Cells to Serum from Type IV Hypertriglyceridemic Subjects. Atherosclerosis 2008, 198, 49–56.
[CrossRef]

46. Weibel, G.L.; Drazul-Schrader, D.; Shivers, D.K.; Wade, A.N.; Rothblat, G.H.; Reilly, M.P.; de la Llera-Moya, M. Importance of
Evaluating Cell Cholesterol Influx With Efflux in Determining the Impact of Human Serum on Cholesterol Metabolism and
Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 17–25. [CrossRef]

47. Koekemoer, A.L.; Codd, V.; Masca, N.G.D.; Nelson, C.P.; Musameh, M.D.; Kaess, B.M.; Hengstenberg, C.; Rader, D.J.; Samani,
N.J. Large-Scale Analysis of Determinants, Stability, and Heritability of High-Density Lipoprotein Cholesterol Efflux Capacity.
Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1956–1962. [CrossRef]

48. Dobiásová, M.; Frohlich, J. Understanding the Mechanism of LCAT Reaction May Help to Explain the High Predictive Value of
LDL/HDL Cholesterol Ratio. Physiol. Res. 1998, 47, 387–397. [PubMed]

49. Gillett, M.P.; Silva, T.B. Relationship between Plasma Lecithin:Cholesterol Acyltransferase Activity and Plasma Triglyceride
Concentration in Non-Pregnant and Pregnant Brazilian Women. Scand. J. Clin. Lab. Invest. Suppl. 1978, 150, 118–123. [CrossRef]

50. Zeng, Z.; Liu, F.; Li, S. Metabolic Adaptations in Pregnancy: A Review. ANM 2017, 70, 59–65. [CrossRef] [PubMed]
51. Wonisch, W.; Falk, A.; Sundl, I.; Winklhofer-Roob, B.M.; Lindschinger, M. Oxidative Stress Increases Continuously with BMI and

Age with Unfavourable Profiles in Males. Aging Male 2012, 15, 159–165. [CrossRef]
52. Ferretti, G.; Bacchetti, T.; Moroni, C.; Savino, S.; Liuzzi, A.; Balzola, F.; Bicchiega, V. Paraoxonase Activity in High-Density

Lipoproteins: A Comparison between Healthy and Obese Females. J. Clin. Endocrinol. Metab. 2005, 90, 1728–1733. [CrossRef]
53. Schulpis, K.H.; Barzeliotou, A.; Papadakis, M.; Rodolakis, A.; Antsaklis, A.; Papassotiriou, I.; Vlachos, G.D. Maternal Chronic

Hepatitis B Virus Is Implicated with Low Neonatal Paraoxonase/Arylesterase Activities. Clin. Biochem. 2008, 41, 282–287.
[CrossRef]

54. Gugliucci, A.; Numaguchi, M.; Caccavello, R.; Kimura, S. Paraoxonase 1 Lactonase Activity and Distribution in the HDL
Subclasses in the Cord Blood. Redox Rep. 2014, 19, 124–132. [CrossRef] [PubMed]

55. Sreckovic, I.; Birner-Gruenberger, R.; Obrist, B.; Stojakovic, T.; Scharnagl, H.; Holzer, M.; Scholler, M.; Philipose, S.; Marsche, G.;
Lang, U.; et al. Distinct Composition of Human Fetal HDL Attenuates Its Anti-Oxidative Capacity. Biochim. Et Biophys. Acta
(BBA)—Mol. Cell Biol. Lipids 2013, 1831, 737–746. [CrossRef]

56. Herrera, E.; Desoye, G. Maternal and Fetal Lipid Metabolism under Normal and Gestational Diabetic Conditions. Horm. Mol.
Biol. Clin. Investig. 2016, 26, 109–127. [CrossRef]

57. Stadler, J.T.; Wadsack, C.; Marsche, G. Fetal High-Density Lipoproteins: Current Knowledge on Particle Metabolism, Composition
and Function in Health and Disease. Biomedicines 2021, 9, 349. [CrossRef]

58. Larqué, E.; Ruiz-Palacios, M.; Koletzko, B. Placental Regulation of Fetal Nutrient Supply. Curr. Opin. Clin. Nutr. Metab. Care 2013,
16, 292–297. [CrossRef] [PubMed]

59. Woollett, L.A. Review: Transport of Maternal Cholesterol to the Fetal Circulation. Placenta 2011, 32, S218–S221. [CrossRef]
[PubMed]

60. Challier, J.C.; Basu, S.; Bintein, T.; Minium, J.; Hotmire, K.; Catalano, P.M.; Hauguel-de Mouzon, S. Obesity in Pregnancy
Stimulates Macrophage Accumulation and Inflammation in the Placenta. Placenta 2008, 29, 274–281. [CrossRef] [PubMed]

61. Dron, J.S.; Hegele, R.A. Genetics of Lipid and Lipoprotein Disorders and Traits. Curr. Genet. Med. Rep. 2016, 4, 130–141. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.atherosclerosis.2007.09.023
http://doi.org/10.1161/ATVBAHA.113.302437
http://doi.org/10.1161/ATVBAHA.117.309201
http://www.ncbi.nlm.nih.gov/pubmed/10453745
http://doi.org/10.3109/00365517809104911
http://doi.org/10.1159/000459633
http://www.ncbi.nlm.nih.gov/pubmed/28297696
http://doi.org/10.3109/13685538.2012.669436
http://doi.org/10.1210/jc.2004-0486
http://doi.org/10.1016/j.clinbiochem.2007.10.013
http://doi.org/10.1179/1351000213Y.0000000081
http://www.ncbi.nlm.nih.gov/pubmed/24620935
http://doi.org/10.1016/j.bbalip.2012.12.015
http://doi.org/10.1515/hmbci-2015-0025
http://doi.org/10.3390/biomedicines9040349
http://doi.org/10.1097/MCO.0b013e32835e3674
http://www.ncbi.nlm.nih.gov/pubmed/23416721
http://doi.org/10.1016/j.placenta.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21300403
http://doi.org/10.1016/j.placenta.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18262644
http://doi.org/10.1007/s40142-016-0097-y
http://www.ncbi.nlm.nih.gov/pubmed/28286704

	Introduction 
	Materials and Methods 
	Study Cohorts 
	Biochemical Analyses 
	ApoB-Depletion of Serum 
	Cholesterol Efflux Capacity 
	Lecithin–Cholesteryl Acyltransferase (LCAT) Activity 
	Arylesterase (AE)—Activity of Paraoxonase1 (PON1) 
	Antioxidative Capacity of Apob-Depleted Serum 
	Statistical Analyses 

	Results 
	Characteristics of the Study Population 
	Serum Plasma Lipids of Normal-Weight, Overweight/Obese, and GDM Mothers and Their Neonates 
	Obesity- and GDM-Associated Changes in Parameters of HDL Metabolism and Function 
	Correlations of Maternal and Neonatal HDL-Related Parameters 

	Discussion 
	Conclusions 
	References

