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Maternal blood pressure associates Gl

with placental DNA methylation both directly
and through alterations in cell-type
composition
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Abstract

Background: Maternal blood pressure levels reflect cardiovascular adaptation to pregnancy and proper maternal-
fetal exchanges through the placenta and are very sensitive to numerous environmental stressors. Maternal hyperten-
sion during pregnancy has been associated with impaired placental functions and with an increased risk for children
to suffer from cardiovascular and respiratory diseases later on. Investigating changes in placental DNA methylation
levels and cell-type composition in association with maternal blood pressure could help elucidate its relationships
with placental and fetal development.

Methods: Taking advantage of a large cohort of 666 participants, we investigated the association between
epigenome-wide DNA methylation patterns in the placenta, measured using the Infinium HumanMethylation450
BeadChip, placental cell-type composition, estimated in silico, and repeated measurements of maternal steady and
pulsatile blood pressure indicators during pregnancy.

Results: At the site-specific level, no significant association was found between maternal blood pressure and DNA
methylation levels after correction for multiple testing (false discovery rate < 0.05), but 5 out of 24 previously found
CpG associations were replicated (p-value < 0.05). At the regional level, our analyses highlighted 64 differentially
methylated regions significantly associated with at least one blood pressure component, including 35 regions associ-
ated with mean arterial pressure levels during late pregnancy. These regions were found enriched for genes impli-
cated in lung development and diseases. Further mediation analyses show that a significant part of the association
between steady blood pressure—but not pulsatile pressure—and placental methylation can be explained by altera-
tions in placental cell-type composition. In particular, elevated blood pressure levels are associated with a decrease in
the ratio between mesenchymal stromal cells and syncytiotrophoblasts, even in the absence of preeclampsia.

Conclusions: This study provides the first evidence that the association between maternal steady blood pres-
sure during pregnancy and placental DNA methylation is both direct and partly explained by changes in cell-type
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composition. These results could hint at molecular mechanisms linking maternal hypertension to lung development
and early origins of childhood respiratory problems and at the importance of controlling maternal blood pressure

during pregnancy.

Keywords: Placenta, DNA methylation, Blood pressure, Pregnancy, Cell-type heterogeneity, Mesenchymal stromal

cells, Epigenome-wide association study

Background
During pregnancy, placental proper development and
functions are crucial for both maternal and fetal health.
The placenta is involved in supplying nutrients and oxy-
gen to the fetus, removing gas and waste products, and
regulating fetal growth through the production of growth
hormones [1]. These exchanges are made through pla-
cental microcirculation and are influenced by maternal
blood flow. Prevalent hypertensive disorders of preg-
nancy (HDP), such as preeclampsia, are believed to origi-
nate from placental dysfunction [2]. But a growing body
of evidence suggests that maternal blood flow could also
be a primary determinant of the onset of pregnancy dis-
orders [3]. Pre- and early pregnancy maternal blood
pressure (BP) levels were indeed found to be predictive
of later placental malperfusion and women with chronic
hypertension are at higher risk for pregnancy com-
plications [4—6]. Moreover, maternal BP during preg-
nancy and gestational hypertension are associated with
impaired placental development, adverse pregnancy out-
comes, low birth weight and size, and an increased risk
for children to suffer from cardiovascular diseases and
respiratory problems, but the mechanisms underpinning
these relationships are still poorly understood [6-8].
Accumulating evidence suggests that changes in pla-
cental DNA methylation (DNAm) may provide a readout
of placental state and pregnancy history and a means to
decipher the underlying mechanisms of action by which
maternal health conditions during pregnancy affect fetal
and later-life health [9, 10]. Furthermore, alterations
in DNAm signals may originate from direct modifica-
tions, which affect all cell types, but also from indirect
variations mediated by changes in cell-type composition
[11]. The importance of accounting for cell-type hetero-
geneity in epigenome-wide association studies (EWAS)
has been extensively discussed, yet methodological rec-
ommendations to address this question are scarce and
often reduce to removing confounding cell-mixture
effects through regression models [12, 13]. This approach
might not be optimal when changes in cell-type distri-
bution are a pathway to explain the association between
an exposure and DNAm. In that case, explicitly distin-
guishing between shifts in cell-type proportions from
direct changes in DNAm could provide valuable insights
into the biological mechanisms of placental cellular

differentiation and development throughout pregnancy
[14]. A few EWAS relating maternal BP to DNAm were
performed, with most being case-control studies focused
on HDP in which DNAm had been measured in cord
blood [15]. Only one study specifically interrogated the
linear dose-effect relationship between maternal systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
levels and placental DNAm [16]. However, these studies
included a smaller number of participants and did not
estimate the potential effect of cell mixture, and findings
did not consider mean arterial pressure (MAP) nor pulse
pressure (PP), which are relevant indicators to consider
during pregnancy and independent predictors of the risk
of cardiovascular diseases [17-19].

We hypothesized that maternal BP could influence pla-
cental DNAm, and taking advantage of recent experimen-
tal advances to estimate the proportion of six reference
cell types in human term placenta [20], we investigated
the mediating role played by cell-type distribution. We
examined the association between placental DNAm;
three steady hemodynamic parameters, SBP, DBP, and
MAP; and one pulsatile parameter, PP, in the large French
EDEN cohort [21]. To our knowledge, this is the first
study of the association of maternal steady and pulsatile
components of blood pressure to placental DNAm and of
the extent to which it operates through changes in pla-
cental cell-type composition.

Methods

Study design

Population

The present study relies on 668 mother-child pairs from
the French cohort EDEN, who were recruited between
2003 and 2006 [21]. Recruitment of pregnant women at
the Nancy and Poitiers University hospitals took place
before their 24th week of gestation. Exclusion criteria
were as follows: maternal diabetes before pregnancy,
multiple fetuses, intention to deliver outside the univer-
sity hospital or to move out of the study region within
the next 3 years, and inability to speak French. Out of
the 2002 enrolled participants, 1301 had placental sam-
ples collected and placental DNAm was assessed for
668 of them. Out of these, 666 women had at least one
abstracted blood pressure measurement and avail-
able information on considered covariates (Table 1).
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Table 1 Characteristics of EDEN participants with available blood pressure and DNA methylation measurements for each considered
time window. BMI, body mass index; GDM, gestational diabetes mellitus; HDP, hypertensive disorder in pregnancy; SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; early pregnancy: 0-27 weeks of gestation; late
pregnancy: >27 weeks of gestation to delivery

Early pregnancy Late pregnancy Pregnancy
N =665 N =653 N =666
Center of recruitment:

Nancy 380 (57.1%) 378 (57.9%) 381(57.2%)
Poitiers 285 (42.9%) 275 (42.1%) 285 (42.8%)
Maternal age (years) 29.0[25.0;32.0] 29.0[25.0;32.0] 29.0[25.0;32.0]

Maternal parity:

>0 365 (54.9%) 360 (55.1%) 366 (55.0%)

0 299 (45.0%) 292 (44.7%) 299 (44.9%)

Missing 1(0.15%) 1 (0.15%) 1 (0.15%)
Child sex:

Female 317 (47.7%) 314 (48.1%) 318 (47.7%)

Male 348 (52.3%) 339 (51.9%) 348 (52.3%)
maternal pre-gravid BMI (kg/m?):

normal 454 (68.3%) 445 (68.1%) 455 (68.3%)

obesity 40 (6.02%) 39 (5.97%) 40 (6.01%)

overweight 112 (16.8%) 110 (16.8%) 112 (16.8%)

underweight 59 (8.87%) 59 (9.04%) 59 (8.86%)
Maternal education attainment (number of years after high school):

>2 years 420 (63.2%) 415 (63.6%) 421 (63.2%)

0-2 years 113 (17.0%) 110 (16.8%) 113 (17.0%)

0years 132 (19.8%) 128 (19.6%) 132 (19.8%)
Maternal smoking status:

Continued smoker 207 (31.1%) 202 (30.9%) 207 (31.1%)

Former smoker 69 (10.4%) 68 (10.4%) 69 (10.4%)

Non-smoker 380 (57.1%) 374 (57.3%) 381 (57.2%)

Missing 9 (1.35%) 9 (1.38%) 9(1.35%)
Gestational duration (weeks) 40.0 [38.9;40.9] 40.0 [39.0;40.9] 40.0 [38.9;40.9]
Preterm birth:

No 633 (95.2%) 625 (95.7%) 634 (95.2%)

Yes 32 (4.81%) 28 (4.29%) 32 (4.80%)
Mode of delivery:

Vaginal 575 (86.5%) 566 (86.7%) 575 (86.3%)

C-section 89 (13.4%) 86 (13.2%) 90 (13.5%)

Missing 1(0.15%) 1(0.15%) 1(0.15%)
GDM:

No 623 (93.7%) 611 (93.6%) 624 (93.7%)

Yes 42 (6.32%) 42 (6.43%) 42 (6.31%)
HDP:

Gestational hypertension 17 (2.56%) 17 (2.60%) 17 (2.55%)

Normotensive 630 (94.7%) 619 (94.8%) 631 (94.7%)

Preeclampsia 17 (2.56%) 17 (2.60%) 17 (2.55%)

Missing 1(0.15%) 0 (0.00%) 1 (0.15%)
BP indicators (original values in mmHg):

SBP 115[109; 121] 116 [110; 123] 115[110; 122]

DBP 64.4160.7; 68.4] 65.5[60.3;70.0] 64.9 [61.4;69.2]

MAP 81.11[77.6;85.3] 82.51[77.8;87.0] 81.6[78.0; 85.9]

PP 50.0 [45.8; 54.4] 50.0 [45.0; 56.7] 50.2[46.2; 54.5]

] ]

Number of measurements 5.00 [4.00; 6.00 3.00 [3.00; 4.00 9.00[7.25;10.0]
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Gestational age was estimated using the date of the last
menstrual periods.

Blood pressure (BP)

SBP and DBP measurements in millimeters of mercury
(mmHg) were abstracted from normal follow-up meas-
urements during pregnancy and specific study measure-
ments scheduled at 24 to 28 weeks of gestation. Based
on clinical expertise and previous studies, we used upper
thresholds of > 260 mmHg for SBP and > 200 mmHg for
DBP for determining the plausibility of BP measures [22,
23]. There were no such outlying measurements in our
data. Participants having both gestational hypertension
and proteinuria according to their obstetric history form
were classified as preeclamptic (PE).

Measurement of placental DNA methylation

At delivery, placental tissue from the fetal side was sam-
pled at one site by the specifically trained midwives of the
study using the following standardized procedure. Sam-
ples of around 5 mm? were collected a few centimeters
from the insertion of the cord under the chorio-amniotic
membrane, washed in a saline solution, and immediately
frozen at —80°C. The protocol was similar for both cent-
ers and all modes of delivery. DNA was extracted using
the QIAsymphony instrument (Qiagen, Germany) [24].
The DNA samples were plated onto nine plates includ-
ing 64 chips, analyzed in 4 batches, and allocated so that
the ratios for sex (boy/girl) and recruitment center (Poit-
iers/Nancy) were balanced for each chip. Whole-genome
DNAm was measured using the Infinium HumanMeth-
ylation450 BeadChip. Raw intensities of fluorescent sig-
nals were extracted using the GenomeStudio® software
(v2011.1. llumina), processed with Chip Analysis Meth-
ylation Pipeline (ChAMP), and the DNAm level of each
CpG was calculated as the ratio of the intensity of fluo-
rescent signals of the methylated alleles over the sum of
methylated and unmethylated alleles (beta-value) [25].
All samples passed initial quality control and had on
average > 98% of valid data points (detection p-value <
0.01). Potential sex mix-ups were investigated by com-
paring placental DNAm-based sex prediction to the
annotated sex, which led to exclude one sample from
the subsequent analyses. Beta-values were then normal-
ized using the Beta Mixture Quantile (BMIQ) normaliza-
tion [26]. To reduce the influence of outliers, within each
probe, methylation values above the 75th percentile +
three interquartile ranges (IQRs) or below the 25th per-
centile — three IQRs were removed (in total 0.36% of
methylation values in the whole dataset). CpG sites at a
distance < 2 bp from SNPs with minor allele frequency
> 0.05 and chromosomes X and Y were removed using
the R package DMRcate [27]. As recently noticed, many
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positive calls in EWAS may be spurious detections
caused by cross-reactive probes [28]. Cross-hybridized
probes identified in previous studies were thus filtered
out using the R package maxprobes (https://github.
com/markgene/maxprobes) [29, 30]. 367,865 CpG sites
remained after quality control and the successive filtering
steps (Additional file 1: Figure S1). For each individual,
bisulfite pyrosequencing was used to measure the global
methylation levels of repetitive Alu elements (Alu) and
long interspersed nucleotide elements 1 (LINE-1) [31].

Statistical analyses

The workflow of our main analyses is presented in Fig. 1.
The association between maternal BP and DNAm was
investigated at three levels: through global methylation
analyses (Additional file 1: Methods) [31, 32], through
epigenome-wide and regional analyses, and through an
analysis of replication.

Summarizing BP during pregnancy

Indicators of blood pressure (BP) In addition to the
two usual measures of BP, diastolic and systolic blood
pressure (DBP, SBP), we explored two indicators: mean
arterial blood pressure (MAP) and pulse pressure (PP)
defined respectively as: MAP = 1/3*SBP + 2/3*DBP
and PP = SBP — DBP. MAP is an indicator of peripheral
resistance and cardiac output [33]. PP is sometimes used
as a surrogate for arterial stiffness, possibly reflecting
maternal vascular adaptation to pregnancy and whose
levels during early pregnancy were previously found
associated with increased risk of preeclampsia [18, 19].

Maternal BP trajectory during pregnancy and consid-
ered time windows Previous studies have highlighted
peculiar non-constant and non-linear patterns of SBP
and DBP variations during pregnancy [34, 35]. Hence, to
examine the temporal behavior of the four BP indicators
in the whole EDEN cohort (n = 1904), we relied on func-
tional principal component analysis (fPCA) [36, 37] and
the R package fdapace [38]. This method applies to sparse
and irregular measurements and, among other things,
provides a smooth estimate of the population average
trajectory. Based on the fPCA results, we defined three
different time windows over which average BP levels of
each woman were computed: the whole pregnancy, early
pregnancy (before the 27th week of gestation), and late
pregnancy (from the 27th week of gestational to delivery)
(Additional file 1: Figures S2.A-C).

Non-stationarity of BP and detrending In the EDEN
study, most BP measurements were abstracted from
medical records and were thus irregularly collected
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[ Global methylation analysis ]

Adjusted EWAS
No significant CpG (FDR<0.05)
(Sup. Table ST1)

Replication analyses

A

Alu and LINE-1 GAMP test
No significant association 3 significant associations
(Sup.Table ST2.A) (Sup.Table ST2.B)

Enrichment Tests
3 significant GO terms
(Sup. Table ST8)

Fig. 1 Workflow of the main statistical analyses performed in this study

DMR detection

64 significant regions
(Figure 2)

Cposinssacisted Wi BP CpGs associated with HDP

in placenta R
199 licat
bladmplicated CpGe (sf ; Ig:rf\;re\:)alcaTZdblszGTSS)
(Table 2) PP v

Mediation by cell-type composition
(Figure 3.D & Sup. Figures 7.A & 7.B)

among participants (Additional file 1: Figure S2.B). As
BP levels undergo non-linear—even if slight—variations
across pregnancy, using original measurements may
introduce bias when computing each participant’s mean
values over a given time window. To obtain comparable
BP summaries, we computed and used detrended BP
values for further statistical analyses (Additional file 1:
Methods and Figures S2.A-D).

Association between BP and placental DNA methylation
Each association study between BP indicators and
DNAm was performed for each specific time window
of blood pressure change identified in fPCA (early, late,
whole pregnancy) and adjusted for potential confounders
and technical effects described below.

Adjustment for confounders and technical effects Regres-
sions of BP onto DNAm levels were adjusted for known
potential confounders, selected a priori, including recruit-
ment center (Nancy, Poitiers), maternal age (continuous),
child sex, maternal education level (< 2 years after high
school/ high school + 2 years/ > high school + 3 years),
maternal body mass index (BMI) before pregnancy (cate-
gorical: BMI < 18.5, 18.5 < BMI < 25, 25 < BMI < 30, BMI>
30) [39-43], parity (binary: 0, > 1 child) [44, 45], and
maternal active smoking (categorical: non-smoker, former
smoker, smoked before and during pregnancy) [46]. Blood
pressure shows strong seasonal fluctuations associated
with environmental factors such as ambient temperature
[47, 48], but there is little evidence for a clear or wide-
spread association of meteorological factors or season of

conception with placental DNAm [24]. As adjusting for a
strong predictor of the exposure may induce a substantial
bias, we chose not to adjust for such covariates which are
tightly correlated with blood pressure but not or weakly
associated with placental DNAm [49]. All models were
further adjusted for known technical factors related to
DNAm measurements (batch, plate, and chip).

Epigenome-wide association study To evaluate the rela-
tionship between maternal BP indicators and placen-
tal DNAm of individual CpGs, while accounting for the
repeated BP measurements, we assumed a two-stage
mixed model for each CpG at a time [50]. Precisely, for
each BP indicator, individual average detrended lev-
els were first estimated using a mixed linear model with
first-order time autocorrelation: BP = 1 + (1|id). In a
second stage, these estimates (written BAP) were fitted in
a robust linear regression model to test association with
DNAm. Model and significance computations were made
after converting methylation beta-values into M-values,
owing to their better statistical properties [51]:

Bij
1- ﬁij

M = log2< ) = g + ozgijAP,- + otng,' + &
where f; is the methylation beta-value for CpG j in sub-
ject i, M is the corresponding M-value, Z; is the set of
adjustment factors, and ¢; is the random error term. For
the interpretability of associations, we used the intercept
method to report effect sizes on beta values (Additional
file 1: Methods) [52]. To account for multiple testing,
we corrected p-values using the Benjamini-Hochberg
method and considered a result significant when the false
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discovery rate (FDR) p-value was below 0.05. Moreo-
ver, we checked for genomic inflation and bias using the
Bayesian method implemented in the R/Bioconductor
package BACON [53].

Look-up into candidate lists in the placenta and cord
blood We sought whether our study in the EDEN
cohort would replicate results from previous similar
EWAS. To our knowledge, there is only one published
EWAS, by Workalemahu et al.,, in which the association
between continuous maternal SBP and DBP levels and
DNAm from the fetal side of the placenta was explicitly
examined, in a cohort of 301 participants [16]. This work
highlighted 24 CpGs significantly associated with mater-
nal BP levels. Other existing works related to maternal
blood pressure during pregnancy are rather case-control
studies focused either on hypertensive disorders during
pregnancy (HDP) or on pre-eclampsia (PE). For compari-
son, we additionally performed a replication analysis of
CpGs previously found associated with HDP (Additional
file 1: Methods) [15, 54]. We considered as “significantly
replicated” any candidate CpGs with matching direction
of effect and whose uncorrected p-value was below 0.05.

Detection  of  differentially  methylated  regions
(DMRs) Based on recent guidelines, we made use of
the comb-p method which was implemented in the R/
Bioconductor package ENmix [55-57]. Using sliding
windows, it aggregates CpG p-values computed in the
EWAS accounting for probe spatial correlation across the
genome [56]. Region p-values are then adjusted for mul-
tiple testing using the Benjamini-Hochberg method [57].
DMRs with FDR-adjusted p-value below 0.05 and includ-
ing at least three probes at a maximum distance of 500 bp
were considered significant. A maximal p-value of 0.001
was required to initiate a region. When possible, DMRs
were then annotated to the nearest gene according to Illu-
mina’s annotation for the hgl9 reference genome from
the  HluminaHumanMethylation450kanno.ilmn12.hgl9
R/Bioconductor package, or to an overlapping gene from
the more recent ENSEMBL annotation (Homo_sapiens.
GRCh38.104.gtf). Otherwise, they were labeled as “inter-
genic” regions. Additionally, we searched for enriched
specific genomic locations, associated traits, GO terms,
and KEGG pathways among CpGs included in detected
DMRs (Additional file 1: Methods) [58].

Sensitivity analyses

Gestational duration Placental DNAm levels are known
to be strongly associated with gestational duration. For
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this reason, we performed sensitivity analysis adjusting
the robust regression models for gestational duration.

Preeclampsia Women suffering from pre-eclampsia
were shown to have characteristic BP patterns, especially
a sharp rise during the 3rd trimester of pregnancy [34].
We performed a sensitivity analysis excluding the 17
preeclamptic mothers to investigate whether they drove
the top hits or if some hits were also replicated in non-
preeclamptic placentas.

Investigating the mediating role of cell-type composition

Role of cell-type composition There is currently no con-
sensus as to whether DNAm analyses should always be
adjusted for cell mixtures [11, 12]. Holbrook et al. dis-
tinguished between two types of methylation signal: a
direct or canonical methylation signal, that is independ-
ent of cellular heterogeneity, and an indirect or extrinsic
methylation signal, that is due to differential mixtures of
cell types. Both signals may be relevant and informative
of the effect of maternal BP on placental DNAm. Indeed,
hints at differences in placental morphology, develop-
ment (like vessel formation) in women suffering from
gestational hypertension, led us to hypothesize that cell
type composition may be on the path between maternal
blood pressure and placental DNAm [59, 60]. With this
in mind, we sought to evaluate the role of placental cell-
type components in the relation between BP indicators
and DNAm levels. We therefore did not adjust for cell-
type heterogeneity in the main analysis, but a sensitivity
analyses adjusting for estimated cell mixture and media-
tion analyses were performed to investigate the direct
and cell-composition-mediated effects of BP [61].

Estimating reference cell-type composition Reference-
based placental cell-type composition was estimated in
silico using DNAm data, based on a recent work by Yuan
et al. in which they measured the methylation profiles of
six reference cell types (Endothelial, Hofbauer, nucleated
Red Blood Cells (nRBC), Stromal, Syncytiotrophoblast,
and Trophoblasts) in term placental tissues [20] (Addi-
tional file 1: Methods) [62—64].

Association between BP and placental cell-type composi-
tion We first examined the possible influence of each
maternal BP indicator on the global cellular composition
through a multilinear regression model, adjusted for the
confounders selected a priori. Association was tested for
using an ANOVA [65]. In a second analysis, we examined
whether some BP indicators were associated with specific
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reference cell types (Fig. 3 (C), Additional file 1: Methods
and Figures S6.B) [66—68].

Mediation analyses Postulating that maternal BP might
have some effect on placental methylation through
changes in cell composition, we performed mediation
analyses in order to quantify the direct effect of BP on
DNAm as well as its indirect effect mediated by cell-type
composition. We considered two different approaches
which both relied on two linear regression models: an
exposure-mediator model and an outcome-mediator
model [69, 70]. First, we made use of a novel method
named ccmm (version 1.0, available on CRAN), which is
able to handle multivariate compositional mediators as a
whole and provides estimates for the direct and indirect
effects along with component-wise indirect effects [71].
In a second analysis, we performed univariate mediation
analyses to investigate the mediating role of the ratio of
stromal cells over syncytiotrophoblasts. The ratio was
first log-transformed and computations were carried
out with the R package mediation [72]. Both mediation
analyses were adjusted for the same confounders as those
selected for the EWAS.

Results

Population characteristics

A total of 666 mother-child pairs were included in this
study. They had similar distributions on considered
covariates than the rest of the EDEN cohort (n = 1334,
Additional file 2: Table ST1.A). On average, participating
mothers were 29 years old, their gestational duration was
40 weeks, and 68.3% of them had normal BMI. Mean SBP
and DBP over the whole pregnancy were 115 and 64.9
mmHg, respectively (Table 1). As expected in term pla-
centa, syncytiotrophoblast was the predominant cell type
(63% on average), the amounts of endothelial and stro-
mal cells were similar (9% and 10%, respectively), and the
contribution of Hofbauer cells and nRBC was very low
(2%) (Additional file 2: Table ST1.B and Additional file 1:
Figure S3) [20].

Global methylation analyses

The average methylation level was 16.2 (£1.0) for Alu
and 26.1 (£ 1.9) for LINE-1. Analysis of Alu and LINE-
1 methylation levels yielded no significant differences
related to any of the BP indicators considered therein
(Additional file 2: Table ST2.A). However, in the GAMP
analysis, the average levels of DBP and MAP during late
pregnancy were significantly associated with the density
of the DNAm distribution (p-value < 0.0033 and p-value
< 0.0054, respectively) (Additional file 2: Table ST2.B).
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EWAS and replication analysis of individual CpGs

BIF coefficients were all close to 1 indicating no genomic
inflation (Additional file 2: Table ST3); we therefore did
not correct test p-values for genomic inflation. In the
EWAS, no individual CpG was found significantly associ-
ated with any BP indicator after correcting for multiple
tests (FDR < 0.05) (Additional file 2: Table ST4). Among
the 24 CpG sites measured in the placenta previously
found significantly associated with maternal SBP and/
or DBP by Workalemahu et al. [16], 5 associations were
replicated in our study with matching direction of asso-
ciation, and a sixth one was found significant but with
diverging direction (Table 2). Two replicated CpGs,
located on genes NAV2 and CAMK?2B, had been related
to childhood acute lymphoblastic leukemia in a previ-
ous study [73]. Out of 922 CpG sites retrieved from the
EWAS Atlas which were previously found significantly
associated with hypertensive disorders in pregnancy,
including preeclampsia, 228 CpGs were significantly
associated with at least one BP indicator in our study
(p-value < 0.05); these included 12 CpGs (out of 43)
measured in cord blood and found significant in a broad
meta-analysis by Kazmi et al. [15] (Additional file 2: Table
ST5).

Regional analysis

Regional analyses identified 54 DMRs associated to
known genes and 10 non-overlapping intergenic regions
significantly associated (Sidak-corrected p-value below
0.05 and at least 3 probes) with the levels of at least one
maternal BP indicator. Average MAP during late preg-
nancy and over the whole pregnancy produced the high-
est number of associations (35 and 20 annotated regions
respectively), followed by SBP over the same time win-
dows (19 and 20 annotated regions respectively) (Fig. 2
and Additional file 2: Table ST6). During late pregnancy,
3 DMRs were common to both MAP and DBP, 9 DMRs
with both MAP and SBP, and 6 DMRs were associated
with the three steady BP indicators (MAP, SBP, DBP)
simultaneously (Fig. 2). Relatively few annotated DMRs
were related to the average levels of SBP, DBP, and MAP
during early pregnancy (7, 0, and 1, respectively). In con-
trast, PP yielded only 5 annotated DMRs and all except
one were associated with early pregnancy levels.

Average effect sizes among the 54 annotated DMRs
ranged from —0.002 (corresponding to a decrease of 0.02
in the DNAm level of MATK for an increase of 10 mmHg
in the average DBP or MAP during early pregnancy) to
0.007 (meaning an increase of 0.07 in the DNAm level of
TRH for an increase of 10 mmHg in the average PP dur-
ing early pregnancy). The average absolute effect size was
0.001 (Fig. 3 (B) and Additional file 2: Table ST6).
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Table 2 Placental CpGs previously found significantly associated with maternal SBP and DBP during pregnancy which were replicated

in our study
Associated BP indicators in our study

CpG Position Gene Phenotype® Trimester Direction  Early pregnancy Late pregnancy Pregnancy

of Effects®
cg05130406  chr12:75723912  CAPS2 SBP+DBP 3rd 11 - SBPS; MAP© SBP©
cg10752545 chr11:19734701  NAV2 SBP+DBP 3rd 11 - DBP; MAP© -
€g13534424  chr7:44365292  CAMK2B  SBP Istand 3rd 11 SBP; DBP; MAP SBP; DBP; MAP SBP; DBP; MAP
€g23314283  chr13:53226751  SUGT] SBP Tst 11 SBP; DBP; MAP SBP; DBP; MAP SBP; DBP; MAP
€g06880028  chr6:75918165  Intergenic  SBP4-DBP Tst 11 - - PP; SBPY
cg02918224  chr20:33298052  TP53INP2  SBP+DBP 3rd; 2nd;and 3rd  -1/1 - SBP; MAP, PP¢ SBP; MAP®

All 6 CpGs were replicated when further adjusting for cell-type composition and mediation analyses found no significant indirect effect of cell-type composition for

theses CpGs

2 Phenotypes CpG methylation was found associated with in the EWAS by Workalemahu et al. [16]

b Direction of effect observed in the study by Workalemahu et al. versus direction of effect observed in our study

¢ Significance was not reached anymore after excluding participants with preeclampsia

9 Significance was reached only after excluding participants with preeclampsia

We note than even in the absence of detection, DMR
average effect sizes were very similar among steady BP
indicators but differed markedly from PP effect sizes
(Additional file 1: Figure S4.B).

Enrichment analyses of detected DMRs

For each BP indicator, we investigated whether genes
annotated to the DMRs were enriched for GO terms
and KEGG pathways (FDR < 0.05). We found enrich-
ment in genes linked to molecular functions leukotriene
B4 receptor activity and leukotriene receptor activity and
to the biological process leukotriene signaling pathway
for DBP, SBP, and MAP during late pregnancy, and also
during pregnancy for SBP and MAP (Additional file 2:
Table ST8.A). Additionally, DMRs detected for SBP, DBP,
or MAP were significantly enriched in CpGs previously
found associated with metabolic traits, nutrition (high
saturated fatty acids diet and fruit consumption), respira-
tory traits (lung function, lung cancer risk, and smoking),
and immune deficiencies and inflammation such as HIV
frailty, systemic lupus erythematosus, psoriasis, B acute
lymphoblastic leukemia, and various cancers (Additional
file 2: Table ST7.B). Furthermore, during pregnancy and
late pregnancy, CpGs included in DMRs were signifi-
cantly more present around TSS for SBP and MAP and
in gene body for DBP and MAP, suggesting a potential
influence on the regulation of gene expression (Addi-
tional file 2: Table ST7.C).

Sensitivity analyses

Overall, 35 out of 54 annotated DMRs were lost after
exclusion of PE cases (Additional file 1: Figure S5.B
and Additional file 2: Tables ST9.A1 and ST9.A2) and 8

annotated regions were no longer detected after adjust-
ment for gestational age (Additional file 2: Tables ST9.B1
and ST9.B2), but, in both cases, the changes in average
effect size were only slight (Additional file 1: Figure S5A)
and the GO terms related to leukotriene were still found
significantly enriched (Additional file 2: Tables ST8.B
and ST8.C). In contrast, adjusting for reference cell-type
composition led to substantial changes in average effect
sizes and to a loss of significance of 44 out of 51 anno-
tated DMRs associated with SBP, DBP, and MAP, but it
did not affect the detection of regions associated with PP
(Additional file 1: Figure S5A and Additional file 2: Tables
ST9.C1 and ST9.C2). Adjusting for cell mixture high-
lighted only a few novel DMRs.

Evaluating the role of cell-type composition

Association between BP and placental cell-type mixture

No clear and statistically significant influence of BP on
the overall composition in cell types could be detected
(Additional file 2: Table ST10.A). However, a cell-type
by cell-type analysis revealed significant associations
between SBP and MAP and the proportion of syncy-
tiotrophoblast (SCT) and between all BP indicators’
levels and the estimated proportion of stromal tis-
sue (Additional file 1: Figure 6.A and Additional file 2:
Table ST10.B). Besides, a PCA performed on cell-type
components pointed to a strong correlation between
the proportions of stromal and SCT tissue (Additional
file 1: Figure 6.B). Based on these considerations, we
undertook further analysis of the link between the ratio
Stromal/SCT and BP indicators, which indeed showed
a significant or nearly significant association (p-value
below 0.05) for all BP indicators over all time windows
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Fig. 2 Differentially methylated regions in the placenta associated with maternal BP indicators average levels during pregnancy. DMRs were labeled
according to their cognate genes. Only DMRs annotated to known genes are displayed. The Venn diagram on the right highlights DMRs found

(Fig. 3 (C) and Additional file 2: Table ST10.C). In all
cases, increase in average BP indicator levels was asso-
ciated with lower values of the ratio Stromal/SCT.

Mediation analysis

Cell-type composition significantly (95% confidence inter-
vals) mediated the effect of SBP, DBP, and MAP for at least
one probe in more than half of the DMRs, with a stable
magnitude of indirect effect sizes across CpGs (Additional
file 1: Figure 7.A and Additional file 2: Table ST1). This pro-
portion increased substantially when rather analyzing the
mediating role of the ratio stromal/syncytiotrophoblast
(Fig. 3 (D) and Additional file 2: Table ST12). Nonethe-
less, all three BP indicators still showed a significant direct

effect on most evaluated probes and DMRs. Contrariwise,
the relationship between PP and placental DNAm did not
seem affected by cell-type heterogeneity and exhibited the
strongest direct and total effect sizes estimated among all
four BP indicators (Additional file 1: Figure 7.B). This sug-
gests that, contrary to SBP, DBP, and MAP, PP may equally
alter the methylation of all considered reference cell types
in the detected DMRs.

Discussion

We hypothesized that variations in maternal blood pres-
sure during pregnancy could affect placental function
and fetal development by altering placental DNAm.
Accordingly, we investigated the association between
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Fig. 3 Graphical summary of the study. A Blood pressure (BP) trends across pregnancy. Four BP indicators were assessed from repeated SBP and
DBP measurements during pregnancy and averaged within three time windows: early pregnancy (from conception to week 27), late pregnancy
(from week 27 to delivery), and the whole pregnancy. B Volcano plots of differentially methylated regions (DMRs) significantly associated with
maternal BP. The average effect sizes among CpGs included in detected DMRs are compared to the FDR p-value computed using the comb-p
method. The dashed line indicates a threshold of 10E—6. C Effect sizes (and 95% Cl) of the association between BP indicators and the ratio of
stromal cells to syncytiotrophoblasts. Two additional sensitivity analyses were performed, one by excluding preeclamptic mothers (PE), the other
one by further adjusting the models for gestational age (GA). D Mediation analysis of the role of the cell-type ratio stromal/syncytiotrophoblast

in the association between maternal BP and detected DMRs. The direct and indirect effect (mediated by the cell-type ratio stromal/
syncytiotrophoblast) of BP on DMRs were estimated CpG-wise and aggregated by DMR, thus defining three types of DMRs in both cases: those for
which all CpGs have a significant effect ("All"), those for which no CpG has a significant effect (“No”), and those for which only a subset of CpGs have
a significant effect (“Some”). Significance was determined from 95% bootstrap confidence intervals of the effect size

four maternal blood pressure indicators over pregnancy
and DNAm levels in human term placenta and examined
the mediating role of cell-type composition, an indicator
of cell differentiation and proper placental development.
Our study is, to our knowledge, the first one to have
explored and pointed out the discrepant influence of the
pulsatile pressure indicator (PP) and steady BP indicators
(SBP, DBP, and MAP) over placental DNAm and to have
evaluated and highlighted the role played by cell-type
composition in these relationships.

Only one EWAS of maternal SBP/DBP in the placenta
has previously been reported and emphasized the asso-
ciation between maternal BP and the methylation of
CpGs related to cardiometabolic traits [16]. Our study

replicated one third of the CpGs found significant therein
but there was no overlap with the 7 DMRs they detected.
Moreover, we found a moderate overlap between our
EWAS on individual CpGs in the placenta and those pre-
viously found associated with HDP in cord blood.

Our analyses did not detect strong and consistent global
changes in placental DNAm associated with maternal BP
and no significant CpG was found in the EWAS after cor-
rection for multiple testing (FDR < 0.05), but we found
significant associations with regional changes. All in all,
64 DMRs were found associated to at least one BP indi-
cator in our study. Steady blood pressure indicators SBP
and MAP are tightly correlated. They thus yielded consist-
ent results with a substantial overlap of the DMRs, mainly
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related to average BP levels observed during pregnancy
and/or late pregnancy and moderate effect sizes. Interest-
ingly, we observed more and stronger associations with
MAP than with SBP or/and DBP. This could be explained
by MAP being less dependent on measurement site or
technique and least altered by measurement damping
and would promote it as a valuable indicator for investi-
gating the interplay between blood pressure and DNAm
[74]. Furthermore, steady blood pressure indicators led to
results globally distinct from those obtained with pulsatile
blood pressure (PP). Associations between PP and DMRs
were scarce but with stronger effect sizes. PP is defined as
the difference between SBP and DBP; it therefore cumu-
lates measurement noise from them both, which may
partly explain the reduced number of significant results.

Pulse pressure was suggested to be a hallmark of mater-
nal vascular adaptation to pregnancy and an early predic-
tor of preeclampsia [18, 19]. Consistent with these, most
significant results for PP in our study (4 out of 5 DMRs)
were related to average levels during early pregnancy.
Regions specific to PP included TRH, a gene implicated in
the reduction of blood pressure in rats [75], and /IGFIR a
growth factor receptor which also participates in the reg-
ulation of blood pressure [76]. The two other DMRs were
common with SBP: overlapping RNFI141 and Cé6orfl138
(PTCHD4), a gene found to be sensitive to transmitted
adaptation to stress and associated with chronic obstruc-
tive pulmonary disease (COPD) [77, 78]. Accordingly, the
strongest (total and direct) effect sizes of steady BP indi-
cators on DMRs estimated through our mediation analy-
ses pointed to genes pertaining to lung development and
airway diseases: CCNO has been implicated in reduced
generation of multiple motile cilia (RGMC) [79, 80], a
chronic airway disease; FOXFI was involved in alveolar
capillary dysplasia and pulmonary arterial hypertension
[81]; TBX2 is known to act on lung growth by maintain-
ing cell proliferation in the embryonic lung mesenchyme
[82, 83]; and FOXP4 is a transcriptional repressor which
regulates lung-specific gene expression. Consistent with
these, DMR cognate genes were enriched in GO terms
related to the leukotrienes, a family of molecules recog-
nized to be mediators of pulmonary inflammation and
thought to be critical in triggering acute asthma attacks
and in causing longer-term hypersensitivity of the air-
ways in chronic asthma [84]. These results are also in line
with previous works showing that gestational hyperten-
sion is associated with increased production of leukot-
riene B4 in the placenta and suggesting that maternal
blood pressure may influence lung function, wheezing,
and asthma in children [8, 85]. In most cases, elevated
maternal BP was correlated with increased DNAm levels,
and DMRs overlapped TSS or/and gene bodies suggest-
ing a link with the expression of related genes.

Page 11 of 15

In EWAS, cell-type heterogeneity is often treated as
a mere technical factor to be controlled for [12]. Yet, in
some cases, it could also act as a mediator of an expo-
sure over DNAm and be fruitfully investigated as such
[11, 25]. Newly generated reference data allowed us to
estimate cell-type proportions in silico and to formulate
further biological interpretations.

The mediation analysis framework relied on the
assumption that maternal blood pressure would have
unilaterally influenced observed placental cell-type com-
position and DNAm. Though placental DNAm was meas-
ured from tissue extracted at birth, we cannot rule out
reverse causation where placental state would have partly
influenced maternal blood pressure. Nonetheless, we
note that our major results still hold when we excluded
preeclamptic participants from the EWAS. Moreover,
these analyses allow us to estimate the proportion of the
association between BP and DNAm which is due to vari-
ations in the cell-type composition. Our mediation analy-
sis then indicates that maternal BP during pregnancy is
doubly tied to term placental DNAm. On the one side,
our results show that BP is associated with alterations
in DNAm which may be partly explained by changes in
placental cell-type composition, especially in the ratio of
stromal to syncytiotrophoblast cells. This compares with
recent observations showing that preeclampsia, a preg-
nancy disorder characterized by gestational hyperten-
sion, is associated with a lower amount and an altered
structure and activity of mesenchymal stromal cells in
term placental tissues [86, 87]. Interestingly, gestational
age has also been associated with a decrease in the quan-
tity of mesenchymal stromal cells and an increase in
syncytiotrophoblasts, suggesting that elevated maternal
blood pressure could be associated with an acceleration
of placental cellular maturation [14, 20]. On the other
side, we noticed that, even after accounting for cell-
type mediation, all BP indicators kept significant direct
association with DNAm (thus independent of cell-type
distribution). As to the mediating role of cell mixtures,
steady and pulsatile BP indicators also showed distinct
behaviors. We found a significant indirect effect of cell-
type composition in our analyses of SBP, DBP, and MAP,
which may indicate that steady blood pressure differen-
tially influences the methylation of the various reference
cell types. In contrast, cell-type composition showed no
significant indirect effect in the relationship between
pulse pressure and DNAm, which we interpreted as PP
equally influencing the methylation of all considered ref-
erence cell types.

We acknowledge several strengths and limitations
to the present study. First, variations in blood pressure
measurements, due to irregular consultations across
participants, technical and circadian variability, likely
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impaired our capacity to discover true associations [88,
89]. Nonetheless, we tried to mitigate potential biases
by relying on detrended BP measurements that we aver-
aged over critical stages of pregnancy. Second, though we
were able to explicitly control for a large set of acknowl-
edged confounders such as maternal pre-gravid BMI
and tobacco consumption, possible residual confound-
ing due to factors which are difficult to assess, such as
maternal alcohol consumption or diet during pregnancy,
may remain [43]. However, our models were adjusted
for maternal education level, a proxy for mothers’ socio-
economic level which is correlated with these behaviors.
Third, cell-type components were only in silico estimates
derived from DNAm data. Yuan et al. acknowledged that
reference cell-type definition is arguable and limited by
experimental capacity to identify and isolate more sub-
types. Cell types with clearly distinct histological profiles,
such as trophoblasts and syncytiotrophoblasts, may also
be difficult to discriminate from their methylation pat-
terns, which could bias the estimation of their respective
proportions [20]. That said, reference-based estimates
greatly improve over reference-free data in that they pro-
vide cell-mixture estimates independent of other sources
of confusion and whose components can be biologically
interpreted [14]. These assets were crucial for our analy-
sis of mediation and our ability to specifically point out
which cell types were more likely involved in the asso-
ciation between maternal BP and placental methyla-
tion. Finally, for DNAm is thought to be involved in the
regulation of gene expression, our approach had a focus
on DMRs located nearby known genes. Though the dif-
ferences detected in methylation levels were small and,
while significant, may not greatly contribute to differen-
tial expression of genes, this method may still prove to
be useful for discovering epigenetic markers of placental
stress related to maternal blood pressure. One must note
that our work focused on one specific type of epigenetic
markers. Future studies investigating and integrating
other epigenetic mechanisms, such as histone modifi-
cations and microRNA, will be helpful to decipher the
complexity of the interplay between maternal blood pres-
sure and placental epigenetic changes [10].

Conclusions

We studied and compared the association of the four
most common maternal hemodynamic parameters
during pregnancy with placental DNA methylation at
birth and pointed out that, in addition to SBP and DBP,
maternal MAP and PP were worth being investigated
and showed markedly distinct behaviors. Our study
confirmed that steady blood pressure during pregnancy
is associated with alterations in placental methylation
and further highlights that this relationship is twofold:
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both direct, potentially affecting all cell types, and indi-
rect through changes in cell-type composition. More
specifically, an increase in maternal blood pressure was
associated with a decrease in the ratio between stromal
cells and syncytiotrophoblasts, even in absence of preec-
lampsia, suggesting that maternal blood pressure could
be a primary determinant of alterations in the matura-
tion of the placenta. Moreover, elevated blood pressure
was associated with increased methylation of genomic
regions involved in airway development and disease.
These results could provide clues to enlighten the corre-
lations hitherto noticed between maternal hypertension
and airway diseases in children and inform recommen-
dations for reducing maternal stress during pregnancy.
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