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Abstract

Placental lipids transfer is essential for optimal fetal development, and alterations of these
mechanisms could lead to a higher risk of adverse birth outcomes. Low-density lipoprotein
receptor (LDLR), LDL receptor-related protein 1 (LRP1), and scavenger receptor class B type
1 (SCARB1) genes are encoding lipoprotein receptors expressed in the placenta where they
participate in cholesterol exchange from maternal to fetal circulation. The aim of this study
was thus to investigate the association between maternal lipid changes occurring in pregnancy,
placental DNA methylation (DNAm) variations at LDLR, LRP1, and SCARB1 gene loci, and
newborn’s anthropometric profile at birth. Sixty-nine normoglycemic women were followed
from the first trimester of pregnancy until delivery. Placental DNAm was quantified at
43 Cytosine-phosphate-Guanines (CpGs) at LDLR, LRP1, and SCARB1 gene loci using pyro-
sequencing: 4 CpGs were retained for further analysis. Maternal clinical data were collected at
each trimester of pregnancy. Newborns’ data were collected from medical records. Statistical
models included minimally newborn sex and gestational and maternal age. Maternal total cho-
lesterol changes during pregnancy (ΔT3-T1) were correlated with DNAm variations at LDLR
(r=−0.32, p= 0.01) and LRP1 (r= 0.34, p= 0.007). DNAm at these loci was also correlated
with newborns’ cord blood triglyceride and leptin levels. Mediation analysis supports a causal
relationship betweenmaternal cholesterol changes, DNAm levels at LRP1 locus, and cord blood
leptin concentration (pmediation= 0.02). These results suggest that LRP1 DNAm link maternal
blood cholesterol changes in pregnancy and offspring adiposity at birth, which provide support
for a better follow-up of blood lipids in pregnancy.

Introduction

Metabolic adaptations to pregnancy are normal processes aiming at supporting fetal
growth. These adaptations include insulin resistance and changes in blood lipid profile.1,2

Physiological changes in maternal blood lipids during pregnancy cause a gradual increase in
all circulating lipoproteins. So every women, even the ones with normal cholesterol levels
before pregnancy, are experiencing temporary hyperlipidemia,3 although normal values
defined outside pregnancy might not apply. Interestingly, it was previously suggested that
maternal lipid levels during pregnancy were associated with birth outcomes and might pre-
dispose the newborns to long-term health consequences.4,5 Specifically, low maternal lipid
levels may reflect an inadequate physiological response to pregnancy and have been associated
with preterm delivery and lower birth weight.6 In contrast, maternal hypercholesterolemia
has been linked to poorer birth outcomes and increased cholesterol deposition in the fetal aorta
that might therefore influence newborns’ risk of long-term cardiovascular disease (CVD) and
morbidity.7–9

Placenta expresses many lipoprotein receptors, including the ATP-binding cassette
transporter A1 (ABCA1), low-density lipoprotein receptor (LDLR), the LDL receptor-related
protein 1 (LRP1), and scavenger receptor class B type 1 (SRB1; encoding by SCARB1 gene).10,11

These receptors are key players for binding of lipoproteins and internalization of cholesterol
efflux from maternal to fetal circulation.11–13

Recent studies have suggested that epigenetic modifications might explain, to some extent,
the link between in utero environment and long-term cardiovascular disorders risk for
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newborns.14 Epigenetics refers to DNA modifications regulat-
ing gene transcription without changes of the primary DNA
sequence. DNA methylation (DNAm) is the most stable and
studied epigenetic mark15 and is generally associated with gene
expression repression.16 Importantly, the newborn epigenetic
signature acquired in the womb might be persistent throughout
adult life,17,18 although this very likely not affects every gene
similarly.

Changes in DNAm have been shown to be associated with
in utero environment, including maternal lipid levels and glycemic
profile during pregnancy.19–22 Previous studies carried by our
group showed that high-density lipoprotein cholesterol (HDL-C)
levels during pregnancy were associated with DNAm levels at
ABCA1 and lipoprotein lipase (LPL) gene in the placenta.20,23

Moreover, previous works have shown that maternal lipid levels
during pregnancy were associated with changes in LDLR placental
protein levels.12

Therefore, we hypothesized that changes in maternal blood
lipids in response to pregnancy prime placental cells through
changes in DNAm to optimize materno-fetal lipid transfer and
fetal growth. Accordingly, this study was undertaken to assess
the association between maternal lipid level changes in pregnancy,
placental DNAm at LDLR, LRP1, and SCARB1 gene loci, and
anthropometric characteristics of the newborn at birth.

Materials and methods

Sample and clinical data

Sixty-nine normoglycemic women with a singleton pregnancy
were selected from a cohort recruited in a founder population
of French–Canadian origin from the Saguenay–Lac-Saint-
Jean region of Québec (Saguenay city area, Québec, Canada).
The women included in this study were aged between 18 and
40 years old, with no personal history of pregestational type
1 or 2 diabetes, polycystic ovary syndrome, or familial hyper-
cholesterolemia. Women with a positive history of alcohol or
drug abuse during the current pregnancy were also excluded.
All women included in the current study were normoglycemic
as defined as a 2 h-post oral glucose tolerance test (OGTT) glucose
concentration < 7.8 mmol/l following a 75-g OGTT performed at
24–28 weeks’ gestation according to the WHO criteria.24

A written informed consent was obtained for all women
before their inclusion in the study, and all clinical data were de-
identified. This project received the approval by the Chicoutimi
Hospital Ethics Committee, in accordance with the Declaration
of Helsinki.

Women were met at the ECOGENE-21 Clinical Research
Center at the first, second, and third trimester of pregnancy. A reg-
istered nurse performed a complete anthropometric and metabolic
profiling. Anthropometric variables and blood pressure were mea-
sured using standardized procedures.25,26 Blood samples were
obtained after a 12-h overnight fast from the antecubital vein into
vacutainer tubes containing EDTA at each gestational trimester
and at the time of delivery (cord blood). Plasma cholesterol, TG,
HDL-C, and glucose levels were enzymatically measured using
Beckman analyzers (models CX7 for lipids and DXC for glucose).
LDL-C levels were calculated using the Friedewald formula.27 Total
gestational weight gain was computed by subtracting maternal
weight at first trimester of pregnancy to that at the third trimester.
Maternal blood lipid changes between trimesters were calculated

by subtracting values at third to that at first trimester of pregnancy
(ΔT3-T1 blood lipid level). ΔT3-T1 blood lipid levels represent
global variation of blood lipid levels throughout pregnancy.
Insulin measurements were performed using a radioimmunoassay
method (Advia Centaur, Siemens). Insulin resistance levels were
assessed using homeostatic model assessment – insulin resistance
(HOMA-IR) [fasting glucose (mmol/l)× fasting insulin (mU/l)/22.5]
at each trimester of pregnancy.

Clinical information about newborns was collected at birth
frommedical files and included gestational age, sex of the newborn,
and anthropometric measurements. The gestational age was calcu-
lated at the first visit from the date of the last menstrual period and
was corrected afterward, as recommended, based on the date of the
ultrasound scans. Birth weight Z-score was assessed using the 2013
Fenton growth chart.28 Newborns’ ponderal index (kg/m3) was cal-
culated as: newborn weight (kg)/newborn length3 (m3). Cord blood
lipid levels were assessed as described for the mother. In addition,
cord blood leptin levels, measured by ELISA as previously
described (B-Bridge International) were used as a marker of adi-
posity as previously described.29,30

Placenta samples and nucleic acid extraction

Placenta samples were taken within minutes of placenta expulsion
(on average < 15 min) by clinicians. Biopsies were taken near the
insertion point of the umbilical cord and consisted of the chori-
onic plate with the chorionic villi. Biopsies were washed in PBS
1× to remove cord/maternal blood, dissected to remove conjunc-
tive tissues, and kept in RNAlater (Qiagen, #76106) at −80°c until
nucleic acid extraction. Placental DNA and RNA were purified
using the All Prep DNA/RNA/Protein Mini Kit (Qiagen,
#80004). The ratio of absorbance at 260–280 nm with the
Ultrospec 2000 UV/Visible Spectrophotometer (Pharmacia
Biotech, USA) was used to confirm the DNA purity.30 Placenta
RNA quality was assessed with Agilent 2100 Bioanalyzer RNA
Nano Chips (Agilent Technologies, USA, #5067-1511) based on
RNA integrity number (RIN).

DNA methylation measurement

We used the gold-standard pyrosequencing technology to deter-
mine base-specific cytosine methylation levels.31 Pyrosequencing
assays combine sodium bisulfite DNA conversion chemistry
(EpiTech Bisulfite Kits, Qiagen, USA; #59104), polymerase chain
reaction (PCR) amplification (PyroMark PCR Kit, Qiagen;
#978703), and sequencing by synthesis assay of a target region
(PyroMark Gold Q24 Reagents, Qiagen; #978802). Each pyrose-
quencing runs included a negative PCR control and sequencing
primer control as well as a sodium bisulfite conversion control.
Additionally, pyrosequencing quality control was assessed for each
sample using PyroMark Q24 Analysis Software, Qiagen
(v.1.0.10.134). PCR primers were selected using the PyroMark
Assay Design software v2.0.1.15. The PCR and pyrosequencing pri-
mers for the amplification of the loci are described in
Supplementary Table 1.

Loci within LDLR, LRP1, and SCARB1 gene regions were
selected based on a previous study reporting these regions were
showing DNAm variability in the placenta.22 Gene promoter
regions and Cytosine-phosphate-Guanine (CpG) islands were also
selected based on previous studies.32,33 Overall, 43 CpG dinucleo-
tides within LDLR, LRP1, and SCARB1 gene loci were epigeno-
typed: 17 at LDLR gene locus (4 different regions: LDLR-CpGA
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to LDLR-CpGD), 9 at LRP1 gene locus (4 different regions: LRP1-
CpGA to LRP1-CpGD), and 17 at SCARB1 gene locus
(3 different regions: SCARB1-CpGA to SCARB1-CpGC)
(Supplementary Table 1). When DNAm levels were found to be
generally well correlated among the CpG dinucleotides from a
same region (r> 0.7), a mean DNAm level for these CpGs was
computed and used in the subsequent statistical analysis.
Otherwise, the CpG dinucleotides were analyzed separately.

Relative placental mRNA level measurement

Forty-six placental RNA samples were available for mRNA
quantification. They were of good quality based on a RIN > 7.
Complementary DNA (cDNA) was generated from the placental
total RNA using a random primer hexamer provided with the
High Capacity cDNA Archive kit (ThermoFisher Scientific,
USA; #4368814). Equal amounts of cDNA were run in duplicated
and amplified in a 20 ul reaction containing 10 ul of 2× Universal
PCR Master Mix (ThermoFisher Scientific; Life Technologies,
#4366072). Primers and TaqMan probes were designed to cover
exon boundaries (Life Technologies, LDLR: Hs01092524_m1,
LRP1: Hs00233856_m1, and SCARB1: Hs00969821_m1). Each
sample was calibrated to the YWHAZ housekeeping gene (endog-
enous control; YWHAZ: Hs00237047_m1). Relative quantification
estimations were performed using an Applied Biosystem 7500 Real
Time PCR System as recommended by the manufacturer. LDLR/
YWHAZ Ct ratio (1/x), LRP1/YWHAZ Ct ratio (1/x), and
SCARB1/YWHAZ Ct ratio (1/x) were used in the analyses.

Statistical analyses

Normal distribution of all variables was assessed using the
Kolmogorov–Smirnov test. The following variables were found
normally distributed after they were log10-transformed: TG levels,
insulin levels, and HOMA-IR. Maternal blood lipid levels from
each trimester of pregnancy were compared using a paired

Table 1. Maternal characteristics and blood lipid levels throughout pregnancy
(n= 69)

Maternal
characteristics
(n= 69)

First trimester of
pregnancy
(mean ± SD)

Second trimester
of pregnancy
(mean ± SD)

Third trimester of
pregnancy
(mean ± SD)

Time of visit
(weeks)

12.7 ± 1.2
(n= 66)

25.7 ± 0.9 36.9 ± 0.44
(n = 65)

Mother’s age
(years)

28.0 ± 3.8 – –

BMI (kg/m2) 23.4 ± 3.2 – –

Fasting glycemia
(mmol/l)

4.38 ± 0.34 4.29 ± 0.37 4.34 ± 0.63
(n = 66)

Fasting insulin
(mmol/l)a

5.10 ± 2.52
(n= 67)

7.27 ± 9.86
(n= 66)

10.35 ± 31.61
(n = 64)

HOMA-IRa 0.99 ± 0.53
(n= 67)

1.38 ± 1.69 1.97 ± 11.81
(n = 63)

2 h-post-OGTT
glucose
concentration
(mmol/l)

– 6.24 ± 0.75 –

Total cholesterol
(mmol/l)

4.67 ± 0.83 6.29 ± 1.06b 6.85 ± 1.28b,d

LDL-cholesterol
(mmol/l)

2.62 ± 0.74 3.66 ± 0.95b 3.87 ± 1.16b,c

HDL-cholesterol
(mmol/l)

1.56 ± 0.32 1.78 ± 0.42b 1.74 ± 0.44b

Triglyceride
(mmol/l)a

1.01 ± 0.44 1.77 ± 0.66b 2.76 ± 0.86b,d

Gravidity

0 – – 32 (46.4%)

1 21 (30.4%)

2 10 (14.5%)

3 5 (7.2%)

4 1 (1.4%)

Parity

0 – – 39 (56.5%)

1 19 (27.5%)

2 11 (15.9%)

Mode of delivery

C-section – – 5 (7.2%)

Vaginal 64 (92.8%)

BM1, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HOMA-IR,
homeostatic model assessment – insulin resistance; OGTT, oral glucose tolerance test; SD,
standard deviation.
aGeometric mean is presented for this variable.
bSignificantly different from first trimester blood lipid levels (p< 0.001).
cSignificantly different from second trimester blood lipid levels (p< 0.05).
dSignificantly different from second trimester blood lipid levels (p< 0.001).

Table 2. Characteristics of newborns (n= 69)

Characteristics Mean ± SD Range

Sex

Male 33 (47.8%) –

Female 36 (52.2%)

Gestational age (weeks) 39.4 ± 1.1 37.3–41.6

Birth weight (kg) 3.44 ± 0.43 2.00–4.31

Birth height (cm) 50.0 ± 2.0 44.0−54.5

(n= 65)

Birth weight Z-score −0.02 ± 0.79 −2.21–1.88

Ponderal index (kg/m3) 27.6 ± 2.6 19.6–35.3

(n= 65)

Placenta weight (g) 577 ± 110 360–992

(n= 67)

Cord blood total cholesterol (mmol/l) 1.70 ± 0.43 0.85–2.89

(n= 61)

Cord blood LDL-cholesterol (mmol/l) 0.86 ± 0.28 0.39–1.90

(n= 61)

Cord blood HDL-cholesterol (mmol/l) 0.63 ± 0.21 0.26–1.27

(n= 61)

Cord blood triglyceride (mmol/l)a 0.41 ± 0.24 0.13–1.82

(n= 61)

Cord blood leptin (ng/ml) 10.8 ± 8.5 1.0–41.5

(n= 52)

HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD, standard deviation.
aGeometric mean is presented for this variable.
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Student’s T-test. Partial Pearson correlations were used to investi-
gate the association between the main variables of interest: DNAm
levels, ΔT3-T1 maternal blood lipid levels, newborns’ anthropo-
metric measurements, and cord blood lipid and leptin levels.
The statistical models were controlled for the following con-
founding factors: maternal age, maternal BMI at first trimester
of pregnancy, total gestational weight gain, maternal blood lipids
level at second and third trimester of pregnancy, gestational age,
and newborn gender (see Figure’s and Table’s footnotes for
details). Impacts of other confounding factors (smoking, gravity,
parity, mode of delivery, and time of visits) were tested but not
retained in the statistical models as results remained unchanged.
Association between DNAm levels and relative mRNA levels
was assessed using a partial Pearson’s correlation controlling for
gestational age and newborn gender. Results were considered sta-
tistically significant when p-values were <0.05 (two-sided).

Stepwise multivariable linear regression was used to identify
predictors of the placental LDLR and LRP1DNAm level variability.
The input-independent variables were maternal age, maternal BMI
at first trimester of pregnancy, maternal total weight gain, ΔT3-T1
maternal total cholesterol levels, maternal total cholesterol levels
at third trimester of pregnancy, gestational age, and newborn
gender. Variables with a p-value < 0.10 were retained in the regres-
sion model.

We estimated the direct association between maternal charac-
teristics and newborn characteristics and the mediating effect of
DNAm using a nonparametric bias-corrected bootstrapping pro-
cedure as previously described.30 This allowed us to assess whether
DNAm at LDLR and LRP1 gene loci mediated the association
between maternal total cholesterol level changes throughout preg-
nancy and cord blood lipid and leptin levels. Potential confounders
were considered in the statistical models: maternal age, maternal
BMI at first trimester of pregnancy, maternal total weight gain,
maternal total cholesterol levels at third trimester of pregnancy,
gestational age, and newborn gender. Results were considered sig-
nificant if p-values for mediation models were <0.05. Statistical
analyses were performed with the IBM SPSS Statistics 24 software,
USA (release 24.0.0).

Maternal lipid levels at third trimester of pregnancy were
included as confounding variables in all of our statistical models
in order to evaluate the independent contribution of the ΔT3-T1
maternal lipid levels to DNAm level variability and newborn charac-
teristics. In addition, maternal blood lipid levels at third trimester are
more likely representative of the lipid environment to which the

placenta and newborn were exposed at birth, when the samples were
collected.

Results

The characteristics of themothers and their newborns are shown in
Tables 1 and 2, respectively. At first trimester of pregnancy, women
were on average 28.0 ± 3.8 years old, had a mean body mass index
(BMI) of 23.4 ± 3.2 kg/m2, fasting glucose of 4.38 ± 0.34 mmol/l,
and lipid levels within the normal ranges (based on reference
values in nonpregnant women) (Table 1). Maternal blood lipids
tended to increase between first, second, and third trimester of
pregnancy (Table 1). Babies were 47.8% male (n= 33), had a mean
gestational age of 39.4 ± 1.1 weeks, and had a mean ponderal index
of 27.6 ± 2.6 kg/m3 (Table 2). Mean cord blood total cholesterol
and leptin levels were 1.70 ± 0.43 mmol/l and 10.8 ± 8.5 ng/ml,
respectively (Table 2).

We first assessed whether changes in maternal blood lipids in
pregnancy were associated with newborn’s physical and metabolic
characteristics (Table 3). We found that higher maternal total cho-
lesterol changes throughout pregnancy (ΔT3-T1) were correlated
with higher cord blood total and low-density lipoprotein choles-
terol (LDL-C) as well as lower newborns’ ponderal index and cord
blood leptin levels.

To determine whether the placental epigenetic signature is
associated with maternal lipid profile and correlated to newborn
anthropometric and metabolic profiles, we assessed DNAm levels
at 43 CpG sites within LDLR, LRP1, and SCARB1 gene loci. Only
the CpG sites with DNAm levels between 10% and 90% and
showing interindividual variability [standard deviation> 3%] were
considered for further analysis. Among the remaining CpGs, only
those correlated with their mRNA levels (r> 0.25 and p< 0.1;
mean LDLR-CpGA, LRP1-CpGA2, LRP1-CpGC1, and LRP1-
CpGD1; Figs. 1B, 2D, and 3C, Supplementary Figs. 1 and 2, and
Supplementary Table 2) were retained for further analyses.
Associations were then tested between changes in maternal blood
lipids and placental DNAm levels at these four CpGs. We found
that increases in total cholesterol and LDL-C levels throughout
pregnancy (ΔT3-T1) were associated with lower DNAm at
LDLR-CpGA gene locus (Fig. 1A and Supplementary Table 3).
At LRP1-CpGA2 gene locus, increases in total cholesterol, LDL-C
and HDL-C levels throughout pregnancy (ΔT3-T1) were associated
with higher DNAm levels (Fig. 2A and Supplementary Table 3). All
the previous associations were independent of maternal blood lipids

Table 3. Association between maternal blood lipid level changes in pregnancy and newborns’ characteristics

Mothers’ blood
lipids levels

Cord blood total
cholesterol

Cord blood
LDL-cholesterol

Cord blood
HDL-cholesterol

Cord blood
triglyceridemia

Cord blood
leptin

Birth weight
Z-score

Ponderal
index

Placental
weight

ΔT3-T1 total
cholesterol

r= 0.29
p = 0.037

r= 0.30
p= 0.029

r= 0.16
p= 0.245

r = –0.01
p= 0.934

r= –0.32
p= 0.034

r = –0.11
p= 0.376

r= –0.33
p= 0.014

r = 0.10
p= 0.469

ΔT3-T1 LDL-
cholesterol

r= 0.10
p= 0.462

r= –0.01
p= 0.931

r= 0.24
p= 0.080

r = –0.08
p= 0.561

r = –0.27
p= 0.077

r = –0.06
p= 0.664

r= –0.13
p= 0.327

r= –0.03
p= 0.842

ΔT3-T1 HDL-
cholesterol

r = –0.01
p= 0.958

r = 0.13
p= 0.356

r= –0.22
p= 0.111

r = 0.09
p= 0.539

r = –0.11
p= 0.482

r = –0.12
p= 0.371

r= –0.30
p= 0.024

r= –0.04
p= 0.733

ΔT3-T1 fasting
triglyceride

r= 0.01
p= 0.930

r= –0.04
p= 0.792

r= 0.08
p= 0.593

r = 0.02
p= 0.864

r = 0.14
p= 0.341

r = –0.02
p= 0.865

r= –0.06
p= 0.673

r= –0.08
p= 0.574

HDL, high-density lipoprotein; LDL, low-density lipoprotein.
p-values were obtained after consideration for maternal age, maternal IMC at first trimester of pregnancy, total gestational weight gain, gestational age, newborn’s gender, and blood lipid level
at third (ΔT3-T1). Statistically significant results are shown in bold.
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levels at second and third trimester of pregnancy (Supplementary
Table 4) and were adjusted for maternal age and BMI at first
trimester, weight gain between first and third trimester of preg-
nancy, gestational age, and newborn gender.

We then applied stepwisemultivariable linear regression analyses
to assess which of the identified factors were independent predictors

for DNAm levels. Predictors of placental LDLR-CpGA DNAm
levels were changes in total cholesterol levels throughout preg-
nancy (ΔT3-T1), sex of the newborn, and total gestational weight
gain, whereas changes in total cholesterol levels throughout preg-
nancy (ΔT3-T1), maternal age, and BMI at the first trimester of
pregnancy predicted LRP1-CpGA2 DNAm levels in the placenta.

Fig. 1. Correlation between mean LDLR-CpGA
DNAm levels, maternal total cholesterol level
variation between third and first trimester of
pregnancy (Panel A), and relative LDLR mRNA
levels in placenta (Panel B). – (a) Adjusted for
maternal age, maternal IMC at first trimester of
pregnancy, total gestational weight gain, gesta-
tional age, and newborn’s gender. (b) Adjusted
for gestational age and newborn’s gender.

Fig. 2. Correlation between LRP1-CpGA2 DNAm
levels, maternal and fetal characteristics:
(A) maternal total cholesterol level variation
between third and first trimester of pregnancy;
(B) cord blood triglyceride levels; (C) cord
blood leptin levels; and (D) relative LRP1
mRNA levels. – (a) Adjusted for maternal age,
maternal IMC at first trimester of pregnancy,
total gestational weight gain, gestational age,
and newborn’s gender. (b) Correlation coeffi-
cients (r) and p-values were computed after
triglyceride levels were log10-transformed.
(c) Adjusted for gestational age and newborn’s
gender.
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Overall, these models explained 19.1% and 11.9% of the mean
LDLR-CpGA and LRP1-CpGA2 DNAm variations, respectively
(Table 4). No maternal characteristic was found to be associated
with DNAm levels at LRP1-CpGC1 or LRP1-CpGD1.

Next, we assessed whether DNAm at LDLR and LRP1 gene
loci was associated with newborns’ anthropometric characteristics
and cord blood leptin and lipid profile (Supplementary Table 5).
We observed that higher LRP1-CpGA2 DNAm levels were associ-
ated with lower cord blood triglycerides (TGs) and leptin levels
(Fig. 2B, 2C). Moreover, LRP1-CpGC1 DNAm levels were posi-
tively correlated with cord blood total cholesterol and LDL-C levels
(Fig. 3A, 3B).

Mediation analyses were finally applied to assess whether
DNAm levels at LDLR and LRP1 gene loci might be part of
the mechanisms linking maternal and newborns’ phenotypes.
We found that LRP1-CpGA2 DNAm levels significantly medi-
ate the association between changes in maternal total cholesterol
levels during pregnancy (ΔT3-T1) and cord blood leptin levels
(Fig. 4; pmediation = 0.02). We did not detect significant media-
tion of DNAm at LDLR gene loci.

Discussion

Blood lipid levels (TG, LDL-C, and HDL-C) during pregnancy
were previously associated with fetal growth and development
indices suggesting that maternal dyslipidemia may be involved
in fetal metabolic programming.8,34–36 Nevertheless, these associa-
tions seemed to be mediated by several other maternal factors
including the lipoprotein subtype, maternal BMI (pre- and post-
conception), and/or diabetes,8 which have been supported by a

recent Mendelian randomization analysis.37 In this study, we have
decided to focus onmaternal blood lipid levels changes throughout
pregnancy, which have been overlooked so far. We report that rise
in maternal blood lipids levels in pregnancy, in normoglycemic
pregnant women, is associated with lower ponderal index and cord
blood leptin levels. These associations were not observed with
maternal blood lipid levels at first, second, and third trimester
of pregnancy, suggesting that changes throughout the pregnancy
might be more important than the absolute lipid values at the
beginning, middle, or end of pregnancy.

Previous studies suggested that in utero environment perturba-
tions such as maternal dyslipidemia or hyperglycemia contribute
to the development of adult chronic diseases possibly through epi-
genetic adaptations in the placenta and offspring.38,39 We report
that rise in maternal blood lipids levels in pregnancy is associated
with DNAm levels variability at LDLR and LRP1 gene loci in pla-
centa (Fig. 5). These results suggest that LDLR and LRP1 epigenetic
profile are sensitive to the in utero environment and that DNAm at
these loci could explain, to some extent, the link between subopti-
mal maternal condition and the metabolic health programming
in the newborn. In this study, we showed that DNAm variability
at LDLR gene locus was associated with functional impact on gene
expression. Although the association between LRP1 DNAm and
mRNA levels did not reach statistical significance (p< 0.10 but
>0.05), the correlation coefficients obtained were modestly strong
(r> 0.25) as compared to previous studies showing functional
impact of DNAm on gene expression in placenta.20,29 A significant
statistical association (p< 0,05) between LRP1DNAm and mRNA
levels could potentially have been reached with larger sample size.
Moreover, the gene expression and DNAm studies were done on
placental sample collected at delivery. Gene expression in placenta
was previously showed to be highly variable according to trimes-
ters.40 Henceforth, the associations observed between DNAm and
mRNA levels at the end of the pregnancy might be even stronger
during the first or second trimester. This mechanism may indeed
be important for regulation of the lipoprotein metabolism in
maternal–placental fetal unit throughout the pregnancy. The func-
tional impact of LRP1 DNAm throughout pregnancy will need to
be confirmed in larger cohort.

Using mediation analyses, we then explored the causality
chain between maternal blood lipid changes, placental DNAm
variations, and newborns’ anthropometric andmetabolic profiles
(Figs. 4 and 5). We report that the associations between maternal
total cholesterol changes in pregnancy and cord blood leptin
levels are mediated, at least partially, by placental epigenetic
adaptations at the LRP1 gene locus. This suggests that placental
DNAm responds to maternal lipid changes in pregnancy, which
in turn impacts fetal growth. As we are studying complex traits,
there are probably other factors contributing to interindividual
variability in cord blood leptin levels, such as genetic, diet, or other
environmental risk factors.41 However, the fact that only one CpG
site can explain that much of this variability is highly interesting.
Moreover, even if the observed DNAm variations in our study
are relatively modest, we and other groups already shown these
can affect gene expression and hence could obviously have physio-
logical consequences over a long period of time.20,42

Interestingly, lower placental LRP1 mRNA levels have already
been reported in pregnancies complicated by preeclampsia and
characterized by a suboptimal fetal development.10,11,43 In addi-
tion, hypercholesterolemia in pregnant rabbit has been associated
with placental collagen deposition and atherosclerotic lesions that
compromised placental nutrients transfer from the maternal

Table 4. Multivariable linear regression analyses of LDLR and LRP1 DNA
methylation levels predictors in placenta

Predictors
Mean LDLR-

CpGA
LRP1-
CpGA2

LRP1-
CpGC1

LRP1-
CpGD1

ΔT3-T1 total
cholesterol
(mmol/l)

β= –0.32 β= 0.61 NS NS

p= 0.007 p= 0.004

Third trimester total
cholesterol (mmol/l)

NS β= –0.44 NS NS

p= 0.030

Maternal age (years) NS β= –0.23 NS NS

p= 0.060

Gestational age
(weeks)

NS NS NS NS

Newborn’s gender β=−0.32 NS NS NS

p= 0.006

First trimester
maternal
BMI (kg/m2)

– β= 0.26 – –

p= 0.04

Total gestational
weight
gain (kg)

β= –0.25 – NS NS

p= 0.034

R2(%)ajd 19.1 11.9 – –

p= 0.001 p= 0.019

BMI, body mass index; LDLR, Low-density lipoprotein receptor; LRP1, LDL receptor-related
protein 1; NS, not statistically significant.
All β are standardized coefficient values.
Variables with a p-value< 0.10 were retained in the regression model.
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circulation to the fetus.44 In utero exposure to increased maternal
cholesterol levels may thus impair placental function and restrict
materno-fetal nutrients transport leading to developmental restric-
tion, possibly manifested as lower cord blood leptin levels in our
study. Henceforth, we hypothesized that epigenetic modifications
at LRP1 locus in response to risen maternal blood lipids are an
attempt to improvematerno-placental lipids transport in function-
ally impaired placenta. Nevertheless, this may also have triggered a
compensatory response in the newborns (increased cord blood lip-
ids), which might increase their long-term susceptibility to CVD
and adult metabolic diseases.

LRP1 encodes for a large cell surface receptor ubiquitously
expressed in a variety of organs including, placenta, adipose tissue,
liver, and brain.45 It is also highly expressed in neurons: a lack of
LRP1 expression caused motor and behavioral impairment (i.e.,
hyperactivity, tremor, dystonia) on transgenic mice, suggesting
altered neurotransmission.46 Interestingly, LRP1 expression in
the brain could also affect body weight and adiposity through
the regulation of food intake and energy expenditure: LRP1-KO
mice showed significantly accelerated body weight gain, insulin

resistance, hyperlipidemia, and an increase in plasma leptin con-
centration suggesting the development of leptin resistance.47

Similarly, we report that decreased LRP1 DNAm in placenta
and corresponding mRNA levels are associated with higher cord
blood leptin concentration. However, some mechanisms behind
LRP1 function are still unclear, with at least one other study report-
ing that the inactivation of LRP1 in white and brown adipose
tissues decreased fat storage, and had protective effects against
diet-induced obesity.48 LRP1 inactivation also protected the mice
from glucose intolerance and diabetes potentially because of their
increased metabolic rate and energy expenditure, which supports
that LRP1 is probably an important regulator of adipocyte energy
homeostasis.48 Interestingly, our study suggested that LRP1 epige-
netic profile in placenta is sensitive to the maternal blood lipid
levels variability during the pregnancy. Previous studies showed
that DNAm variability observed in a specific tissue might also
be reflected in other tissues and have tissue-specific impact on gene
expression regulation.32 Moreover, recent researches suggest that
newborns’ methylome in different tissues, not only in placenta,
might also be sensitive to suboptimal maternal condition.49,50

Therefore, it possible that LRP1 DNAm profile in newborns’ brain
or adipose tissue cells might have been affected by maternal blood
lipid variability during pregnancy and could explain, to some extent,
the link between suboptimal maternal condition, cord blood leptin
levels, and newborns’ anthropometric measurements. Nevertheless,
this remains a hypothesis that will need to be investigated.

The longitudinal follow-up of our women from the first trimes-
ter of pregnancy to delivery is one of the strengths of this study. It
has allowed us to accurately assess changes in maternal fasting
blood lipids throughout pregnancy and its impact on the newborn
methylome, anthropometric characteristics, and cord blood lipid
and leptin levels. However, we cannot exclude that DNAm levels
at LDLR and LRP1 loci may have caused fluctuations in maternal
lipemia during pregnancy because placenta samples were only ana-
lyzed at birth. The relatively small sample size (n= 69) and the
common ethnicity of the population studied are also limiting
our study, as our results may not be representative of a more diver-
sified population. Moreover, the risk of false positive due to multi-
ple testing cannot be excluded, as we tested a number of 4 CpG loci.
Further studies are thus needed to confirm our result and to assess

Fig. 3. Correlation between LRP1-CpGC1 DNAm levels and fetal characteristics: (A) cord blood total cholesterol levels; (B) cord blood LDL-cholesterol levels; (C) relative LRP1
mRNA levels. – (a) Adjusted for maternal age, maternal IMC at first trimester of pregnancy, total gestational weight gain, gestational age, and newborn’s gender. (b) Adjusted for
gestational age and newborn’s gender.

Fig. 4. Mediation analysis between maternal total cholesterol changes in pregnancy,
LRP1 DNAm, and cord blood leptin levels. These results show that DNAm level variations
at LRP1-CpGA2 induced by mediating the association between maternal total cholesterol
changes in pregnancy and cord blood leptin levels in newborns, suggesting a causal rela-
tionship between these variables. Path a is the relationship between theΔT3-T1maternal
total cholesterol levels and LRP1 DNAm levels. Path b is the relationship between LRP1
DNAm levels and cord blood leptin levels. Path c is the direct relationship betweenΔT3-T1
maternal total cholesterol levels and cord blood leptin levels, while path c’ is the indirect
effect of this relationship when taking into account the LRP1 DNAm profile.
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the functional impacts of the maternal lipid level variation on pla-
cental methylome, transcriptome, and newborns’ characteristics.

Conclusion

Our study showed that maternal blood lipids levels variability in
pregnancy, in normoglycemic pregnant women, is associated
with placental DNAm levels changes and newborn’s anthropo-
metric measurements and bloodmarker of adiposity, such as cord
blood leptin levels. Our findings support that placental DNAm at
LRP1 gene loci mediates the relationship between maternal blood
lipid changes during pregnancy and cord blood leptin levels.
This is of great interest, as we know that lipid transfer from
the mother through the placenta is an important factor for
adequate fetal growth and development. Moreover, these findings
support that epigenetic is a crucial element in human develop-
ment, although more studies are needed to fully elucidate the
long-term impacts of fetal epigenetic programming. As obesity
and diabetes are of great health concern these days, a better
understanding of how maternal metabolic factors can influence
children metabolism could be helping in the worldwide effort
to prevent such epidemics.
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