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Abstract

Maternal body mass index (BMI) and gestational weight gain (GWG) impacts both the moth-
er’s and the child’s health, and epigenetic modifications have been suggested tomediate some of
these effects in offspring. This systematic review aimed to summarize the current literature on
associations betweenmaternal BMI and GWG and epigenetic marks. We performed systematic
searches in PubMed and EMBASE andmanual searches of reference lists. We included 49 stud-
ies exploring the association between maternal BMI and/or GWG and DNA methylation or
miRNA; 7 performed in maternal tissues, 13 in placental tissue and 38 in different offspring
tissues. The most consistent findings were reported for the relationship between maternal
BMI, in particular pre-pregnant BMI, and expression of miRNA Let-7d in both maternal blood
and placental tissue, methylation of the gene HIF3A in umbilical cord blood and umbilical tis-
sue, and with expression in the miR-210 target gene, BDNF in placental tissue and cord blood.
Correspondingly, methylation of BDNF was also found in placental tissue and cord blood. The
current evidence suggests that maternal BMI is associated with some epigenetic signatures in
the mother, the placenta and her offspring, which could indicate that some of the effects pro-
posed by the Developmental Origins of Health and Disease-hypothesis may be mediated by
epigenetic marks. In conclusion, there is a need for large, well-designed studies and meta-
analyses that can clarify the relationship between BMI, GWG and epigenetic changes.

Introduction

Pre-pregnancy overweight and obesity are associated with increased risk of pregnancy compli-
cations, such as gestational diabetes mellitus,1–7 preeclampsia,1,2,8,9 macrosomia2 and stillbirth.8

Intrauterine exposure to highmaternal adiposity or high gestational weight gain (GWG) is asso-
ciated with adverse fetal development and may influence the offspring’s health later in life,
according to the Developmental Origins of Health and Disease (DOHaD) hypothesis.10–13

However, whether the observed effects are due to intrauterine effects directly followingmother’s
overweight or explained by shared environmental or genetic factors is under debate.14

Environmental factorsmay translate into epigenetic modifications that can alter gene expres-
sion without changing the DNA-sequence, such as DNA methylation, histone modification or
micro-RNAs (miRNAs).15,16 DNA methylation results from the addition of a methyl group to
the 5 0-C, modifying the interactions between DNA and proteins, for example, transcriptional
machinery, and could change gene expression.17 DNA methylation usually occurs at CpG-
dinucleotides, creating methylcytosine (5-mCG). The CpG-sites studied most in mammals
are so-called CpG clusters or CpG islands, which are often found in association with genes.18

miRNAs can influence gene expression as they are small RNA molecules that are complemen-
tary to specific transcribed mRNA sequences, can bind to these and thus lower their expression
levels.19 Histone modifications are post-translational modifications at histone tails that alters
chromatin structure resulting in either increased or decreased transcriptional activity.20

The relationship between obesity and CpG-site methylation has been described extensively
in non-pregnant populations,21–25 but to our knowledge, there are no systematic reviews explor-
ing how maternal body mass index (BMI) and GWG are associated with DNA methylation,
miRNA or histone modification in maternal, placental or offspring tissues. This systematic
review aimed to summarize the current literature on associations between maternal BMI
and GWG and epigenetic marks.
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Materials and Methods

This systematic review was performed according to the
PRISMA statement for reporting systematic reviews.26 The search
method and inclusion criteria were defined in advance and
the protocol was registered in PROSPERO (registration number:
CRD42018094349). We assessed for eligibility all articles that
reported weight status prior to and/or during pregnancy associated
with epigenetic modifications in either maternal, placental, or off-
spring tissues, in otherwise healthy pregnant women. Only papers
published in the English languagewere assessed.We chose a descrip-
tive design for this review since all types of epigenetic marks in both
maternal and offspring tissues were eligible for inclusion. The
descriptive design was further supported by variations in methods,
tissues, the timing of weight status variables, and results. The pri-
mary outcomes reported are the associations between weight status
and DNA methylation, histone modification or miRNA.

Comprehensive searches in the PubMed (which includes the
MEDLINE database) and EMBASE databases were completed
on October 10th, 2019. We used a combination of the terms
and synonyms: pregnancy, gestation, maternal, weight gain, adi-
posity, BMI, obesity, epigenomics, epigenetic, CpG, methylation,
miRNA and histone modifications (for full search, see
Supplementary Table S1). A total of 1252 records were screened,
and 66 full-text articles were assessed for eligibility (Fig. 1).We also
searched the US National Library of Medicine database clinical-
trials.org and reference list of each included paper manually to
identify other suitable studies.

Two independent authors reviewed the searches, read and
extracted relevant abstracts. Two independent authors read the
included papers. The full author team discussed potential
inconsistencies.

Articles studying the effect of maternal weight loss after bariat-
ric surgery27,28 were excluded due to the risk these patients have of
nutritional deficiencies.29 Studies with famine as the exposure were
also excluded due to difficulties untangling whether the effects on
DNA methylation worked via nutritional deficiencies, under-
weight, insufficient weight gain or stress.

We systematically reviewed information on sample size, study
design, a number of CpG-sites/miRNAs studied, phenotype stud-
ied, handling of potential confounders like ethnicity and cell com-
position, and correction for multiple testing if applicable. To
identify potential consistencies in findings, we systematically
sorted results by the corresponding gene to the CpG-sites discov-
ered, or the specific miRNA studied. We reported the tissues stud-
ied, the direction of the association with BMI or GWG, and a
description of the corresponding gene function (Supplementary
Tables S2 and S3, respectively).

We used the packages “pwr”30 and “ggplot2”31 in R v. 3.6.2
(https://cran.r-project.org/) to calculate the sample sizes necessary
for epigenetic studies to achieve a statistical power of 80 %, using
both approaches for a linear model, and comparison of means in a
case–control design. We compared the needed sample size for
different effect sizes for candidate studies (α= 0.05), Bonferroni
correction for 450 k tests (α= 450,000/0.05= 1.11 × 10−7)

Fig. 1. Flow chart describing the paper selection
process.
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and Bonferroni correction for 850 k tests (α = 850,000/
0.05= 5.88 × 10−8).

Results

We identified 49 studies that met the inclusion criteria. Amongst
these, 29 studies examined the association of epigenetic marks to
maternal BMI, two related to GWG, 15 to both maternal BMI and
GWG, and one to maternal BMI and fat mass. Pre-pregnancy BMI
(ppBMI) was used in 37 of the included studies, while 12 used
maternal BMI measured in pregnancy. Of the 49 included studies,
9 were Epigenome-Wide Association Studies (EWASs), 3 exam-
ined total miRNA, and the rest were targeted studies on candidate
CpG-sites or miRNAs (Tables 1–3). We did not find any studies
examining histone modifications. With the exception of the
Pregnancy and Childhood Epigenetics (PACE) consortium
meta-analysis which included 19 cohorts (9340 mother–newborn
pairs),32 the sample sizes were generally small; 18 studies with
n< 50, 10 studies with n= 50–100, 11 studies with n= 100–500
and 12 studies with n> 500 (Tables 1–3). Twenty-four of the stud-
ies were performed in a case–control design. Seven studies
included only one ethnic group, 16 studies did not specify the eth-
nic groups of their participants and 24 studies included mixed eth-
nic groups.

Supplementary Table S2 provides a summary of the corre-
sponding genes of the CpGs studied, the tissues they have been
studied in, their association with BMI or GWG, and their suggested
function. Supplementary Table S3 provides the same data for
miRNAs.

Genome-wide analyses

EWASs were reported in nine studies, one in the placenta and eight
in offspring tissues. To correct for multiple testing, four used

Bonferroni32–35 and five used false discovery rate (FDR).36–40

The largest study was a meta-analysis of newborn peripheral blood
from 19 cohorts (n= 7523 included in this specific analysis) by
Sharp et al.32 The authors observed an association between
ppBMI and newborn peripheral blood DNA methylation at eight
CpG-sites (after Bonferroni correction).32 The second-largest
EWAS (n= 914), reported on DNA methylation in cord blood,
finding 18 CpG-sites associated with ppBMI (FDR correction).38

These data may suggest a transplacental effect of mother’s BMI
on the offspring’s epigenome.

Untargeted studies of miRNA were reported in one study of
maternal blood and two in offspring tissues. In the study of mater-
nal white blood cells (n= 40), Enquobahrie et al.41 found 27
miRNAs differentially expressed in association with ppBMI.
One of the reported miRNAs that showed higher expression with
ppBMI, Let-7d, was also reported in a study of amnionic cells
(n= 15) by Nardelli et al.42 Nardelli et al. also performed an inde-
pendent study (n= 20) in mesenchymal stem cells from amnion
and found higher expression of two miRNAs in samples from
the obese participants.43 None of these three studies reported
adjustment for multiple testing, and the small sample sizes result
in low statistical power for untargeted studies of miRNA.

Targeted studies

The search retrieved 31 studies of candidate CpGs. These were
mainly CpGs in genes previously associated with BMI or weight
gain in non-pregnant populations. Three studies had large sample
sizes (n> 500), and are therefore described in more detail. Huang
et al.44 examined peripheral blood of adult offspring (n= 589) and
found mother’s GWG to be associated with higher methylation of
ABCA1, a gene involved in lipid transportation. Two studies
reported differential methylation in HIF3A, a hypoxia-gene; Pan
et al.45 reported an increase in cord tissue methylation in

Table 1. Systematically reviewed papers studying epigenetics in maternal tissues

First author (ref.) Tissue n
Number of CpG-sites/
miRNAs examined

Phenotype
studied Main findings Ethnic groupsa

Lesseur, 201348 Blood (cell
type not
specified)

60 CpG-site methylation:
23 CpG-sites in the LEP-

promoter

ppBMI Obesity negatively associated
with LEP-promoter methylation

Majority
Caucasian

Haghiac, 201474 Adipose tissue 133 CpG-site methylation:
ADIPOQ-gene

ppBMI ppBMI positively associated with
methylation in ADIPOQ

African American,
Caucasian,
Hispanic

Carreras-Badosa,
201575

Plasma 18 miRNA expression:
723 miRNA candidates

ppBMI and
GWG

62 miRNAs highly differentially
expressed between the groups

Caucasian

Casamadrid,
201676

Blood, WBC 41 CpG-site methyaltion:
PPARG-gene

ppBMI NS Not specified

Xi, 201677 Colostrum and
mature milk

86
(Follow up: 33)

miRNA expression:
RT-PCR for miRNA-30B,

let-7a and miRNA-378

ppBMI,
maternal
weight, BMI
and GWG

Expression of the 3 miRNAs
differed with ppBMI, maternal
weight, BMI and GWG and varied
between colostrum and mature
milk

Not specified

Carreras-Badosa,
201778

Blood 18 miRNA expression:
723 miRNA candidates

ppBMI and
GWG

1 miRNA increased and 2
decreased with both ppBMI and
GWG

White

Enquobahrie,
201741

Blood 40 miRNA expression:
Total RNA, all miRNA

measured

ppBMI ppBMI positively associated with
expression of 27 miRNAs

Black and white

ppBMI, pre-pregnant BMI; GWG, gestational weight gain; WBC, white blood cells; RT-PCR, real-time polymerase chain reaction/quantitative PCR; NS, not significant or could not be validated.
aTerm as used in paper.
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Table 2. Systematically reviewed papers studying epigenetics in placental tissue

First author, year (ref.) Tissue n
Number of CpG-sites/miRNAs
studied Phenotype studied Main findings Ethnic groupsa

Michels, 201179 Placenta, obtained near the
umbilical cord (mostly fetal)

319 CpG-site methylation
3 CpG-sites in LINE1-repetetive
elements

ppBMI and GWG NS White, Hispanic, Asian and
black

Lesseur, 201348 Placenta, close to umbilical cord,
free of maternal decidua (fetal)

81** CpG-site methylation:
23 CpG-sites in the LEP-promoter

ppBMI Positive trend between obesity
and LEP-methylation

Majority Caucasian

Haghiac, 201474 Placenta, Primary trophoblast
cells (fetal)

133 CpG-site methylation:
ADIPOQ-gene

ppBMI NS African American, Caucasian,
Hispanic

Lesseur, 201480 Placental parenchyma, close to
umbilical cord, free of maternal
decidua (fetal)

535 CpG-site methylation:
23 CpG-sites in the LEP-promoter

ppBMI NS Majority Caucasian

Nomura, 201433 Placenta, chorionic villi (fetal) 50 DNA methylation:
Global

ppBMI Higher global placental DNA
methylation with obesity

Black, Latina, white, Asian

Kawai, 201536 Placenta, chorionic villous tissue
(fetal)

33 CpG-site methylation:
>480 000 CpG-sites

Fetal growth and GWG NS Japanese

Muralimanoharan,
201551

Placenta, villous tissue from
chorionic plate, avoiding basal
plate (fetal)

36 miRNA expression:
miR-210

ppBMI miR-210 significantly increased
with high ppBMI in pregnancies
with female fetuses

Not specified

Ghaffari, 201681 Obtained from central area, near
the umbilical cord insertion site

56 miRNA expression:
5 639 miRNAs

Maternal BMI and the child’s
birth weight

NS Black and white

Carreras-Badosa,
201778

Placental villous tissue (maternal
side)

18 miRNA expression:
723 miRNA candidates

ppBMI and GWG 8 miRNAs differentially expressed White

Mitsuya, 201782 Placenta, villous tissue 42 CpG-site methylation:
2 100 000 CpG-sites

ppBMI or early first trimester
BMI

Differential methylation in 9
genes and 2 gene clusters

Not specified

Prince, 201752 Placenta, villous tissue were
dissected away from the basal
and chorionic plates

52 miRNA expression:
miR-210

ppBMI miR-210 significantly increased
with obesity in pregnancies with
female fetuses

Majority hispanic

Tsamou, 201753 Placenta, 4 cm from umbilical
cord (fetal)

215 miRNA expression:
7 miRNAs

ppBMI and GWG 3 miRNAs inversely associated
with ppBMI in pregnancies with
female fetuses

European-Caucasians and
non-European

Nogues 201949 Placenta, biopsies from maternal
and fetal side

30 Pyrosequencing, PCR for mRNA
expression
Promoter regions of LEP (17
CpGs), ADIPOQ (21 CpGs), LEPR
(12 CpGs), ADIPOR1 (13 CpGs) and
ADIPOR2 (16 CpGs)

First trimester BMI Obesity was associated with
higher LEP-promoter DNA
methylation, lower protein
expression of LEPR, lower levels
of mRNA and protein expression
of adiponectin-related genes

Not specified

ppBMI, pre-pregnant BMI; GWG, gestational weight gain; WBC, white blood cells; RT-PCR, Real time polymerase chain reaction/quantitative PCR; NS, not significant or could not be validated.
aTerm as used in paper.
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Table 3. Systematically reviewed papers studying epigenetics in offspring tissues

First author,
year (ref.) Tissue n

Number of CpG-sites /miRNAs
examined Phenotype studied Main findings Ethnic groupsa

Gemma, 200983 Umbilical cord 88 CpG-site methylation:
Promoter regions of PPARGC1A,
PPARG and Tfam

ppBMI ppBMI positively associated with promoter
PPARGC1A methylation

Not specified

Michels, 201179 Cord blood 319 CpG-site methylation:
3 CpG-sites in LINE1 repetetive
elements

ppBMI and GWG NS White, Hispanic, Asian and black

Hoyo, 201284 Cord blood 300 CpG-site methylation:
3 CpG-sites at the IGF2-promoter and
4 CpG-sites at H19

ppBMI and GWG Obesity inversely associated with IGF2
methylation

Black, Caucasian, Asian, Native
American and other

Herbstman, 201385 Cord blood and
WBC at 3 years of
age

Cord blood: 279
Cord blood
þ3 y: 165

DNA methylation
Global

ppBMI ppBMI inversely associated and predictive of
global methylation in cord blood and
childhood WBC

African American and Dominican

Lesseur, 201348 Cord blood 60 CpG-site methylation:
23 CpG-sites in the LEP-promoter

ppBMI and GWG LEP methylation significantly lower with
obesity and higher with excessive GWG

Majority of Caucasian ethnicity

Liu, 201486 Cord blood 308 CpG-site methylation:
27,000 CpG-sites

ppBMI ppBMI inversely associated with methylation
at 1 CpG

Black

Morales, 201487 Cord blood 88 CpG-site methylation:
1505 CpG-sites selected from 807
obesity-related genes

ppBMI and GWG NS Majority white

Nardelli, 201442 Amnion 15 miRNA expression:
Total RNA, all miRNA measured

ppBMI 32 miRNAs differentially expressed between
obese and normal

Caucasian

Nomura, 2014 33 Cord blood 50 DNA methylation:
Global

ppBMI NS Hispanic, black, white and Asian
ethnicity

Bohlin, 201588 Cord blood 729 CpG-site methylation
473 731 CpG-sites

GWG NS Not specified

Burris, 201589 Cord blood 507 CpG-site methylation:
3 CpG-sites in the AHRR-gene

Maternal BMI AHRR methylation significantly increased
with maternal overweight and obesity

Not specified

Ghaffari, 201590 Cord blood 36 miRNA expression:
1733 miRNAs

Maternal BMI NS Black, white, Latina, Asian and
other

Ou, 201537 Umbilical cord
tissue

28 CpG-site methylation:
>484,000 CpG-sites

Maternal BMI and fat
mass

9 genes differentially methylated with
maternal fat mass, and 2 966 CpGs
differentially methylated with maternal
obesity

Not specified

Pan, 201545 Umbilical cord
tissue

991 CpG-site methylation:
3 CpG-sites in the HIF3A-gene

ppBMI and GWG Higher GWG associated with HIF3A
methylation

Chinese, Malay and Indian
ethnicity

Rerkasem, 201591 Peripheral
mononuclear cells
from 20-y-old
offspring

249 CpG-site methylation:
LINE-1 and Alu-elements

Maternal BMI and
GWG

NS Thai

Sharp, 201538 Cord blood and
peripheral WBC in
7.5-y and 15.5-
yold offspring

Cord blood: 914
7.5 y: 973
15.5 y: 974

CpG-site methylation:
>484,000 CpG-sites

ppBMI and GWG ppBMI associated with differential
methylation at 18 CpG-sites in cord blood

Majority of European ethnicity

(Continued)

Journalof
D
evelopm

entalO
rigins

of
H
ealth

and
D
isease

377

https://doi.org/10.1017/S2040174420000811 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S2040174420000811


Table 3. (Continued )

First author,
year (ref.) Tissue n

Number of CpG-sites /miRNAs
examined Phenotype studied Main findings Ethnic groupsa

Soubry, 201592 Cord blood (WBC) 92 CpG-site methylation:
7 differentially methylated regions

ppBMI ppBMI associated with differences in genes
involved in toll like receptor-signalling

Caucasian or African American
ethnicity

Casamadrid, 201676 Offspring blood,
WBC

41 CpG-site methylation:
PPARG-gene

ppBMI NS Not specified

Richmond, 201646 Cord blood and
peripheral blood
in 7.5-y and 17.1-
y-old offspring

7.5 y: 973
17.1 y: 974
Both: 940

CpG-site methylation:
3 CpG-sites in the HIF3A-gene

ppBMI ppBMI associated with increased HIF3A
methylation in cord blood

Majority of European ethnicity

Simpkin, 201693 Cord blood and
offspring blood at
7 y and 15–17 y

Cord blood: 914
7 y: 973

15–17 y: 974

CpG-site methylation:
Horvath method for epigenetic age:
353 CpG-sites
Hannum method for epigenetic age:
71 CpG-sites

Maternal weight and
BMI

Maternal weight and BMI associated with
age acceleration in childhood. The
independent cohort GOYA used for
replication

Majority of European ethnicity

Badraiq, 201739 Wharton’s Jelly
mesenchymal
stromal cells

14 CpG-site methylation
>480,000 CpG-sites

Maternal BMI Differential methylation in 67 genes. 1 gene
was significantly different on methylome,
transcriptome and protein level

Caucasian, black, African and
Caribbean

Boyle, 201794 Umbilical cord
mesenchymal
stem cells

29 CpG-site methylation:
1 174 CpG-sites in 68 genes involved
in oxidative metabolism

ppBMI Obesity associated with increased
methylation in 2 genes

Not specified

Huang, 201744 Peripheral blood 589 CpG-site methylation:
5 candidate genes (ABCA1, INS-IGF2,
LEP, HSD11B2 and NR3C1)

ppBMI and GWG Higher GWG inversely associated with ABCA1
methylation

Israel, African, Asian, western

Kadakia, 201795 Cord blood 114 CpG-site methylation:
17 CpG-sites from the LEP-gene

ppBMI ppBMI inversely associated with methylation
near LEP-gene

White and non-white

Lin, 201734 Cord blood 987 CpG-site methylation:
174,211 CpG-sites

ppBMI and GWG ppBMI positively associated with
methylation in 2 genes

Chinese, Malay or Indian

Nardelli, 201743 Human amniotic
mesenchymal
stem cells

20 miRNA expression:
Total RNA, all miRNA measured

ppBMI 2 miRNAS overexpressed in the obese group Not specified

Oelsner, 201796 Saliva in 3–5-y-old
offspring

92 CpG-site methylation:
11,387 CpG-sites in 936 obesity-
related genes

Maternal BMI ppBMI associated with differential
methylation at 17 CpG-sites

Hispanic ethnicity

Sharp, 201732 Peripheral blood 7523b CpG-site methylation:
473,864 CpG-sites measured in more
than one cohort

ppBMI ppBMI associated with differential
methylation at 86 CpG-sites. Evidence for a
causal intrauterine effect on eight of the
sites

European, Hispanic, mixed

Sureshchandra, 201797Cord blood
(Monocytes)

18 CpG-site methylation:
Focused on regions related to
monocyte gene regulation

ppBMI ppBMI associated with methylation in 2
genes

15 Caucasian, 1 Asian American,
1 American Indian and 1
unknown

Thakali, 201798 Cord blood 78 CpG-site methylation:
Global and targeted at LINE-1
methylation

ppBMI and GWG ppBMI negatively associated with LINE-1
methylation

Not specified

Hjort, 201899 Peripheral blood 175 CpG-site methylation:
76 CpG-sites

ppBMI Methylation changes at 13 CpG-sites
significantly associated with ppBMI

Not specified
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association with GWG (n= 991), and Richmond et al.46 reported
higher methylation in cord blood in association with ppBMI
(n= 973). A recent study47 was not able to find a significant asso-
ciation between ppBMI or central obesity with cord blood
methylation inHIF3A (n= 490–609). Lesseur et al.48 reported dif-
ferential methylation of CpG-sites in the promoter region of the
gene for leptin (LEP) in cord blood (n= 60), which was higher in
offspring of obese mothers, and lower in association with excess
GWG. In maternal blood, they found lower methylation of the
LEP-gene in the obese participants.48 Nogues et al.49 showed that
DNA-methylation of leptin and adiponectin-systems in placental
tissue differed in the obese group (n= 12) compared to non-obese
controls (n= 18).

The search retrieved nine studies of targeted miRNAs previ-
ously associated with genes regulating inflammatory and meta-
bolic processes related to obesity in non-pregnant populations.
Few of the studies explored the same miRNAs (Supplementary
Table S3). However, three groups examined the expression of
miR-210, a hypoxia-related miRNA.50 Murlaminanoharan et al.
(n= 36)51 and Prince et al. (n= 52)52 found miR-210 to be
increased with high ppBMI, but after adjustment for multiple test-
ing, the findings were only significant in pregnancies with female
fetuses. In contrast, Tsamou et al. (n= 215)53 found an inverse
association between miR-210 and ppBMI in pregnancies with
female fetuses. The findings of the miR-210 direction of expres-
sion associated with obesity are inconclusive.

Estimation of Statistical Power

Most of the studies performed linear regression or t-test with a
case–control design (Supplementary Table S4). Figure 2a illus-
trates the sample size needed for a power of 80 % across different
effect sizes with linear regression, for candidate studies and untar-
geted approaches with 450 and 850 k sites. Effect sizes ranging
from 0.5% to 5% are shown as examples as most studies reported
findings in this magnitude. Figure 2b illustrates the sample size of
each group needed for t-test in a case–control design with a power
of 80 % across Cohen’s d effect sizes for candidate studies and
untargeted approaches with 450 and 850 k sites. Cohen’s d =
(mean for Group 1 – mean for Group 2)/pooled SD, where 0.2
is considered a small effect, 0.5 a medium effect and 0.8 a large
effect. According to Fig. 2a, b, most of the included studies did
not have adequate statistical power to detect small or moderate
effect sizes, and some of the studies were also underpowered
for large effect sizes.

Discussion

This systematic review included 49 studies that examined the
association of DNA methylation or miRNA to maternal BMI
and/or GWG. We found no studies that reported histone modi-
fication in relation to ppBMI or GWG. With a few exceptions,
most of the studies we reviewed were small, statistically under-
powered, with varying methods. We found some consistent
results across epigenetic marks and tissue. Taken together, our
review suggests that we at present have insufficient evidence to
conclude about the relationships between epigenetic marks and
ppBMI/GWG.

Two independent studies, one in maternal blood and one in
the amnion, found higher Let-7d expression with increasing
ppBMI in a genome-wide setting.41,42 Although it is unclear
whether the authors corrected for multiple testing, similarTa
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findings in two different tissuesmay suggest that this miRNA could
be of importance.41,42 The Let-7 miRNA family has target genes
linked to type 2 diabetes mellitus, impaired glucose tolerance
and insulin resistance.54,55 Both impaired glucose tolerance and
insulin resistance are highly correlated with obesity.56

Targeted studies of candidate CpG-sites and miRNAs did in
general report on different targets and showed varying results.
In 2015, Sharp et al. discovered higher methylation of BDNF in
cord blood in offspring of obese mothers in an EWAS, FDR
adjusted for multiple testing (n= 914).38 BDNF is a validated
miR-210 target,57 involved in neuronal development and mainte-
nance in the brain,58 as well as being involved in placental develop-
ment.59 Prince et al. also found a negative correlation between
mature Brain derived neurotrophic factor (BDNF) protein and
miR-210 expression (n= 52).52 Two independent research groups
examined placentas and found increased expression of miR-210 in
placentas from pregnancies association with high ppBMI, yet only
in pregnancies with female fetuses in female fetuses was found by
two independent research groups.51,52 In contrast, Tsamou et al.
(n= 215)53 reported an inverse relationship between miR-210
and ppBMI, and their sample size was larger (n= 215).53 Hence,
the association between ppBMI and epigenetic marks related to
the BDNF gene seems somewhat consistent across tissues and in
both DNA methylation and miRNA, and the direction of effect
seems to point to repression.

Further, miR-210 is involved in the response to hypoxia in
several tissues, and under the direct control of hypoxia-inducible
factor (HIF).60HIF3A is a gene linked to BMI in non-pregnant pop-
ulations.61 Pan et al.45 examined umbilical cord tissue (n= 991) and
found HIF3A-methylation to be associated with GWG. Richmond
et al.46 studied umbilical cord blood (n= 973) and found higher
methylation of the HIF3A-gene in association with ppBMI,
Bonferroni adjusted for multiple testing. Another study did not find
significant associations between methylation of the gene in cord
blood with neither ppBMI nor central obesity (n= 609).47 A recent
study in a large non-pregnant population showed that most obesity-
related DNA methylation is a consequence of the obesity, and not
the cause – with one exception: methylation of NFATC2IP, which
seemed to be predictive of BMI.62

The variety of examined tissues in the reviewed studies could be
considered a strength, such as when the findings seem consistent
across tissues and different epigenetic modifications. However, the
large variation in tissues, assays, phenotypes (e.g. BMI before, and

at different times during pregnancy), as well as an epigenetic mark
in themother or the offspring, may also to a large extent explain the
inconsistency in findings. Also, comparing epigenetic signatures
across different tissues may prove difficult, as the desired biological
response to chosen environmental stimuli may differ across tissues.
Further, miRNA findings will vary across input material and type
of assay.63,64 A study compared the performance of absolute (DNA
methylation assays for methylation levels of single CpG-sites), rel-
ative (comparing samples to references) and global (total methyla-
tion content) assays for examining of DNAmethylation of specific
regions, and found good agreement among all tested methods and
between different laboratories.65 However, it is important to note
that the epigenome-wide assays are improving, analyzing new
CpG-sites for each generation and that the overlap from the pre-
vious chip is not absolute.66 Moreover, different experimental
approaches along with diverse bioinformatics pipelines may con-
tribute to potential inconsistencies in findings. As whole-genome
bisulfite sequencing (WGBS), the current gold standard to profile
CpGs genome-wide, may identify CpGs that are not well covered
by other platforms such as reduced bisulfite sequencing (RRBS) or
array-based solutions (such as InfiniumHumanMethylation 450K
Beadchip or EPIC array), that are designed to cover preferentially
CpG-sites in CpG rich areas.67 Further, as reportedly only a small
part of CpG-sites throughout the genome seems to be dynamically
regulated and mostly overlaps with regulatory regions that are less
well covered on platforms other than WGBS, this may impact on
current findings and conclusion drawn from the current
literature.68

The methods used to control for multiple testing vary across
studies; some use the strict Bonferroni correction, while most
use the more relaxed FDR although some fail to report the actual
rate used. Consequences of using too strict significance levels in
observational studies of epigenetic markers may lead to false neg-
atives, which could leave out possible hits with moderate effect size
and thereby blur the understanding of a bigger biological picture.
On the other hand, more relaxed significance levels will produce
false-positive results, which, if too many, will be difficult to
follow-up and substantiate. As shown in Fig. 2b, even large effect
sizes require large sample sizes, although a small difference in epi-
genetic marks may have a significant impact on the function of a
cell.69 Hence, most of the studies reported here have limited stat-
istical power to detect small or moderate effect sizes, and some
have limited statistical power to detect even large effects.

Fig. 2. Sample size needed for linear
regression (A) or t-test in a case–control
design (B) with a power of 80% across dif-
ferent effect sizes and significance levels.
Significance levels correspond to targeted
candidate approach (α= 0.05), and
Bonferroni correction of untargeted
approaches with the 450 k and 850 k
assays (α = 1.11e−07 or α= 5.88e−08,
respectively).
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Our review unraveled several important challenges when inter-
preting results of epigenetic studies ofmaternal BMI andGWG: (1)
Sample size – due to the high cost of quantifying epigenetics and
the explorative nature of this emerging field, sample sizes are often
too small and the studies are often statistically underpowered.
Further network collaborations, such as the PACE consortium
effort,32 will help increase statistical power. (2) Correction for
multiple testing – beneficially, researchers should agree on the pre-
ferred correction method and significance level, as has been done
for GWAS.70 (3) Lack of reporting essential information –
although most of the untargeted studies distinctly report which
methods they have used to correct for multiple testing, some fail
to do so. Likewise, several of the EWASs did not report how they
accounted for cell composition, which is important considering
different methylation patterns across cell types.71 Several studies
failed to report the ethnic origin of the participants, or whether this
was accounted for in the statistical analysis. Ethnicity is closely
linked to differences in minor allele frequencies of gene variants,72

which may impact on DNA methylation or miRNA. In addition,
lifestyle and cultural differences across ethnic groups may intro-
duce further bias. Therefore, all studies should distinctly report
a method for correction of multiple testing, cell composition, eth-
nic origin and other important potential confounders. (4) Study
design – the majority of the studies presented had a case–control
design. This design has clear advantages with regard to the need for
smaller sample sizes resulting in lower analysis costs since the
maximization of differences leads to larger effect sizes. However,
such studies are prone to biases due to unrecognized differences
between cases and controls and arbitrary cut-offs to define the
groups (e.g. BMI or GWG). Hence, the use of continuous variables
in full cohorts may give more robust, comprehensive and reliable
results, although they require larger analysis cost and sample size.
Further, they allow for the study of several phenotypes and out-
comes, so that the cost–benefit may not deviate substantially over
time.

From a methodological and conceptual point of view, the main
weaknesses of the studies included in this review lie in the multi-
tude of different target tissues analyzed, and in the different nature
of the assays applied (amongst them CpG methylation measured
by pyrosequencing, array-based or sequencing-based methods
(RRBS seq); global DNA methylation or LINE1 assays, miRNA
expression etc.). The high variability of applied methods together
with, in general, small effect sizes and small sample sets (although
there are noteworthy exceptions), hamper us from drawing any
causative conclusion so far. Efforts to perform larger and sta-
tistically well-powered studies, such as the meta-analysis by
Sharp et al.,32 are warranted.

This systematic review could be affected by language bias, as the
inclusion criteria only allowed for studies published in English.
However, a retrospective study of meta-analyses found that includ-
ing or excluding studies published in other languages than English
had little impact on effect estimates.73 This review may also be sub-
ject to publication bias, since protocol registration is not required
in observational studies and negative results are less likely to be
published, especially in statistically underpowered studies.

To conclude, this systematic review of published literature
shows that at the present, there is insufficient evidence to conclude
about the relationships betweenmother’s BMI and GWG and their
associations to epigenetic modifications in mother and child.
However, maternal BMI was associated with both DNA methyla-
tion and miRNA related to the expression of the BDNF gene, as
well as the HIF3A, across different tissues. We propose a need

for larger, well-powered andmethodologically coordinated studies,
and meta-analyses of independent cohorts, to elucidate potentially
important relationships between mothers’ weight and epigenetic
differences in the mother and her offspring.

Supplementary materials. For supplementary material for this article, please
visit https://doi.org/10.1017/S2040174420000811.
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