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Epidemiological studies show that obesity during pregnancy affects more than half of the pregnancies in the
developed countries and is associated with obstetric problems and poor outcomes. Obesity tends to increase the
incidence of complications. Furthermore, the resulting offspring are also adversely affected. However, the mo-
lecular mechanisms of obesity leading to poor pregnancy outcomes remain unclear. Omics methods are used for
genetic diagnosis and marker discovery. The aim of this review was to summarize the maternal and fetal
pathophysiological alterations induced by gestational obesity,identified using multi-omics detection techniques,

and to generalize the biological functions and potential mechanisms of the differentially expressed molecules.

1. Introduction

Excess weight is a serious threat to human health worldwide today
[1,2]. In fact, currently more than 1.9 billion adults are overweight, of
which more than 650 million are considered obese. The prevalence of
overweight and obese individuals in the world’s adult population is 39%
and 13%, respectively, which represents more than half of the global
adult population [3]. According to the body mass index (BMI) [calcu-
lated by dividing weight (kg) by height (m)?] standard proposed by the
World Health Organization (WHO), body weight is classified into the
categories of underweight (BMI < 18.5), normal (18.5 < BMI < 24.9),
overweight (25.0 < BMI < 29.9), and obese (30.0 < BMI) [4,5]. Owing
to differences in the average body composition of different ethnic
groups, the WHO considered the use of different standards for obesity
classification [6]. Although BMI is not suitable for pregnant women,
pre-pregnancy BMI and gestational weight gain (GWG) can reflect the

nutritional status of pregnant women. Consequently, these metrics are
considered to be important predictors of the perinatal period and the
long-term outcomes of the mothers and children [7,8]. Epidemiological
investigations show that a higher BMI before pregnancy is associated
with an increased risk of pre-eclampsia [9], gestational diabetes mellitus
(GDM) [10,11], miscarriage in the first trimester [12,13], cesarean
section [14], postpartum hemorrhage [15,16], and macrosomia [17].
Changes in biomarkers observed in the maternal body (e.g., oocytes and
uterus) and fetal developmental environment (placenta and amniotic
fluid) are closely related to insulin resistance and a tendency to obesity
in the offspring. When the fetus is exposed to a high-fat and high-sugar
intrauterine environment, its developmental trajectory may be signifi-
cantly affected during the blastocyst stage [18]. These changes can be
the result of epigenetic mechanisms. In animal experiments, long-term
changes in the molecular markers of multiple organs have been
observed in the offspring [19,20]. This suggests that the impact of
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maternal obesity may accompany the offspring throughout life. Appli-
cation of various omics methods, including epigenetics, transcriptomics,
proteomics, and metabolomics, can help obtain information at the mo-
lecular level of DNA, RNA, proteins, and metabolites [21]. Furthermore,
normalization and correlation analyses can accurately screen for rele-
vant biomarkers.

The results of these studies can help us understand the overall impact
of maternal obesity on the mother, the fetal developmental environ-
ment, and the fetus itself. These results have greatly contributed to our
understanding of the role of molecular mechanisms in adverse preg-
nancy outcomes. Moreover, it creates the opportunity to screen for early
warning molecular markers. We collated the available literature avail-
able on PubMed, Web of Science, and ClinicalTrials.gov on the effects of
excess weight during pregnancy using the search terms obesity, over-
weight, pregnancy, fertility, genomics, epigenetics, transcriptomics,
proteomics, and metabolomics (an exhaustive list of all keywords
searched can be found in the supplementary material). Our aims were to
comprehensively collate studies investigating obesity during pregnancy
using the above types of omics technologies; to summarize the evidence
of biological changes in pregnancy caused by simple obesity; to identify
the differential genes or molecules observed in the results of high-
throughput omics analyses; and to discuss the function and potential
mechanisms of these genes or molecules.

2. Epigenomic studies

Many factors influence the occurrence and development of obesity,
including the environment, and dietary structure as well as heredity
which plays an important role [22]. Family studies have shown that
obesity phenotypes are highly heritable [23-25].

Maternal obesity not only transmits obesity-susceptibility genes to
offspring but also affects fetal programming through epigenetic mech-
anisms [26]. “Fetal adult diseases,” such as offspring metabolic syn-
drome, can be traced to intrauterine exposure to excess nutrition [27].

Epigenetics refers to the study of the heritable changes incurred in
gene expression without the occurrence of the corresponding changes in
DNA sequence. Epigenetic modifications include DNA methylations,
histone modifications, and non-coding RNA (ncRNA) expression. The
regulation of gene expression can affect the expression of genes in cells
and the entire organism [28]. DNA methylation is established during
gametogenesis and early embryonic development [29] and is important
for normal embryonic development.

2.1. Maternal body

Ge et al. [30] investigated the effects of obesity during pregnancy on
DNA methylation in maternal oocytes using an obese mouse model fed
with a high-fat diet (HFD). Combined bisulfite restriction analysis
(COBRA) and bisulfite sequencing (BS) showed that methylation levels
in HFD mice were significantly higher than those in the control diet (CD)
mice (P < 0.01). Obesity did not significantly affect DNA methylation in
the differentially methylated region (DMR) of imprinted genes in oo-
cytes, but methylation levels were significantly increased in the LEP
promoters. Furthermore, the mean methylation levels of peroxisome
proliferator-activated receptor (PPAR) -o promoters decreased. PPAR« is
a key gene that regulates adipocyte differentiation, inflammation, en-
ergy homeostasis, and lipoprotein and glucose metabolism [31].
Consequently, it is suggested that differential methylation plays a key
role in development of overweight and/or obesity in the offspring.

In 2020, Del Vecchio et al. [32] examined cell-free DNA (cfDNA)
methylation in maternal plasma using whole-genome BS. The results
showed that maternal obesity was associated with reduced levels of
placenta-derived DNA in maternal circulation. This result is consistent
with the observations of previous studies [33] which revealed reduced
apoptosis of placental cells and reduced cell renewal in individuals
showing maternal obesity. Reduced placental cfDNA release has also

Biomedicine & Pharmacotherapy 151 (2022) 113103

been observed in obese mice [34]. Moreover, obese subjects also expe-
rienced total CG hypermethylation compared with normal-weight
pregnant women.

Methyl CpG binding domain (MBD)-based genome-wide methylation
sequencing showed that adpN DNA methylation in adipose tissue was
significantly higher in obese women than in lean women (P < 0.001)
[35]. Increased adpN DNA methylation is associated with lower mRNA
and hypoadiponectin levels. Furthermore, maternal hypoadiponectin
may downregulate the biological signaling of adpN receptors in various
tissues, including those of the placenta.

2.2. Gestational tissue

In 2020, Narapareddy et al. reported genome-wide DNA methylation
in a full-term marmoset placenta using BS [36]. Methylation of 74 genes
was found to be associated with maternal weight during pregnancy.
These genes are primarily involved in energy metabolism and homeo-
stasis, including the pathways that regulate glycolysis and lipid
metabolism.

Analysis of overall methylation levels in placental tissue showed that
women with GDM and preeclampsia had lower overall methylation
levels, while obese women had the highest levels of overall methylation
in the placenta [37].

Nogues et al. [38] extracted the placental DNA set of obese pregnant
women in the third trimester and performed bisulfite conversion and
pyrosequencing. The LEP and ADIPOQ promoters were moderately
methylated (<70%) in placental samples from the study group. The
mean DNA methylation level of LEP in fetal placental samples from the
obese group was significantly higher (1.2-fold), and this epigenetic
modification was observed in the promoter regions close to the tran-
scription factor binding sites (e.g., SP1, C/EBP, and TATA-box), all of
which regulate leptin expression. ADIPOQ methylation was lower in the
obese group (0.8-fold), and the methylation level of the ADIPOR1 pro-
moter in the maternal placenta in the obese group was higher than that
observed in the fetal placenta (1.5-fold). The methylation level of ADI-
POR2 in the maternal placenta of the obese group was significantly
higher than that of the control group (2.4-fold), and these expression
differences may have functional consequences via the downregulation of
the biological signals transmitted by ADIPORs in the placenta of obese
women.

Human DNA methylation array tests of the placental villi of full-term
pregnant women showed genome-wide differences in the methylated
and hydroxymethylated regions [39], with a 21% increase in methyl-
ation and a 31% decrease in hydroxymethylation in the obese group
compared to that in the lean group. Increased methylation and
hydroxymethylation were evident around the transcription start sites of
multiple genes in the GH/CSH and PSG gene clusters on chromosomes
17 and 19. Biological pathway analysis revealed that 262 genes that
showed reciprocal differential methylation/hydroxymethylation were
enriched in pregnancy-, immune response-, and cell adhesion-linked
processes.

Shrestha et al. measured genome-wide placental DNA methylation in
women of different body weights and identified new CpG sites for dif-
ferential methylation [40]. Pre-pregnancy BMI was associated with DNA
methylation at CG14568196 [EGFL7], CG15339142 [VETZ], and
CG02301019 [AC092377.1]. Although weight gain in the first and
second trimesters was associated with DNA methylation at CG17918270
[MYT1L], CG20735365 [DLX5], and CG17451688 [SLC35F3].
Furthermore, reduced EGFL7 expression has been reported to be asso-
ciated with trophoblastic insufficiency [41] and early onset pre-
eclampsia [42], but its role in placental development needs to be
clarified in future studies.

Ouidir conducted a placental epigenome-wide association study
(EWAS) of early pregnancy maternal dyslipidemia and found 11
differentially methylated CpG sites [43]. The top differentially methyl-
ated genes were enriched in pathways related to dyslipidemia, energy
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homeostasis, and embryonic tissue morphology. High maternal triglyc-
eride levels were associated with decreased methylation of CG02785814
annotated to ALX4 and decreased expression of the same gene in the
placenta. Other loci, including MOGAT2, ECI2, DHRS12, FAAH, SRM,
BRD1, and RPTOR, are relevant in the vascular and structural develop-
ment of the placenta. In 2020, Thakali et al. assessed genome-scale DNA
methylation in 150 full-term placentas from normal-weight (n = 72) and
overweight/obese mothers (n = 78) using reduced representation
bisulfite sequencing (RRBS) [44]. Maternal BMI category (normal
weight or overweight/obese) and BMI (kg/mz) were associated with
methylation in 185 and 103 CpG sites, respectively (P < 0.0001). Gene
ontology (GO) analysis of the 56 CpGs associated with both maternal
BMI category and BMI showed that biological processes related to sterol
regulatory element-binding protein (SREBP) signaling, phospholipid
transport, granulocyte differentiation, and RNA pol II transcription were
affected.

Disruption of the physiological aging of the placenta can lead to
pregnancy complications and increase the risk of cardiovascular and
metabolic diseases in childhood and adulthood. Placental epigenetic age
acceleration (PAA) is defined as the difference between placental DNA
methylation age and gestational age at birth, and it is associated with the
early onset of preeclampsia. Moreover, 62 CpG sites have previously
been found to predict placental epigenetic age with high accuracy [45].
An increase of 1 kg/week in GWG was associated with a 1.71-week (95%
CI:—3.11, —0.32) reduction in PAA. Among mothers with male
offspring, obesity before pregnancy was associated with a lower PAA of
1.24 weeks (95% CL:—2.24, 0.25) [46].

2.3. Offspring

The mother’s diet and body composition have a profound effect on
the offspring’s risk of obesity and metabolic sequelae. These effects
include systemic insulin resistance, liver steatosis, increased lipid
biosynthesis, skeletal muscle mass loss, and glucose homeostasis
disruption. Furthermore, adipose tissue plays a central role in coordi-
nating and regulating the energy balance. In 2013, Borengasser et al.
[47] assessed changes in genomic DNA methylation in the white adipose
tissue (WAT) of the offspring of overfed obese female mice using BS.
Only a small fraction of CpGs exhibited differential methylation, which
may affect the expression of only a few genes in a given developmental
environment. However, DNA methylation changes occur in the CGI
(CpG islands) shore of development-related genes. These results suggest
that obesity during pregnancy may induce epigenetic changes in WAT
during early development.

In addition to being regulated within the cell, metabolic processes
are regulated by communication between tissues and organs. The liver is
the main organ for lipid synthesis, transformation, and secretion.
Moreover, adipose tissue is responsible for lipid storage and oxidation,
and the interaction between the liver and adipose tissue is extensive. In
2008, Aagaard-Tillery et al. [48] identified changes in site-specific his-
tone H3 acetylation characteristics associated with transcriptional
activation. Furthermore, the "reprogrammed" fetal genes in the liver,
that is, Npas2 and Rdh12, were identified by ChIP -Seq. These results
suggest that maternal obesity causes epigenetic changes in fetal chro-
matin structure through the covalent modification of histones, providing
a molecular basis for the fetal origin of adult diseases.

Other effects on the liver of the offspring of overweight or obese
individuals have also been observed. For instance, in 2013, Li et al. [49]
analyzed differences in the CpG island methylation in the liver of the
offspring of obese maternal mice. Subsequent GO analysis of genes with
differential methylation (P < 0.01) between groups revealed a signifi-
cant enrichment of development-related ontologies. Another effect on
the liver was observed in the offspring of HFD maternal mice (OHFD) by
Ge et al. [30], where increased LEP methylation and decreased PPAR«
methylation were detected by combining COBRA restriction analysis
and BS analysis, consistent with the findings in maternal oocytes. In
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OHFD oocytes, the DNA methylation levels of the PPARa promoter were
increased. These changes partly explain the adverse health effects of
maternal obesity on the offspring.

In 2014, Suter et al. [50] analyzed genome-wide epigenetic changes
in the fetal liver of obese Glut4 heterozygous knockout mice. Pathway
analysis of ChIP data revealed differential enrichment of H3K14ac and
H3K9me3 in pathways that regulate lipid metabolism, particularly in
the promoter regions of Pparg, Ppara, Rxra, and Rora, which persisted up
to 5 weeks of age. Changes in DNA methylation in the livers of offspring
associated with maternal HFD were assessed using RRBS [51]. Maternal
HFD did not alter the distribution of methylation in the CGIs or CGI
promoters. The analysis identified 82 differentially methylated regions
associated with maternal HFD. Moreover, the offspring of HFD dams had
altered methylation patterns in the DMRs of genes that play important
roles in hepatic fibrosis and lipid accumulation, including Ppargc1p,
Fgf21, Ephb2, and VWF. These findings suggest that a maternal HFD is
associated with epigenetic changes in pathways related to hepatic
function and fibrosis.

The expression of imprinted genes is controlled by DMRs; DMR
methylation is cleared in the primordial germ cell, re-established during
gametogenesis, and passed on to the next generation. Moreover, the
imprinting methylation of male germ cells occurs earlier than that of
female germ cells and is more susceptible to interference from harmful
uterine environments. In 2014, Ge et al. [52] investigated the changes in
DNA methylation in the sperm of the offspring of obese mothers. Com-
bined with the COBRA and BS results, DNA methylation of the maternal
imprint gene Peg3 was deduced to be significantly increased.

Global DNA methylation and bisulfite amplicon sequencing (BSAS)
results showed that maternal obesity and excessive GWG were weakly
correlated with umbilical cord DNA methylation patterns [53]. In 2013,
Soubry et al. [54] used bisulfite pyrosequencing to examine the DNA
methylation of leukocytes in the umbilical cord blood of newborns
whose parents were obese before pregnancy. Paternal obesity was
significantly associated with lower methylation levels in the DMRs
MEST, PEG3, and NNAT. Maternal obesity was associated with increased
PLAGLI methylation and decreased MEG3 methylation. In 2013, Liu
et al. [55] analyzed the epigenomic map of umbilical cord blood from
308 pairs of black mothers and infants. The methylation levels of 20 CpG
sites were correlated with maternal BMI. These genes are involved in a
wide range of chronic diseases, including cancer, cardiovascular dis-
eases, and inflammation-mediated diseases, and this effect may vary
with the sex of the offspring.

In 2014, Nomura investigated whether maternal GDM, preeclamp-
sia, and obesity affect the overall methylation levels of placental tissue
and umbilical cord blood [37]. However, the blood analysis found no
significant differences in methylation levels among women with any of
these maternal risk conditions compared with women without addi-
tional risk conditions. In a 2015 study involving 1018 mother-child
pairs, Sharp et al. [56] found that there were 28 CpG sites of differen-
tial methylation in the DNA from the umbilical cord blood of offspring of
obese mothers. Maternal obesity was more strongly associated with
offspring methylation than paternal obesity, suggesting that maternal
obesity may influence the neonatal epigenome via intrauterine
mechanisms.

In 2019, Martin et al. [57] determined the umbilical cord blood DNA
methylation of individuals who displayed pre-pregnancy obesity. Sub-
sequently, they analyzed the sex-specific correlation of these factors
with offspring BMI and blood pressure (BP) using epigenomic tech-
niques. In this study, 74 CpG loci linked to maternal obesity (57 CpG in
females and 17 CpG in males) were associated with the TAPBP gene.
Differential methylation levels at some loci were related to cardiac
function indicators such as systolic BP percentile and diastolic BP
percentile of the offspring. Other genes corresponding to differentially
methylated sites play important roles in cell proliferation, apoptosis,
differentiation, immune response, and activation of inflammation.
While small-scale studies have reported a strong association between
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prenatal exposure and epigenetics, a study by the Pregnancy and
Childhood Epigenetics (PACE) consortium found the opposite [58].
They performed a meta-analysis of the association between maternal
BMI before pregnancy and methylation at more than 450,000 sites in
neonatal blood DNA in 19 cohorts (9340 mother-newborn pairs). At
9044 sites throughout the genome, maternal BMI was associated with
small methylation variations. After adjusting for cell proportions, the
number of significant CpGs was significantly reduced, with 86 differ-
ential methylation sites spread throughout the genome without signifi-
cant aggregation in chromosomal regions.

Furthermore, drastic interventions such as bariatric surgery can
change the epigenetic effects on the offspring of obese individuals. In
2013, Guenard et al. [59] investigated the effect of maternal bariatric
surgery on the methylation levels of genes related to cardiometabolic
pathways in the offspring. Subsequently, 5698 differentially methylated
genes were identified in the peripheral blood of the two groups of
offspring, most of which are involved in carbohydrate regulation,
inflammation, and vascular disease. Gene methylation levels, including
of those associated with cardiometabolic pathways and diabetes, were
significantly linked to insulin resistance in the offspring. Compared with
offspring born before their mothers underwent bariatric gastrointestinal
bypass surgery, children born after maternal surgery had lower levels of
obesity and an improved cardiometabolic risk profile in adulthood.

2.4. Brief summary of the epigenomic studies

Studies have shown similar results at two distinct developmental
stages: in oocytes and in the placenta in the third trimester [30,38]. In
both stages, LEP methylation levels are generally higher in obese
mothers. It is speculated that methylation changes in oocytes may be the
developmental origin of obesity in the offspring. Furthermore, given
that leptin and adiponectin are actively involved in the establishing the
nutritive, secretory, and anchoring form and function of the placenta, it
can be assumed that gestational obesity alters placental function.

DNA methylation changes in CGIs of development-related genes
were found in the white fat and liver tissues of the offspring. Reprog-
ramming of Npas2 and Rdh12 suggests that maternal obesity alters the
structure of fetal chromatin through the covalent modification of his-
tones. Increased LEP methylation and decreased PPARa methylation was
observed in the liver of offspring, consistent with findings in maternal
oocytes. This confirms mother-to-child epigenetic transmission of traits
and provides a molecular basis for the presence of obesity and metabolic
abnormalities in the offspring. Methylation of imprinted genes occurs in
multiple organs of the offspring, including the oocyte, sperm, and liver.
A large meta-analysis suggested that the association between maternal
BMI and methylation variation is weak [58]. Therefore, further research
is needed to explore the link between maternal obesity and offspring
epigenetics.

3. Transcriptomic studies

The concept of a “transcriptome” was first established in the 1990s
[60] to describe the study total gene transcription and regulation at
cellular level [61]. This is the necessary link between the genetic in-
formation of the genome and the biological function of the proteome.
The transcriptional stage is the most important stage of regulation in
organisms and is currently the most studied regulatory stage. Under-
standing the genome-wide transcriptome and analyzing all coding and
non-coding RNAs can reveal cell states in a specific environment. In
recent times, serial analysis of gene expression (SAGE), which was first
used in transcriptomics, has largely been replaced by microarray chips
and high-throughput sequencing technology [62]. Transcriptomic
technology has been widely applied to identify markers and explore the
mechanisms of various pregnancy complications or adverse pregnancy
outcomes, such as GDM [63,64], preeclampsia [65,66], intrauterine
growth restriction [67,68], neural tube defects [69], cleft lip and palate
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[70]. Based on systematic reviews and meta-analyses, maternal obesity
is a risk factor for these problems [11,71,72]. To date, transcriptomic
studies have investigated the effects of obese pregnancy on the maternal
reproductive system or fetal developmental environment in animal
models and in humans.

3.1. Maternal body

In 2009, Farley et al. [73] isolated peripheral blood mononuclear
cells (PBMCs) from full-term baboons and compared the transcriptomic
differences between the obese and control groups. A total of 77 path-
ways were affected, and the most significant changes involved
ubiquitin-mediated proteolysis, leukocyte transendothelial migration,
and insulin signaling. This is consistent with observations in humans
with obesity [74]. In 2020, Del Vecchio et al. examined plasma cfRNA
using RNA-seq analysis during all trimesters of pregnancy [32]. Similar
to the cfDNA signatures, obese subjects had lower placenta-derived
cfRNA levels than normal-weight pregnant women, especially in the
first trimester.

The effect of maternal obesity before pregnancy on the uterine
transcriptome during the peri-implantation period was investigated by
Shankar et al. [75] using microarrays. Differential expression of 403
transcripts ( & 1.3-fold, P < 0.05) was identified in overfed female mice;
these transcripts are involved in the enhancement of biological func-
tions, such as immune response, inflammation, and cytokine/chemokine
signal transduction. Lipid staining revealed abnormal accumulation of
lipid droplets in the uterine tissue during embryo implantation in the
obese group, which verified the changes observed in the lipid
metabolism-related genes in pathway analysis. Consequently, it is sug-
gested that a high-fat uterine environment is likely to have an adverse
effect on offspring development in early pregnancy, especially during
implantation.

Furthermore, it has been shown that obesity adversely affects the
ovarian environment and disrupts oocyte maturation and embryonic
development. In the bioinformatics analysis of a microarray, a total of
284 differentially expressed genes between ovaries from lean and obese
dams ( + 1.3 fold, P < 0.05) showed that overfeeding resulted in
negative outcomes. These include induced proinflammatory responses,
decreased gene expression of the ovarian glucose transporter, decreased
phosphorylation status of the insulin-activated second messenger sys-
tem, and altered expression of functional genes in the ovary. In 2017,
Ruebel et al. [76] collected oocytes in different stages (GV, MI, and MII)
from normal-weight and overweight/obese subjects undergoing fertility
treatment and investigated oocyte mRNA profiles using a single-cell
transcriptomic approach. These results indicated that obesity led to
differential oocyte gene expression at all maturation stages, with specific
upregulation of CXCL2 and DUSP1 and downregulation of TWIST1, ID3,
GAS7, and TXNIP. These changes are associated with neuronal devel-
opment and key metabolic pathways such as lipid metabolism and in-
sulin signaling. In addition, these pathways may be influenced by
post-transcriptional mechanisms. Combined with the discovery of the
upregulation of pro-inflammatory and oxidative stress-related genes in
oocytes, these results suggest that obesity impairs not only oocyte
integrity and capacity, but also metabolism.

3.2. Gestational tissue

The placenta and amniotic fluid are the source of nutrition and
shelter for the fetus, regulating the internal environment in which it is
located. Consequently, the placenta is an important hub for the maternal
supply of fetal nutrients and mother-fetal communication during preg-
nancy. It can secrete a variety of hormones that are important for
maintaining normal fetal growth. The placenta has long been considered
asexual, and most studies aggregate data from the placentas of male and
female fetuses into one group [77]. In 2012, Gabory et al. [78] statis-
tically analyzed the female and male placentas of rats fed CD or HFD
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using the LIMMA linear model. Microarray results indicated that
maternal obesity has a sexually dimorphic effect on placental gene
expression. A total of 168 genes in females, and 190 genes in male
placentas were affected by a maternal HFD. Only 16 genes were
differentially expressed between the sexes, indicating sexual dimor-
phism. Dysregulated genes in the female placenta are mainly involved in
cell death, white blood cell stimulation and binding, amino acid meta-
bolism, and organ development and morphology. The differentially
expressed genes in the male placenta are mainly related to the devel-
opment and function of the cardiovascular system, fatty acid meta-
bolism, glucose metabolism, elongation, and development of the
nervous system.

Trophectoderm (TE) cells and ectoplacental cones (EPCs) are
essential for placental development and support embryonic develop-
ment. In 2018, Stuart et al. [79] explored the early placental tran-
scriptional changes of maternal obesity in the window period between
implantation of E4.5 and EPC formation of E6.5 by microarray hybrid-
ization and RNA-Seq. The results showed that inflammation and
vascular development-related pathways represented by endothelin-1
(ET-1) signaling and p38 mitogen-activated protein kinase (p38
MAPK) signaling were upregulated in the TE of HFD mice. Only down-
regulated Fgfr2 has been shown to be associated with developmental
failure of the labyrinthine layer and death after implantation in Fgfr2
mutant mice [80]. Transcriptome analysis of EPCs at E6.5 showed that
Sphingosine-1-phosphate  (S1P), p21 activated kinases (PAK),
integrin-linked kinases (ILK), and peroxisome proliferator-activated re-
ceptor (PPAR) signaling pathways were disrupted in the HFD group. In
addition, HFD-induced changes in TE at E4.5, and EPC at E6.5, overlap
greatly, including the persistent upregulation of multiple antiangiogenic
genes. VDR/RXR activation, ET-1 signaling, axonal guidance signaling,
p38 MAPK signaling, and PPARa/RXRa activation in TE at E4.5, and
EPC at E6.5, suggest that these pathways are important in the devel-
opment of abnormal placental function in obese pregnancies.

In 2018, McCoski performed RNA sequencing to assess the effects of
maternal obesity exposure on gene transcription in preimplantation
sheep embryos [81]. Four of the 21 differentially expressed genes have
known roles in placental development and function (ALCAM, BRCA1
GP2, GSTA4), and five are associated with obesity and insulin resistance
(MPHOSPHY9, BRCA1, ASP, ALCAM, GP2). In addition, the effect of
maternal obesity on fetal sex differed, indicating that preimplantation
sheep genome responses to maternal obesity are sex-dependent.

In 2021, Wang et al. [82] performed Next Generation Sequencing
analysis of rat placenta to determine transcriptome expression after an
HFD. 26 up-regulated genes and 27 downregulated genes were observed
in the HFD group. Functional annotation clustering revealed that the
ribosome was the most important Kyoto encyclopedia of genes and ge-
nomes (KEGG) pathway. Other altered KEGG pathways included
oxidative phosphorylation, arginine and proline metabolism, and
non-alcoholic fatty liver disease (NAFLD).

In 2013, Nardelli et al. [83] used TagMan Array to evaluate the
expression profiles of 365 miRNAs in the amniotic membranes of 10
obese (pre-pregnancy BMI>30, n = 10) and control (pre-pregnancy
BMI<25, n = 5) women. Significant down-regulation of trophic factors,
mammalian target of rapamycin, insulin, adipocytokines, actin cyto-
skeleton, and mitogen-activated protein kinase signaling pathways,
which may affect placental growth and function, was observed. These
factors increase the risk of neonates suffering from metabolic diseases in
future.

RNA-seq showed that 288 genes were significantly different ( + 1.4-
fold, P < 0.05) in the placentas of obese women compared to those of
control women [84] and were involved in biological processes such as
development, stress response, immune response, differentiation, chro-
matin modification, and reproduction. Gene set enrichment analysis
(GSEA) also revealed that the expression of genes involved in angio-
genesis and lipid metabolism was significantly decreased, and maternal
obesity was significantly associated with increased mRNA levels of lipid
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drop-associated protein CIDEA (P < 0.001). Overall, maternal obesity,
in the absence of GDM and other comorbidities, affects the placental
genome-wide transcriptome, and these changes correspond to increased
placental lipid content oxidative stress, and inflammation. This provides
evidence of Jun N-terminal kinase (JNK) signaling-mediated maternal
obesity-induced placental lipid toxicity [85]. The lipotoxic placental
environment may influence placental development and function, as
demonstrated by the reduced levels of angiogenic factors and umbilical
cord blood nutrients, leading to metabolic reprogramming in the
offspring.

In 2015, Lassance et al. [86] collected placental tissue and blood
samples from women who voluntarily terminated their pregnancies
during the first trimester. Gene expression in placental trophoblast cells
was analyzed using a genome-wide microarray. A total of 1342 differ-
entially expressed genes related to carbohydrate synthesis, cell trans-
port, lipid and energy production, cell metabolism, cell function, and
cell structure were observed in obese and lean women. Several genes
encoding mitochondrial pathways, including mitochondrial cytochrome
and other genes, were downregulated in obese individuals. This result is
consistent with those obtained in other studies [87,88], indicating that
maternal obesity has a negative impact on the mitochondrial function of
the placenta in early pregnancy, and obesity shapes the structure and
function of the placenta during early development. In 2016, Bari et al.
[89] conducted transcriptome analysis of trophoblasts isolated from the
placenta of obese and normal weight pregnant women. The microarray
results showed that 23 genes were differentially expressed between the
two groups. The enriched GO terms included protein metabolic pro-
cesses, RNA processing, gene expression, and translational processes.
KEGG pathways, including the oxidative phosphorylation (Kegg:00190)
and ribosome (Kegg:03010) pathways, were significantly enriched.

The placenta is an endocrine organ that produces hormones and
growth factors critical for embryonic development and has a unique
miRNA expression pattern [90]. Changes in placental miRNA expression
are associated with adverse pregnancy outcomes [91,92]. In 2017,
Carreras-Badosa et al. [93] studied the placental miRNA profile of
pregnant women who were overweight/obese before pregnancy (preOB,
n = 20) or obese during pregnancy (gestOB, n = 25), and 18 miRNAs
were up- or downregulated by at least two-fold in placentas from preOB
and gestOB women compared to those from control subjects. The
expression of miR-100, miR-185, and miR-487 was decreased in the
gestOB group and that of miR-1269, miR-1285, miR-181, miR-214, and
miR-296 was decreased in the preOB and gestOB groups (P < 0.03).
Differential miRNA expression was significantly associated with
maternal metabolic (parturient BMI, HMW adiponectin, HDL choles-
terol, HOMA-IR, and C-peptide) and growth parameters (placental
weight, standard deviation score of birth weight, birth length, and
weight gain) at birth and after follow-up. These miRNAs may be
involved in regulating the growth-promoting effects of maternal obesity
on offspring and may serve as early markers of prenatal development
and postnatal growth.

Human amniotic mesenchymal stem cells (hA-MSCs) can differen-
tiate into adipocytes and are, therefore, suitable models for studying
adipocyte function in obesity. In 2016, Nardelli et al. used high-
resolution small RNA sequencing to characterize miRNA profiles of
hA-MSCs in 13 obese and 7 control pregnant women at delivery [94].
Twelve miRNAs were differentially expressed between the two groups.
Important pathways malregulated by miR-138-5p and/or
miR-222-3p/target interactions include adipocyte differentiation and
deposition, lipid/carbohydrate homeostasis, response to stress, meta-
bolic syndrome, heart disease, and ischemia. Overexpression of
miR-138-5p/miR-222-3p and transcriptomic data suggest that differ-
entially expressed miRNAs may disrupt metabolic pathways previously
found in obese adults or obesity-related disease tissues.

In 2018, Sureshchandra et al. [95] used RNA sequencing to analyze
transcriptomic changes in the placentas obtained from 11 lean and 14
obese women during full-term delivery. Placental genes whose
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expression changed most significantly play a role in oxygen transport,
which is consistent with the reported changes in the blood oxidative
balance in obese pregnant women [96]. These changes in gene expres-
sion may signal an adaptation to inflammation and oxidative stress. The
upregulated expression of tRNA encoding genes in the mitochondria also
reflects oxidative stress. Vitamin A metabolism is an important process
in embryonic development and immune system maturation [97], and
the expression of genes involved in this process is downregulated. The
list of differentially expressed genes overlaps with previous studies [98],
such as downregulated expression of immune-related genes (IL1R2,
IL2RB, TNFSF10, and FN1) as well as of those associated with pregnancy
complications such as intrauterine growth restriction, placental insuf-
ficiency, advanced gestational age, miscarriage, and preeclampsia
(IGFBP1, IGFBP2, PRL, TAC3, RBP4, DKK1, TIMP3, FSTL3, and IGFBP1)
[99-101].

Amniotic fluid protects the fetus and maintains the balance of fetal
body fluids. It has been widely analyzed to assess the maturity and
health status of the fetus. In 2014, Edlow et al. [33] isolated fetal cfRNA
from the amniotic fluid of obese (BMI>30, n = 8) and non-obese
(BMI<25, n = 8) pregnant women undergoing amniocentesis during
the second trimester of pregnancy, and used it for genome-wide
expression array analysis. The results showed that expression levels of
114 genes were significantly upregulated, where those of 91 genes were
significantly downregulated. ApoD with highly specific expression in the
central nervous system (CNS) showed the most upregulated expression
(9-fold); in contrast, the expression of apoptosis-related genes in the CNS
decreased, suggesting that maternal obesity may lead to poor neuro-
developmental outcomes in offspring through these two potential
mechanisms occurring during the second trimester.

3.3. Offspring

Maternal obesity exerts pro-inflammatory effects on the fetus as early
as the blastocyst stage. In 2011, Shankar et al. [75] performed tran-
scriptomic analysis of blastocysts isolated from obese Sprague Dawley
(SD) rats. Expression of 359 transcripts was affected by maternal
obesity. Increase in the expression of NF-kb-regulated pro-inflammatory
genes (CCL4 and CCL5) and the decrease in the expression of antioxidant
genes (GPx3) and mitochondrial genes (TFAM and NRFI) may be a
potential mechanism for the increased susceptibility to obesity in
offspring.

Umbilical cord blood can reflect fetal health status. In 2009, Farley
et al. [73] investigated the transcriptomic regulatory effects of maternal
obesity on PBMCs in the umbilical cord blood of offspring using ba-
boons. The most significant pathways (total affected pathways=29)
affecting fetal PBMCs were related to cell adhesion molecules, phos-
phatidylinositol, m-TOR, and VEGF. The significant upregulation of the
VEGF signaling pathway may be related to increased capillarization and
function of fetal organs. In 2015, Ghaffari et al. [102] conducted miRNA
transcriptomic analysis of fetal umbilical cord blood obtained during the
delivery of obese and normal-weight pregnant women. There were no
significant differences in miRNA expression between the obese and
normal groups as well as when the samples were regrouped by maternal
weight gain, BMI at first pregnancy, BMI at last pregnancy, mode of
delivery, fetal sex, and race.

The umbilical cord, as a readily accessible fetal tissue, contains cell
types (endothelial, smooth muscle, and mesenchymal stem cells) asso-
ciated with development. In 2014, Thakali et al. [103] identified 232
differentially expressed genes in the umbilical cord of offspring born to
overweight/obese pregnant women using microarray analysis. These
differentially expressed genes were associated with insulin receptor
signaling, response to insulin stimulation, negative regulation of glucose
input and transport, and cellular response to fatty acids. The mRNA
expression levels of EGR1, periostin, and FOSB were upregulated in the
overweight/obese group. In contrast, the expression levels of endothelin
receptor B, KFL10, PEG3, and EGLN3 were reduced.
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Maternal obesity caused by a high-energy diet increases the risk of
obesity in the offspring. In 2013, Borengasser [47] performed a global
transcriptome analysis of WAT in the offspring of obese mice. It was
reported that maternal obesity alters the part of the genome involved in
in lipid and carbohydrate metabolism, metabolic processes, transport,
and cytoskeleton development. Furthermore, exposure to maternal
obesity significantly alters lipid metabolism in fetal adipose tissue and
facilitates lipid biosynthesis.

Skeletal muscle is one of the major sites of glucose and fatty acid
utilization, and impaired myogenesis and increased adipogenesis have
been reported in the muscles of fetuses in obese sheep. In 2012, Yan et al.
[104] analyzed the longissimus dorsi of offspring of high-fat diet-fed
ewes using miRNA microarray. Hsa-miR-381, hsa-let-7 g, and
bta-miR-376D were differentially expressed between the obesogenic and
control diet groups. miRNA let-7 g plays an important role in inhibiting
stem cell proliferation, inflammatory cytokine expression, and adipo-
genic differentiation, and may be an important mediator linking
inflammation and adipogenic tissue development.

In the early stages of development, insulin and leptin act as nutrient
factors that are essential for neuronal development. Fetal exposure to
high insulin and leptin may affect the development of fetal brain cir-
cuits, including the hypothalamus, which controls feeding behavior and
other brain areas regulating various behavioral functions.

In 2013, Stachowiak et al. [105] performed total RNA microarray
analysis of the brain tissue of progeny of high-carbohydrate (HC)-fed
female rats. The results showed that in addition to the
metabolism-related gene disorder caused by maternal obesity, the
encoding genes involved in myelin synthesis were upregulated, indi-
cating biological changes in oligodendrocytes and myelin formation.
Dysregulation of gene expression associated with ion channels, synaptic
proteins, and neurotransmitters may affect the normal development and
activity of axons and synapses. This may be the basis of neurological
diseases in future generations. In 2016, Bae-Gartz et al. [106] divided
diet-induced obese mouse dams into obese (HFD) and obese interven-
tion (HFD-running intervention) groups, which performed voluntary
wheel running throughout gestation. Male offspring were compared to
the offspring of the lean control group on postnatal day 21. The results of
hypothalamus microarray analyses showed that obesity during preg-
nancy not only significantly affected inflammatory signals in the hypo-
thalamus of offspring, but also affected related genes regulating
neurogenesis. Exercise intervention during pregnancy could improve
the changes in gene expression patterns involved in neurogenesis. Thus,
exercise in obese pregnant mice may be a critical component for pro-
moting and programming metabolic health in the offspring. In 2017,
using RNA-seq, Barrand et al. [107] explored the effect of maternal HFD
on hypothalamus gene expression in rat offspring on day 10 after birth.
HFD caused differential expression of 86 genes in female offspring,
including genes coding for proteins of the extracellular matrix, partic-
ularly Collal, Colla2, Col3al, and the imprinted Igf2 gene. Male
offspring fed a HFD showed significant changes in Collal and Col3al
and significant upregulation of two genes involved in the regulation of
dopamine availability in the brain, tyrosine hydroxylase (Th) and
dopamine reuptake transporter Slc6a3 (also known as Datl). These
transcriptional changes could alter neuronal projection formation dur-
ing early development, leading to abnormalities in the neuronal cir-
cuitry controlling appetite in later life, hence priming offspring for the
development of obesity.

In 2002, Napoli et al. [108] observed early atherosclerosis in the
offspring using a mouse model of hypercholesterolemia during preg-
nancy. Microarray analysis of the descendant’s’ aortas showed that 135
genes and expressed sequence tags (EST) showed significant differences
between the groups. This implies an acute effect of oxidative stress or a
result secondary to the formation of aortic fatty streaks. Epidemiological
evidence indicates that offspring of obese mothers have an increased risk
of myocardial dysfunction, including ventricular hypertrophy and
myocardial fibrosis. In 2013, Maloyan et al. [109] examined the
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expression of miRNAs in the heart of baboon fetuses exposed to maternal
overnutrition. Twenty-two of the 80 differentially expressed genes were
mapped to humans, and 14 miRNAs, including miR-17-92 and
miR-181A, have been reported to be dysregulated in cardiovascular
diseases. This suggests an increased risk of congenital heart defects in
the offspring of obese women. In 2016, Wing-Lun et al. [110] investi-
gated changes in cardiac miRNAs in obese mouse models. Compared to
the control group, the abundance of eight cardiac miRNAs in the
offspring of obese female mice changed significantly. The upregulation
of miR-148-3p was the most significant, and it was overexpressed in
multiple KEGG pathways, including pathways that are highly related to
heart function or heart disease.

In 2009, Zhang et al. [111] analyzed the expression profile of miRNA
in the liver to determine the changes in miRNA in the offspring of
maternal rats fed an HF diet before and during pregnancy, as well as
during lactation. Of the 579 miRNAs measured, 10 showed increased
expression and 23 showed decreased expression, among which miR-483
* showed the greatest decrease. Let-7c, which regulates development
time, and miR-122, which regulates fat oxidation, are also on the
reduced list. This may have long-term effects on the health of the
offspring. Another high-fat feeding mouse model study in 2009 by
Kimberley et al. [112] verified that maternal fat intake contributes to the
development of NAFLD in adult offspring. Total RNA microarray anal-
ysis showed that the levels of oxidative stress-related genes (Nos3, Nos2,
Gstm6, and Lcn2) in the livers of HF maternal offspring increased, and
similar expression patterns were observed for genes related to inflam-
mation, Crp, Mmd2, Tnfsfl, and I1-12b. Furthermore, in 2010, Shankar
et al. [113] used microarrays to clarify the overall transcriptome
changes in the offspring of overweight female mice at weaning to
identify the programming loci. The increase in the expression of many
genes that regulate lipid biosynthesis appears to be coordinated by the
lipid conversion transcription factor SREBP-1. The decrease in down-
stream PPAR-a signaling targets, including FGF21, is consistent with the
increase in liver steatosis and susceptibility to obesity. Transcriptome
analysis of offspring livers based on a gene chip showed that the
expression of 45 transcripts (42 genes) was significantly altered by
maternal obesity [49]. The most upregulated genes, major urinary
proteins (MUPs), are involved in the regulation of energy expenditure.
The two genes with the most downregulated expression (ATPASE6 and
CYTB) belong to the mitochondrial genome. Changes in gene expression
caused by maternal obesity point to a broad set of biological functions
that are not limited to energy metabolism. In fact, in 2013, Mischke et al.
[114] observed sex-specific molecular changes in the liver of male and
female offspring in a maternal western-style high-fat/high-cholesterol
diet mouse model. A total of 686 and 604 genes were differentially
expressed in the livers of male and female offspring, respectively (P <
0.01). Only 10% overlap was observed between the sexes. Changes in
gene expression associated with developmental functions and processes,
such as Wnt/B-catenin signaling, were observed in male mice. Genes
involved in lipid metabolism (including those involved in cholesterol
synthesis) were altered in females.

Offspring from control or HFD-fed dams were given access to control
or HFD, which led to four groups of offspring: offspring born to control
diet-fed dams weaned onto Con (CC) or HFD (CH), and offspring born to
HFD-dams weaned onto Con (HC) or HFD (HH) [51]. RNA-seq analysis
confirmed the changes in the liver transcription profile in each group.
The HFD alone altered the expression of 20 transcripts, and the com-
bination of maternal and progeny HFD resulted in 243 differentially
expressed transcripts, with genes involved in inflammatory pathways
such as innate immune responses, immune system processes, and lipid
metabolism upregulation. Genes involved in fibrosis (Cidea and
Mmp12) and inflammation (Ly6d) were significantly upregulated in the
liver of the HH group compared to the CH group. Overall, maternal HFD
exposure significantly affected liver gene expression in the inflamma-
tory and fibrotic pathways.

In 2018, Lomas-Soria et al. [115] used RNA-seq to determine the
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sex-dependent effects of female rat obesity on the liver transcriptome of
offspring. Compared to the control group, 1365 genes were significantly
altered in the livers of male offspring whose mothers were obese. GO and
KEGG analysis showed the following altered pathways: insulin
signaling, phospholipase D signaling, NAFLD and glycolysis/gluconeo-
genesis. In contrast, only 70 genes were significantly altered in female
offspring. Human epidemiological data also showed an increased prev-
alence of NAFLD in men than in women [116]. Therefore, it is reason-
able to speculate that maternal obesity programs sex-dependent changes
in insulin, glucose, and lipid signaling pathways, leading to liver
dysfunction and insulin resistance in offspring.

3.4. Brief summary of transcriptomic studies

Maternal obesity results in transcriptome changes in gestational
tissues, which may be responsible for increased insulin resistance or
obesity risk in offspring. This may lead to adverse developmental out-
comes and long-term metabolic syndrome in offspring. The pro-
inflammatory environment may alter the course of fetal development,
increasing the risk of metabolic diseases, immune disorders, cognitive
impairment, and cardiovascular disease in offspring. As early as the
blastocyst stage, maternal obesity promotes inflammation and oxidative
stress in offspring. This adverse effect was observed in the heart and liver
of the offspring after birth. Therefore, maternal obesity has a long-term
impact on the offspring. Multiple studies have collectively observed the
differential expression of genes related to insulin receptor signaling and
lipid and carbohydrate metabolism, indicating that maternal obesity
changes the insulin sensitivity and promotes fat synthesis in offspring.
miRNA let-7 g and miRNA let-7c were differentially expressed in the
muscle and liver of offspring, respectively. The change in let-7 g may be
related to the increase in adipogenesis in muscle tissue, whereas let-7¢
regulates developmental time. In addition, gene disorders related to
myelin synthesis, synaptic proteins, and neurotransmitters were found
in the brain tissues of the offspring of obese mothers, which may have
adverse effects on the development of the nervous system.

4. Proteomic studies

Proteins are important organic molecules in cells and are the main
builders of tissues, hormones, enzymes, and immune cells. Quantitative
analysis of proteins is helpful in revealing the dynamic changes and
molecular functions of proteins under physiological or pathological
conditions. Proteomics, which uses mass spectrometry for high-
throughput quantitative and qualitative analyses of proteins, has
become an important analytical method for studying protein functions.

4.1. Maternal body

Evidence from oocyte donation and embryo transfer experiments
suggests that obese individuals have poorer oocyte quality. In 2018,
Wang et al. [117] explored the potential mechanism by which maternal
obesity damage affects oocyte quality using Liquid Chromatography
with tandem mass spectrometry (LC-MS/MS). The levels of
TP53-induced glycolysis and apoptosis regulator (TIGAR) molecules in
HFD oocytes were significantly decreased. Knockdown and over-
expression showed that TIGAR could improve the oxidative stress of
HFD oocytes; that is, TIGAR was involved in scavenging reactive oxygen
species (ROS) during the development of normal oocytes. Loss of TIGAR
expression is responsible for ROS stress in oocytes of obese animals.

4.2. Gestational tissue

Several studies have examined the effects of maternal obesity on
placental protein profiles. In 2018, Liang et al. [118] used iTRAQ to
perform proteomic analysis of placental tissues of sows with normal and
high backfat thickness. A total of 413 proteins, related to lipid



D. Zhao et al.

metabolism and inflammatory responses, were significantly differen-
tially expressed. The upregulation of lipid gene expression is associated
with a decrease in AMPK and an increase in Wnt signal activation,
leading to the lipid toxic environment of porcine full-term placenta and
potentially causing placental dysfunction and fetal growth impairment.

Isobaric tags for relative and absolute quantitation (iTRAQ) prote-
omics have been used to analyze the placental tissues of obese sows
during vaginal delivery [119]. Of the 4652 proteins identified, 343 were
differentially expressed between the groups and were associated with
abnormal carbohydrate and lipid metabolism, mitochondrial dysfunc-
tion, reduced steroid biosynthesis, and increased oxidative stress and
inflammation in the placenta. In 2019, Fornes et al. [120] performed
proteomic analysis of placentas of obese female rats fed a HFD or
high-sugar diet using liquid chromatography/mass spectrometry.
Pathway analysis revealed the differential expression of proteins related
to metabolism, inflammation, angiogenesis, and cytoskeletal remodel-
ing. Decreased phosphorylation of ATP-citrate synthase (ACLYS457), an
enzyme that links glucose metabolism to fatty acid metabolism, has been
shown to be associated with mitochondrial oxygen consumption and
cellular ATP levels. In 2020, Kretschmer et al. [121] observed that basal
membrane structure destruction, excessive lipid deposition in the maze
area, and placental barrier function were impaired in HFD mice. Pro-
teomic analysis revealed that proteins related to cell and focal adhesion,
cell junction, laminin, and the main basal membrane were significantly
downregulated in the maternal placenta of HFD mice. Decreased
expression of E-cadherin and other proteins may lead to a decrease in the
placental barrier in the maze area, thus affecting the placental transport
of nutrients and oxygen.

In 2012, Oliva et al. [122] lysed placental tissues obtained by ce-
sarean section of normal-weight and obese pregnant women and
analyzed specific protein spots using two-dimensional gel electropho-
resis and MALDI-TOF mass spectrometry. A1AT and GRP75 were
upregulated in obese pregnant women, whereas ANXAS5, ATPB, BASP1,
FTL, HNRPC, and VIME were downregulated. A1AT enhances the
LPS-induced production of specific cytokines/chemokines through
NF-xB and plays an important role in amplifying the acute inflammatory
response. ANXA5 has anti-inflammatory, anti-thrombotic, and
anti-apoptotic properties, and the differential expression of these two
proteins suggests increased placental inflammation. Low FTL and ATPB
levels can induce oxidative stress injury, and the increase in GRP75 may
be an adaptive response to stress. HNRPCs, BASP1, and VIME are
involved in cell proliferation, cell integrity, and cytoskeleton stability,
respectively, and their downregulation may have adverse effects on fetal
development. Hoch performed a cell cycle protein array in the
first-trimester placental tissue of lean and obese pregnant women [123].
A network of cell cycle regulators, in which breast cancer 1 (BRCA1) is a
central player, is upregulated by maternal obesity. Thus, BRCA1 may
play a role in trophoblastic biology during early pregnancy. Therefore,
its upregulation due to maternal obesity may alter placental develop-
ment, adversely affecting maternal and fetal health.

HA-MSCs are pluripotent and can be extracted from placental am-
niotic membranes. These cells are effective models for the study of
metabolic changes. In 2016, Capobianco et al. [124] analyzed the pro-
teome of hA-MSCs in obese women and identified 62 differentially
expressed proteins, focusing on three groups of proteins involved in
stress response, cytoskeleton, and metabolism. The role of these changes
in increasing the susceptibility of pregnant women to obesity or
obesity-related diseases requires further investigation.

4.3. Offspring

The impact of maternal obesity on offspring is manifold. Epidemio-
logical studies have shown an association between maternal obesity and
poor neurodevelopmental outcomes in the offspring. In 2015, Man-
ousopoulou et al. [125] compared the overall proteomic characteristics
of the cerebral cortex of offspring of female mice fed a high-fat or control
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diet. The results of two-dimensional liquid chromatography-mass spec-
trometry showed a correlation between maternal HFD and endopheno-
typic changes in the cerebral cortex of adult offspring. The offspring’s
responses to hypoxia/oxidative stress and apoptosis/endoplasmic re-
ticulum (ER) stress were significantly activated. In 2015, Lee et al. [126]
found that when rats were exposed to 50% food restriction during
pregnancy, the offspring showed catch-up growth, obesity, and higher
HDL, LDL, and leptin levels; six proteins showed differential expression
in the brains of the offspring at 3 weeks, among which UCHL1 and
SCRN1 were identified as obesity markers related to fetal programming.

Furthermore, in 2018, Morzel [127] proposed that maternal
high-fat/high-sugar diets may have an impact on salivary gland func-
tion. Two-dimensional electrophoresis and LC-MS/MS detection results
showed that heat shock proteins, proteasome subunits, and tubulin were
overexpressed in the offspring of SD rats fed a Western diet, which may
translate into strong metabolic activity. At the same time, it is accom-
panied by the enhancement of the functions of proteins that control
oxidative stress (such as glutathione peroxidase and peroxidin) and
active antioxidant molecules.

In 2019, Fornes [120] found that in addition to placental function,
maternal obesity has a negative impact on fetal liver function. A higher
expression of catechol-o-methyltransferase (COMT) phosphorylation
was observed in the liver of the offspring of mice fed a
high-sugar/high-fat diet. These results indicate a common regulatory
mechanism for catecholamine metabolism in the placenta and fetal
liver.

Offspring of obese mothers show increased susceptibility to obesity
and decreased insulin sensitivity in adulthood. It is also important to
note that the duodenum is the primary site for the uptake and absorption
of triglycerides. In 2019, Suarez-Trujillo et al. [128] determined the
effects of a maternal HFD during pregnancy and lactation on neonatal
duodenal histomorphology and proteome. Activation of pathways
involving antigen recognition, phagocytosis, and internal lysosomal
processing, as well as potential activation of adaptive immune re-
sponses. Intestinal dysbiosis caused by an HFD may be a trigger for such
activation.

The development of fetal kidneys largely depends on the adequate
supply of macronutrients and micronutrients. In 2019, Niisken [129]
found that consumption of an HFD during pregnancy in mice signifi-
cantly affected the expression of 56 proteins in the kidneys of full-term
fetuses. The transcription and translation of several possible interacting
proteins (RPL23, NCBP2, SRS11, GTF2F2, and PAF1) was upregulated.
The upregulation of CHMP1B and CHMP2B, which are involved in the
sorting of endosomes in transport complex III (ESCRT-III), implies an
increase in the process of membrane remodeling.

In 2021, Breuer [130] performed proteome analysis of mouse
offspring epigonadal WAT at P21. Proteins that showed differential
expression according to maternal diet were involved in metabolic pro-
cesses, such as fatty acid oxidation and CYP2E1 reactions, as well as fatty
acid metabolism, specifically the synthesis of prostaglandins and
thromboxanes.

4.4. Brief summary of proteomic studies

Dysregulation of proteins related to the cytoskeleton, oxidative
stress, inflammatory response, and lipid metabolism was observed in the
placenta, and the increased inflammatory response and oxidative stress
status were similar to changes in non-gestational obesity. The decreased
expression of E-cadherin was closely related to damage to basement
membrane structure and barrier function. Downregulated expression of
proteins involved in cytoskeleton regulation and remodeling may have
adverse effects on fetal development. The effect of maternal obesity on
the proteome of the offspring has been observed in the central nervous,
digestive, and urinary systems. Enhanced oxidative and ER stress may be
important factors for poor neurodevelopment. Activation of antigen
recognition, phagocytosis, and adaptive immune response implies
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intestinal dysbiosis caused by maternal obesity. Membrane remodeling
and increased mitochondrial damage may impair kidney function.

5. Metabonomic studies

According to the central dogma, metabolites produced in living or-
ganisms are the final products of the entirety of the biological processes
occurring at the genomic, transcriptomic, and proteomic levels. How-
ever, the types and levels of metabolites are directly influenced by
changes in diet, environmental factors, and the gastrointestinal micro-
biome. Metabolomic techniques facilitate the comprehensive charac-
terization of small-molecule metabolites, such as sugars, lipids, nucleic
acids, and amino acids, as well as help elucidate metabolic pathway
changes in specific biological systems.

5.1. Maternal body

In 2016, Dawn et al. [131] used gas chromatography and liquid
chromatography-mass spectrometry (GC- and LC-MS) to detect metab-
olites in the serum and follicular fluid of diet-induced obese mares and
used MALDI-TOF-MS to detect lipid differences in oocytes. Increased
levels of linoleic acid, stearic acid, and insulin in the follicular fluid of
the obese group may lead to ER stress in the granulosa cells, resulting in
decreased progesterone production and changes in cell function.
Whether reduced phospholipid content and increased triglyceride con-
tent in obese oocytes lead to changes in membrane fluidity or ER stress
in oocytes or embryos remains to be clarified. In 2018, Dawn et al. [132]
continued to explore the influence of maternal obesity before pregnancy
on the uterine environment and lipid spectrum of pre-implantation
embryos. In contrast to previous oocyte studies, elevated triglycerides
were not observed in obese mare embryos, and it is possible that most
triglycerides are used as an energy source during development [133],
counteracting the differences in triglycerides in embryos. The reduction
in the levels of multiple lipids observed in the obese group is critical for
maintaining cell membrane integrity or second messenger signaling,
which is consistent with the findings in oocytes.

Peripheral blood flows through all important organs, participating in
metabolism, regulating, and maintaining the balance of functional ac-
tivities, as well as the internal and external environments. Changes in
the metabolites were reflected in the information obtained from the
blood. In 2010, Cox et al. [134] analyzed the serum metabolic profiles of
macaque mothers exposed to an HFD using GC-MS. Two major compo-
nents of the vitamin E complex (a-tocopherol and y-tocopherol) were
elevated in the HFD group. These fat-soluble compounds act as antiox-
idants and react with lipid free radicals or trigger intracellular signaling
cascades to protect cell membranes. In 2011, Grant et al. [135] con-
structed a model of maternal overnutrition in macaques and analyzed
fatty acid differences in maternal plasma and breast milk between the
experimental and control groups using GC-MS. The results showed that
the plasma levels of DHA, EPA and total N-3 fatty acids were signifi-
cantly decreased in HFD-fed mothers. Reductions in EPA and DHA levels
have also been observed in breast milk. The lack of long-chain poly-
unsaturated fatty acids, particularly DHA, which is essential for infant
growth and neurodevelopment, may have profound effects on the fatty
acid composition of the brain, visual system, and retinal function in
fetuses and infants. In 2018, Stuart et al. [79] analyzed the plasma
metabolomics of HFD-fed maternal mice using GC-MS and LC-MS. The
levels of multiple phospholipids, including 1-stearoyl-2-arachido-
noyl-GPC, were elevated in obese maternal plasma at E6.5. This key
phospholipid is an important regulator of p38 MAPK activity under
conditions of cellular stress and lipotoxicity [136]. Several lysine me-
tabolites were found to be differentially expressed in the HFD group.
Another key change that may affect placental and fetal development is
the significant reduction in inositol and chiro-inositol levels. These two
stereoisomers play key roles in the insulin pathway, acting synergisti-
cally as insulin sensitizers by enhancing the peripheral tissue uptake of
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glucose and glycogen synthesis, and low levels of these important me-
tabolites may contribute to insulin resistance associated with maternal
obesity. In 2016 Sandler et al. [137] examined the association between
BMI and maternal serum metabolomics using targeted and untargeted
metabolomics. Individual metabolite, network, pathway, and random
forest analyses showed a broad association between acylcarnitine, lipids
and related metabolites, carbohydrates, organic acids, and maternal
BML. Furthermore, 3-hydroxybutyric acid level was positively correlated
with maternal BMI, while the levels of medium-and long-chain fatty
acids showed a mixture of negative and positive correlations.
By-products of lipid metabolism produced by mothers with a high BMI
may influence fetal growth and obesity. In 2021, Shearer et al. [138]
used nuclear magnetic resonance spectroscopy to detect serum metab-
olites in normal-weight, overweight, and obese women and tested the
correlation between metabolite levels and pre-pregnancy BMI, GWG,
offspring health, and the levels of hormones related to intestinal meta-
bolism. The metabolomic data of the three groups showed different
characteristics, and a group of metabolites consisting of glutamic acid,
lysine, pyruvate, and valine predicted a high GWG.

As the fetal gut is primarily colonized by microbiota from the
mother’s vaginal and fecal microbiota during delivery, the transfer of
maternal gut microbiota may play a key role in offspring metabolism. In
2021, Wang et al. [82] explored obesity-induced alterations in the
maternal gut microbiome using 16 S rRNA sequencing. Compared to the
control group, HFD-fed dams showed a greater abundance of the genera
Romboutsia and Akkermansia, whereas the control group showed a
greater abundance of Lachospiraceae. The predicted functions of
different gut microbiomes indicated a relationship with amino acid,
glucose, and lipid metabolism. In 2021, Ruebel et al. [139] conducted a
microbiome analysis using 16 S rRNA amplicon sequencing of samples
collected from fetuses of pregnant women in the overweight/obese
group (n = 80) in the first (T1), second (T2), and third (T3) trimester.
The results suggested that maternal weight status and dietary fat, fatty
acid, and protein types have a significant impact on the abundance of
bacteria associated with intestinal inflammation and metabolic func-
tion. Consequently, dietary interventions during pregnancy can exert
beneficial effects by regulating maternal gut microbiota and can thereby
affect the health of offspring.

5.2. Gestational tissue

Autophagosome formation and activation of autophagosome-
lysosomal fusion in male placentas in overweight and obese women
were compared to those in normal-weight women [140]. The induction
of autophagy has been shown to be associated with increased ceramide
levels. Targeted metabolomic measurements showed that as maternal
obesity increased, levels of C16 and C18 dihydroceramide in the male
placenta increased. However, of the ceramides, only C20 was slightly
elevated, suggesting that dihydroceramides themselves may be involved
in autophagy and placental physiological activation, rather than merely
being inactive precursors of ceramides.

Metabolomics revealed that placental levels of acylcarnitine C16:0,
C18:2, and C20:4 were lower in obese women, indicating reduced
p-oxidation [141]. The levels of glutamine, glutamate, a-ketoglutaric
acid (oKG), and 2-hydroxyglutaric acid (2-Hg) were increased in the
placenta of obese mothers, while the ratio of glutamine to glutamate was
decreased (P < 0.05), suggesting that the induction of conversion of
glutamate to oKG could maintain normal metabolic flux. Furthermore,
placental tissues from 20 normal-weight and 18 obese women were
collected during elective C-sections and analyzed by GC-MS metab-
olomics [142]. Metabolites involved in antioxidant defense, nucleotide
production, lipid synthesis, and energy production differed in the obese
group, suggesting higher placental metabolism. The placenta of the
obese group also showed a fatty acid profile with decreased levels of
LC-PUFA derivatives. The metabolic characteristics of the placentas of
obese individuals may reflect changes in the intrauterine metabolic
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environment, which may influence the development of adult diseases. In
2020, a lipidomic study indicated that two polyunsaturated lipids
comprising two fatty acid residues (PC(36:4) and PE(38:6)) are less
abundant in the placentas of lean individuals [143]. Lyso-PC(20:4), a
possible degradation product of PC(36:4) and a marker of a variety of
metabolic changes, is also abundant in the placentas of obese in-
dividuals. The higher abundance of fluidizing PC(36:4) suggests that
membranes in the placentas of obese individuals may be more fluid than
those in the placentas of lean individuals. Full-term placental DHA
synthesis is increased by the programming effects of higher maternal
BMI and higher blood glucose, which may in turn lead to increased birth
weight [144].

In 2018, using 16 S rRNA gene amplicon sequencing, Sureshchandra
et al. [95] revealed changes in microbial abundance and diversity in the
placentas of obese mothers. A small increase in the relative abundance of
Proteobacteria was accompanied by a decrease in the abundances of
Firmicutes and Bacteroidetes. However, only the relative abundance of
Bacteroidetes was significantly higher in the placentas of the obese
mothers. It has previously been reported that microbial counts of obese
mothers increased from the first to third trimester [145]. In addition, the
number of Bacteroides in the offspring of obese mothers was higher than
that in the offspring of lean mothers, suggesting a vertical transfer of
these bacterial communities [146].

5.3. Offspring

To date, animal studies exploring the effects of maternal obesity on
offspring metabolism have involved primate models. Compared to other
mammals with different phylogenetic times, primate models have ad-
vantages in simulating the developmental origin of human diseases. Cox
[134] classified female macaques as high-fat diet-sensitive (HFD-S)
or-resistant (HFD-R), according to their sensitivity to high-fat feeding.
Compared to the control group, six metabolites (cholesterol, a-tocoph-
erol, hypoxanthine, inositol, un(698_103), and un(2298_144)) in the
serum of HFD-S progeny showed significant changes. Significant
changes in the levels of only a-tocopherol were observed in the serum of
the HFD-R progeny. A comparison of HFD-S and HFD-R revealed that the
levels of three fetal metabolites were significantly increased: hypoxan-
thine, inositol, and un(2298_144). Moreover, in 2011, Grant [135] fed
female macaques three diets: HFD before and during pregnancy, CD, and
diet reversal (conversion of high-fat diet to control diet during preg-
nancy). Lipid analysis by GC-MS showed that the fetal plasma in HFD fed
macaques contained elevated levels of inflammatory cytokines as well as
elevated levels of triglycerides and glycerols, which were highly corre-
lated with maternal levels. Plasma levels of DHA and total N-3 fatty
acids were also significantly reduced in HFD fetal circulation. Maternal
dietary intervention can restore maternal and fetal plasma N-3 fatty
acids to CD levels.

A study of 16 S metagenomics characterizing the intestinal micro-
biome of offspring revealed that after exposure to HFD during preg-
nancy, lactation, or after weaning, offspring exhibited significantly
reduced Epsilonproteobacteria Campylobacter, and constant changes of
Epsilonproteobacteria Campylobacter may promote anxious behaviors in
offspring [147]. This indicates that diet during pregnancy can continu-
ously alter the microbiota of the offspring and affect metabolic pro-
cesses. In 2018, Pace et al. [148] collected serum from HFD macaques
before and after probiotic supplementation. Lipid analysis showed that
the triglyceride, cholesterol, and low-density lipoprotein levels were
significantly reduced after supplementation (p < 0.05). 16 S meta-
genomic analysis showed that probiotic supplements caused little
change to the gut microbiome, including a transient increase in the
abundance of Lactobacillus species and a decrease in the abundance of a
few bacterial genera, including in feces and in that of anaerobic Vibrio.
In 2017, Wankhade et al. [51] examined changes in the microbial
ecology of offspring from control and HFD-fed dams using 16 S rRNA
amplicon sequencing. The results showed that maternal HFD
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significantly lowered the o-diversity of gut microbiota and led to
reduced operational taxonomic unit numbers. In addition, the abun-
dances of the Tenericutes and Verrucomicrobia phyla increased.

The monitoring of metabolic parameters in primates is limited in
studies, and human studies exploring the effects of maternal obesity on
fetal metabolism have been reported. Eighteen newborns who had been
delivered vaginally and 56 who had been delivered by elective cesarean
section were grouped according to their mothers’ pre-pregnancy BMI
[146]. 16 SrRNA sequencing was used to detect the association between
neonatal gut microbes and the delivery mode and maternal obesity.
Compared to neonates delivered vaginally from normal-weight mothers,
neonates born from overweight or obese mothers had a distinct gut
microbiota community structure, enriched in Bacteroides and depleted in
Enterococcus, Acinetobacter, Pseudomonas, and Hydrogenophilus. These
microbial signatures are predicted to result in functional differences in
metabolic signaling and energy regulation. In contrast, among elective
cesarean deliveries, maternal BMI was not associated with the neonatal
gut microbiota community structure. These findings indicate that excess
maternal pre-pregnancy weight is associated with differences in the
neonatal acquisition of microbiota during vaginal delivery but not ce-
sarean delivery. In 2020, Schlueter et al. [149] suggested that maternal
obesity is the most important factor leading to differences in cord blood
metabolomics. The elastic network regularization model identified 29
metabolites as potential early biomarkers of the intrauterine effects of
maternal obesity, among which galactoacic acid, L-arabitol, indoxyl
sulfate, 2-hydroxy-3-methylbutyric acid, and citric acid have not been
previously reported to be associated with obesity or maternal obesity. In
contrast, Shearer et al. [138] reached an opposite conclusion. The
metabolomic data of 37 singleton full-term fetuses showed that there
was no significant correlation between cord blood metabolites and the
corresponding maternal serum metabolites, suggesting that the umbili-
cal cord vein serum components may be determined by placental
metabolism rather than the metabolic state of mothers. Variable analysis
showed that there was no significant correlation between the cord blood
metabolome and pre-pregnancy BMI or GWG; the overall cord blood
metabolome was not affected by maternal obesity. Therefore, further
research is needed to clarify the effect of maternal obesity on the
metabolism of cord blood.

5.4. Brief summary of metabonomics studies

To date, changes in lipid levels caused by maternal obesity have been
observed in follicular fluid and oocytes. Increased levels of linoleic acid,
stearic acid, and triglycerides indicate increased ER stress. The levels of
several lipids related to membrane integrity or fluidity in oocytes and
preimplantation embryos are affected by obesity. In addition to the in-
crease in cholesterol, the contents of DHA, EPA, and total n-3 fatty acids
in the mother’s peripheral blood were significantly reduced, which may
have an abyssal effect on the development of the CNS and retinal
function of the fetus. Regardless of whether the macaques were sensitive
to HFD, the content of a-tocopherol in the serum of their offspring
showed significant changes. As an antioxidant, a-tocopherol is closely
related to the maintenance and promotion of reproductive functions and
lipid metabolism. Elevated levels of inflammatory cytokines and tri-
glycerides in the peripheral blood of the offspring are highly correlated
with maternal levels. Plasma levels of DHA and total N-3 fatty acids were
significantly reduced, while maternal dietary interventions corrected
the peripheral blood levels of total N-3 fatty acids, demonstrating the
influence of maternal nutritional levels. Supplementation with pro-
biotics can effectively reduce triglyceride, cholesterol, and low-density
lipoprotein contents in the peripheral blood of the offspring but has a
smaller effect on the intestinal microbiome of the offspring. New
metabolic markers for the intrauterine effects of maternal obesity have
also been identified in human umbilical cord blood. However, current
research results are contradictory and lacking, and further studies are
needed to clarify the relationship between maternal obesity and the
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umbilical cord blood metabolome and to explore the mode of action of
differential metabolites.

6. Conclusions

Epigenomics, transcriptomics, proteomics, and metabolomics can
integrate DNA, RNA, protein, or metabolite information at the molecular
level. Obesity is a global health problem affecting the reproductive
health of women of childbearing age. Obesity is the result of interactions
between genetic and environmental factors. Several studies have been
carried out in obese individuals, and obesity susceptibility genes have
been identified. Pregnancy is undoubtedly a process of mother-to-child
transmission of obesity-related genes. Obesity-related epigenetic
changes were found in the oocytes of obese mothers, and similar evi-
dence of gene methylation was also observed in placental tissues in the
third trimester, suggesting that both the gamete and fetal development
environment, which are determinants of embryo quality, are affected by
maternal obesity, and the observed changes may persist. Transcriptomic
studies have shown that obese mothers possess a proinflammatory and
lipotoxic environment. Although high inflammatory responses have
been observed in non-gestational obesity, gestational obesity exacer-
bates this effect, which increases the risk of metabolic diseases, immune
disorders, cognitive impairment, and cardiovascular disease in the
offspring.

Proteomic research has revealed the impact of maternal obesity on
fetal development from two aspects: prenatal nutrition and postnatal
nutrition. The placenta is an important organ for the mother to provide
nutrients and oxygen to the fetus before childbirth. Decreased expres-
sion of adhesion proteins is related to the destruction of the placental
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basement membrane structure and impaired barrier function in obese
mothers.

DNA methylation changes in CGIs of development-related genes
were identified in the fat and liver tissues of the offspring of obese
mothers. Differential methylation of genes has been associated with the
development of cancer, cardiovascular diseases, and inflammation-
mediated diseases. Significant changes at the transcriptome level were
observed in both the blastocyst and postnatal progeny, suggesting that
maternal obesity also has long-lasting effects on the offspring. Differ-
entially expressed genes involved in carbohydrate metabolism and lipid
synthesis could explain why the children of obese mothers have a higher
chance of developing diabetes and obesity. In addition, the dysregula-
tion of genes related to myelin synthesis, synaptic proteins, and neuro-
transmitters may adversely affect the development of the nervous
system of the offspring. The CNS, digestive system, and urinary system
of the offspring are all affected by maternal obesity. Bioinformatic
analysis of differential proteins suggested enhanced oxidative stress and
ER stress in the CNS. Antigen recognition, phagocytosis, and adaptive
immune responses are activated in the digestive system. Membrane
remodeling and increased mitochondrial damage may lead to impaired
renal function. The metabolic profile of the peripheral blood of offspring
was highly correlated with the maternal metabolic profile, while the
intestinal microbiome was less affected by the maternal metabolic
profile.

Integrated analysis of different omics is the development trend of
omics research in the future. Changes in a variety of pathways caused by
maternal obesity have been found in the maternal body, gestational
tissue, and offspring. Fig. 1 illustrates the main pathways affected by
maternal obesity. Due to the hypermethylation status of obese women,

VEGF signaling (]"ocn] z\dhcsinn) (Wnt signaling) ET-1 signaling

p38 MAPK signaling

Casp)

==
FOXOl1

|

e DNA

}

GLUTY FBP

‘ Nucleus

HSP27 \

[ Glucose homeostasis and lipid homeostasis ] [

[ Obesity and insulin resistance in offspring ]

Cell survival ] [ Cell migration ] [ Cell proliferation ] [ Cell cycle ]
—— - e
T— N — Interaction
[ Placental dysfunction and fetal dysplasia ] gacivation —1 inhibition
~indirect interaction —— direct interaction

Fig. 1. Summary of main pathways affected by maternal obesity.
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placenta-derived DNA in maternal circulation is reduced, and placenta-
derived RNA levels are also lower than those in normal weight women.
In the oocytes of obese mothers, LEP methylation increased and Ppar-o
methylation decreased, and the differentially expressed mRNA was
associated with lipid metabolism, accompanied by upregulation of pro-
inflammatory and oxidative stress-related genes. The decreased
expression of TIGAR in the protein profile also suggested the enhance-
ment of oxidative stress. In addition, the obese group had increased
levels of linoleic acid, stearic acid, and insulin in follicular fluid and
enhanced ER stress in granulosa cells, resulting in decreased proges-
terone production, thus affecting oocyte maturation. In the placenta of
obese mothers, increased ADIPOR methylation results in decreased
ADIPOR signal transduction and abnormal expression of differentially
expressed RNA and lipid metabolite-related proteins, suggesting a lipid-
toxic environment in the placenta. Previous studies have reported
abnormal methylation of placental development-related genes, down-
regulation of cytoskeletal pathways in the amniotic membrane, and
downregulation of cytoskeletal remodeling-related proteins and cyclins
(e.g., BRCA1) in the placenta using epigenetic, transcriptomic, and
proteomic methods, respectively. These findings suggested that
maternal obesity significantly affects placental development. Epigenetic
studies of offspring livers revealed that lipid metabolism and liver
fibrosis pathways were affected, development-related genes were
differentially methylated, and miRNAs that regulate developmental
timing and fat oxidation were downregulated. Transcriptomic results
have also implicated the upregulation of liver fibrosis genes and
enhanced inflammation and oxidative stress. Methylation levels of
inflammation-related genes and inflammatory cytokines in the periph-
eral blood of offspring were also found to be significantly affected by
maternal obesity.

Changes in LEP and PPARa methylation have been observed in
epigenetic studies of obese mothers and their offspring. Combined with
the differential expression of insulin receptor signal transduction-related
genes in several offspring transcriptome studies, it can be concluded that
maternal obesity can change the insulin sensitivity of the offspring.
Differential expression of genes related to lipid and carbohydrate
metabolism was observed at both the RNA and protein levels. In addi-
tion, proteomic analysis of the placenta of obese pregnant women has
clarified the imbalance of proteins related to oxidative stress and in-
flammatory responses. Similar results were observed in the tran-
scriptome data of the heart and liver of blastocyst fetuses and postnatal
offspring. Disorders of myelin synthesis, synaptic proteins,
neurotransmitter-related genes, and ER stress-related proteins may lead
to nervous system dysplasia in offspring. The activation of antigen
recognition, phagocytosis, and adaptive immune responses, as observed
in proteomic studies, suggested an intestinal imbalance caused by
maternal obesity, and observations of the intestinal microbiome of obese
mothers and offspring verified the changes in intestinal flora. Maternal
obesity causes changes in the transcriptional spectrum of skeletal mus-
cles in offspring. Changes in the digestive and urinary systems were only
backed by proteomics data. These single omics changes require further
investigation.

In conclusion, the application of omics technology has helped us
better explore the impact of maternal obesity during pregnancy on the
maternal and fetal development environment as well as the offspring.
However, further studies are still required to clarify certain aspects, such
as the effect of maternal obesity on gene methylation in the peripheral
blood of the offspring, and the effect of maternal obesity on the umbil-
ical cord blood metabolome of the offspring, for which the conclusions
reported are controversial. Experimental animals can be used as vehicles
for further research to explore the link between maternal nutrition levels
and multiomics changes in multiple organs of the mother and fetus.
Given the obvious differences between regions, races, and individuals,
human studies need to use larger cohorts and investigate multiple var-
iables to eliminate as many confounders as possible to reach consistent
and reliable conclusions. The maternal obesity-related gene loci and
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molecular markers discovered so far not only reveal the potential impact
mechanism of maternal obesity but also provide a theoretical basis and
potential intervention targets for clinically reducing the long-term
complications of pregnancy and offspring.
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