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ABSTRACT

Compelling epidemiological and animal experimental data
demonstrate that cardiometabolic and neuropsychiatric diseases
originate in a suboptimal intrauterine environment. Here, we review
evidence suggesting that altered placental function may, at least in
part, mediate the link between the maternal environment and
changes in fetal growth and development. Emerging evidence
indicates that the placenta controls the development and function of
several fetal tissues through nutrient sensing, modulation of
trophoblast nutrient transporters and by altering the number and
cargo of released extracellular vesicles. In this Review, we discuss
the development and functions of the maternal-placental-fetal
interface (in humans and mice) and how cross-talk between these
compartments may be a mechanism for in utero programming,
focusing on mechanistic target of rapamycin (mTOR), adiponectin
and O-GlcNac transferase (OGT) signaling. We also discuss how
maternal diet and stress influences fetal development and
metabolism and how fetal growth restriction can result in
susceptibility to developing chronic disease later in life. Finally, we
speculate how interventions targeting placental function may offer
unprecedented opportunities to prevent cardiometabolic disease in
future generations.

KEY WORDS: Maternal-fetal exchange, Fetal development,
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Introduction

A person’s susceptibility to developing diseases such as diabetes
and hypertension was previously thought to be determined by
the interaction between genes and environment in adult life.
However, this model has since been revised because compelling
epidemiological evidence and animal experimental data
demonstrate a strong link between the intrauterine environment
and the risk for developing diseases later in life, including
cardiometabolic and neuropsychiatric disorders (Gluckman et al.,
2008; Khambadkone et al., 2020; Fernandez-Twinn et al., 2019).
For example, ~50% of Type 2 diabetes in young individuals can be
attributed to intrauterine exposure to gestational diabetes or
maternal obesity (Dabelea et al., 2008). Development of such
disorders is strongly linked with fetal growth restriction (FGR),
often a result of placental insufficiency and impaired nutrient and
oxygen delivery to the fetus, as well as fetal overgrowth, which is
associated with increased nutrient delivery to the fetus (Gluckman
et al., 2008; Khambadkone et al., 2020; Fernandez-Twinn et al.,
2019). This concept is known as the developmental origins of health
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and disease (DOHaD) and has profound public health
consequences. This concept of intrauterine exposure determining
life-long health is likely to transform the way we practice medicine
in the future. Moreover, this paradigm offers unprecedented
opportunities to reduce the risk of major diseases across the life
course by early preventive interventions.

The placenta constitutes the primary interface between mother
and fetus, performing a multitude of functions essential for fetal
growth and development. In humans, changes in placental structure
have been associated with the development of chronic disease later
in life (Burton et al., 2016), including an inverse correlation between
placental surface area at delivery and hypertension and heart failure
in adulthood (Barker et al., 2010a,b). Moreover, placental thickness
has been reported to be inversely associated with sudden cardiac
death later in life (Barker et al., 2012). It is widely believed that these
alterations in structure reflect functional changes in the placenta,
which mediate the link between perturbations in the maternal
compartment and programming of adult disease (Burton et al.,
2016; Jansson and Powell, 2013; Myatt, 2006; Jansson et al., 2009,
Staud and Karahoda, 2018). In support of a link between placental
function and cardiometabolic outcomes in children, we reported that
the activity of placental AMP-activated protein kinase (AMPK), a
cellular energy sensor, is negatively associated with adiposity in
children and the activity of placental mechanistic target of
rapamycin (mTOR) signaling, a cellular nutrient sensor, was
positively correlated to systolic blood pressure at 4-6 years of age
(Fig. 1) (Keleher et al., 2020). Moreover, placental insulin signaling
is positively associated with triglyceride levels and adiposity at 4-
6 years of age, and markers of placental inflammation predict
adiposity in children (Keleher et al., 2021). These observations
strongly suggest that placental signaling can provide crucial
information on which infants have a high risk to develop
cardiometabolic diseases later in life. It may also be possible in
the future to develop treatments that improve placental function to
prevent such disorders in the next generation.

In this Review, we focus on recent work that has not been
comprehensively covered by previous excellent reviews (such as
Burton et al., 2016), with a particular focus on data linking placental
function to the intrauterine environment, long-term outcomes in
children and emerging mechanistic evidence in animal models.

Placental development and primary functions

Placental development requires the coordinated interactions
between trophoblast cell lineages of the placenta and maternal
endometrium in order to carry out its primary function of supporting
fetal development. The mouse is a widely accepted animal model
for placental studies and, although there are developmental and
structural differences between the human and mouse placenta
(Fig. 2), mRNA and protein expression profiles are relatively
conserved across the two species, making this a useful model to
study the many aspects of human placental development and
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function (Hemberger et al., 2020; Cox et al., 2009). In mice, the
placenta has three layers of trophoblast cells separating the maternal
sinusoids from the fetal capillary (haemotrichorial), including a
mononuclear layer of trophoblast giant cells and a bilayer of
syncytiotrophoblast cells. Meanwhile, humans have a monolayer of
syncytiotrophoblast cells separating maternal and fetal blood
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Fig. 2. Comparison of mouse and human placental structures. (A,B) Both

Fig. 1. Key placental metabolic signaling pathways and their
associations with cardiometabolic outcomes in children.
Placental AMP-activated protein kinase (AMPK) signaling (a cellular
energy sensor) is negatively associated with adiposity in children,
whereas the activity of placental mechanistic target of rapamycin
(mTOR) signaling (a cellular nutrient sensor) is positively correlated
to systolic blood pressure at 4-6 years of age. Moreover, placental
IGF1/insulin signaling is positively associated with triglyceride (TG)
levels and adiposity at 4-6 years of age, and placental inflammation
predicts adiposity in children.
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(haemomonochorial) (Hemberger et al., 2020; Georgiades et al.,
2002) (Fig. 2). The placenta is primarily composed of fetal-derived
trophoblast cells, which are the first cells to undergo differentiation
to form the trophectoderm at the blastocyst stage. The
trophectoderm is the outer-most layer of the blastocyst and
ultimately forms all placental layers, except the maternal decidua
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mouse and human placentas are hemochorial (trophoblast bathed in maternal

blood) and discoid in shape. (A) The murine placental structure includes the labyrinth and junctional zones. The box depicts the maternal-fetal interface of
the labyrinth, demonstrating the haemotrichorial or three trophoblast layers (a mononuclear trophoblast cell layer and syncytiotrophoblast layers | and I1). (B)
The human placenta has analogous layers: a decidual layer with spiral arteries and the placental villi. The box details a section of a chorionic villus illustrating
the haemomonochorial or monolayer of syncytiotrophoblast cells separating maternal and fetal blood. The apical brush border of the human
syncytiotrophoblast in contact with maternal blood is referred to as microvillous membrane (MVM) and the opposing plasma membrane juxtaposed to the
fetal capillary is referred to as basal membrane (BM). The corresponding apical membrane in the mouse placenta is referred to as the trophoblast plasma

membrane (TPM) and is localized to syncytial layer II.
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(Rossant and Cross, 2001). During early pregnancy, extravillous
trophoblast cells invade the decidua and the spiral arteries to initiate
vascular remodeling, which is believed to be a prerequisite for
establishment of uteroplacental blood flow at the end of the first
trimester in humans and in mid-gestation in mice, allowing blood
flow to progressively increase across gestation (Adamson et al.,
2002). In humans, placental villi are in direct contact with maternal
blood in the intervillous space and are made up of a
syncytiotrophoblast layer and villous cytotrophoblast cells, which
are anchored by the extravillous cytotrophoblast to the maternal
decidua (Carter, 2007). In the mouse, there are two major zones of
the placenta, the labyrinth and junctional zones. The labyrinth
contains cytotrophoblast cells surrounded by a multinucleated
syncytiotrophoblast layer that is responsible for compartmentalizing
maternal and fetal blood and transporting oxygen and nutrients from
the maternal to the fetal circulation. The junctional zone, an
endocrine region, separates the labyrinth from the maternal decidua
along a line of trophoblast giant cells and spongiotrophoblast cells
(Hemberger et al., 2020) (Fig. 2).

Transfer of nutrients, respiratory gases and waste products across
the placental barrier is achieved by passive and facilitated diffusion,
active transport and endo- and exocytosis. Macromolecules are
transported via specialized transporting proteins, channels and
exchangers in the syncytiotrophoblast plasma membranes (Lager
and Powell, 2012). Transport of nutrients by the placenta is
modulated by maternal nutrient availability, as well as in response to
fetal demands (Watson and Cross, 2005). Therefore, the placenta
adapts its capacity for delivering nutrients in response to both fetal
and maternal signals, ultimately impacting fetal growth trajectory.
One signal is fetal sex; there is growing evidence demonstrating that
the placenta is mediated by sex-specific fetal adaptations in response
to an adverse in utero environment. As such, female fetuses adapt
more readily by altering placental growth and reducing fetal growth,
whereas male fetuses undergo fewer placental changes and maintain
normal fetal growth (Clifton, 2010; Brown et al., 1987; Larson et al.,
2001; Cvitic et al., 2013). The placenta is not only a conduit for
nutrient and gas exchange but also actively secretes a variety of
important factors, such as hormones, proteins, lipids and
extracellular vesicles (EVs) (Jin and Menon, 2018). EVs and, in
particular, small EVs (sEVs, or exosomes) are now gaining traction
as a key communication mechanism to facilitate fetal-maternal
cross-talk. Release of these placental signals are crucial for the
adaptation of both the maternal physiology to pregnancy and fetal
development and growth (Fig. 3).

Placental function and fetal growth

Intrauterine growth restriction (IUGR) occurs when fetuses are
unable to reach their genetically determined growth potential due to
limitations in the mother and the placenta to deliver nutrients and
oxygen to support normal growth. As a result, these infants are born
with a low birth weight for gestational age (typically defined as
below the 10th or 5th percentile), often with additional signs of
compromise such as abnormal uteroplacental and umbilical blood
flows and oligohydramnios (low amniotic fluid volume) (Gordijn
et al., 2016). On the opposite end of the birth weight spectrum is
fetal overgrowth, resulting in the delivery of a large-for-gestational
age (LGA) baby with birth weight above the 90th percentile for
gestational age or macrosomia, defined as a birth weight greater than
4 kg. Abnormal fetal growth patterns are associated with increased
perinatal morbidity and mortality along with increased risk of
developing obesity, diabetes, cardiovascular and neuropsychiatric
disorders in childhood and adult life (Gluckman et al., 2008;

Khambadkone et al., 2020). Changes in placental function
contribute to both reduced and accelerated fetal growth, as well as
changes in body composition at birth. Therefore, the placenta plays
a crucial role in the developmental programming of risk for disease
in later life (Jansson and Powell, 2007; Burton et al., 2016).

Placental blood flow

Placental gas exchange (transfer of oxygen to the fetus and removal
of carbon dioxide from the fetal compartment) is vital for optimal
fetal growth and is dependent on adequate blood flow on both sides
of the placental barrier. Maternal blood flow to the placenta
increases when uterine immune cells and extravillous trophoblast
cells transform the spiral arteries in the decidua and radial arteries in
the myometrium, converting tightly coiled spiral arteries to large
unresponsive conduits that open into the placental intervillous space
(Fig. 2) (Ives et al., 2020; Chau et al., 2017). Failure to remodel
maternal spiral arteries results in ischemia, oxidative stress, low
nitric oxide production and release of anti-angiogenic soluble
factors, such as soluble fms-like tyrosine kinase 1 (sFLT1) and
endoglin (ENG) (Levine et al., 2006). Pro-angiogenic factors like
placental growth factor (plGF; also known as PGF) and vascular
endothelial growth factor A (VEGFA) are antagonized by these
factors (Shibata et al., 2005), leading to endothelial dysfunction,
inhibition of angiogenesis and increased vasoconstriction.

The increase in uteroplacental blood flow across gestation is
paralleled by increased feto-placental (umbilical) blood flow,
regulated by growth factors, oxygen, vascular tone and
angiogenesis (Burton et al., 2009). IUGR pregnancies are often
associated with signs of poor placental angiogenesis; however, the
mechanisms regulating this process are complex and not well
understood. Impaired fetal vascular development has been linked to
reduced prostaglandin E2 reactivity (Luria et al., 2012) and higher
endothelin 1 levels (Li et al., 2018); the net result of these alterations
is an imbalance in branching and non-branching angiogenesis and
longer unbranched capillary loops in the villous vascular tree
(reviewed by Li et al., 2018), promoting vasoconstriction and
reducing fetal blood flow.

Placental nutrient transfer and fetal growth

Glucose, the primary substrate for fetal energy metabolism, is
transferred across the placental barrier by facilitated diffusion, and
as a result glucose concentrations in the umbilical vein are lower
than maternal blood glucose and are subject to fluctuations
according to maternal glycemic status (Sibiak et al., 2022). An
array of facilitative glucose transporters [GLUTs, or solute carrier 2
(SLC2) family] are expressed in the human placenta, including
isoforms that are insensitive to insulin (GLUT1, 3 and 9) and those
that are regulated by insulin (GLUT4 and 12) (Stanirowski et al.,
2018). The apical brush border or microvillous plasma membrane
(MVM) of the human syncytiotrophoblast has a very high
abundance of GLUTI transporters, allowing for high-capacity
uptake of glucose from maternal blood (Fig. 3) (Jansson et al., 1993;
Sibiak et al.,, 2022). GLUTs in the fetal facing basal plasma
membrane (BM) allow glucose to diffuse down its concentration
gradient to the fetal capillary. The BM is believed to be the rate-
limiting step for glucose transfer due to the lower expression of
GLUT proteins and smaller surface area compared with the
opposing MVM (Jansson et al., 2002b). Human IUGR does not
appear to be associated with significant changes in MVM or BM
GLUTI expression or activity (Jansson et al., 2002b; Johansson
et al., 2002; Chassen and Jansson, 2020). However, pregnancies
complicated with fetal overgrowth, e.g. due to diabetes and/or
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Fig. 3. Human placental morphology and transport across the maternal-fetal interface. Transport across the syncytiotrophoblast occurs via passive and
facilitated diffusion, active transport and endo- and exocytosis. Macromolecules and waste products are transported across the syncytiotrophoblast via
specialized transporting proteins, channels and exchangers located in the plasma membranes. Extracellular vesicles (EVs) and hormones released by the
syncytiotrophoblast cells are released to the maternal and fetal circulations, thereby participating in maternal-fetal cross-talk. BM, basal plasma membrane;
E, estrogen; P4, progesterone; hCG, human chorionic gonadotropin; MVM, microvillous membrane; pIGF, placental growth factor; sFLT1, soluble fms-like

tyrosine kinase.

maternal obesity, show increased expression and activity of BM
GLUTI1 (Acosta et al., 2015). Moreover, the expression of GLUT
isoforms 1, 4 and 9 have been positively correlated with fetal growth
in pregnancies complicated by gestational diabetes mellitus (GDM)
(Stanirowski et al., 2019). Glucose entering the fetal circulation
stimulates the fetal pancreas to release insulin, which promotes fetal
growth (Boehmeretal., 2017). In pregnancies complicated by GDM
and/or maternal hyperglycemia, increased placental flux of glucose
to the fetus likely contributes to accelerated fetal growth (Catalano
et al., 2012; Stanirowski et al., 2022).

Amino acids are taken up by the syncytiotrophoblast through
secondary active transport, which is dependent on the sodium
gradient generated by Na'K'ATPase or through exchange
transporters (Pizzagalli et al., 2021). This results in amino acid
concentrations that are higher in the fetal circulation compared with
the mother. System A (SLC38 family) is an amino acid transporter
in the MVM responsible for uptake of non-essential amino acids
against their concentration gradient, energized by the inwardly
directed Na" gradient (Mahendran et al., 1993). Meanwhile, system
L (SLC7 family) exchanges the high levels of non-essential amino
acids in the syncytiotrophoblast for essential amino acids, such as
leucine, in the maternal circulation (Gaccioli et al., 2015).
Therefore, high concentrations of essential amino acids are
generated in the syncytiotrophoblast, allowing them to diffuse
passively across the BM to enter the fetal blood, mediated by efflux
transporters and exchangers (Cleal et al., 2011). IUGR in human
pregnancy has consistently been associated with reduced placental
amino acid transport activity and protein expression (reviewed by
Chassen and Jansson, 2020), whereas increased placental amino
acid transporter activity and/or protein expression has been reported
in pregnancies with LGA babies in most (Jansson et al., 2002a,
2013; Shang and Wen, 2018), but not all (Kuruvilla et al., 1994)
studies.

Normal fetal development is also dependent on the transfer of
lipids across the placental barrier (Lauritzen et al.,, 2016).
Microvillous lipoprotein receptors allow complex maternal lipids

to bind to the syncytiotrophoblast, where MVM-localized lipases
then release non-esterified fatty acids that can be taken up into the
placenta by fatty acid transporters (Duttaroy and Basak, 2021).
Lipase activity has been demonstrated to be lower in pregnancies
complicated by [IUGR and higher in diabetic pregnancies delivering
LGA babies (Magnusson et al., 2004). Fatty acid transporting
proteins (FATPs, or SLC27) and CD36 fatty acid translocase are
localized to both plasma membranes of the syncytiotrophoblast
(Lager et al., 2016). MVM protein expression of several FATPs was
reported to be increased in [TUGR pregnancies (Chassen et al.,
2018), suggesting a compensatory mechanism for delivering lipids
to the IUGR fetus. Deficiencies of omega 3 long chain
polyunsaturated fatty acids, such as docosahexaenoic acid (22:6,
n-3), during development are associated with learning, memory,
motor and visual impairments, and their transport from the maternal
circulation to the fetus is essential, as the fetus and placenta have a
limited ability to synthesize these lipids (Lauritzen et al., 2016).
However, although studies of the uptake of fatty acids from the
maternal circulation have been reported, the specific mechanisms
for release of crucial fatty acids from the placenta to support fetal
growth and development remain understudied.

Mechanistic studies in animal models

Associative studies in humans suggest that placental nutrient
transport capacity and blood flow are related to fetal growth
trajectories, but causality is difficult to establish in human
pregnancy (Huang et al, 2018; Dumolt et al., 2021; Garcia-
Santillan et al., 2022). Using rodent animal models of pregnancy,
mechanistic studies have provided insights into how the placenta
may mediate changes in fetal growth. Early studies demonstrated
that reduction in blood flow to the uterus in rats resulted in FGR
(Wigglesworth, 1964). Maternal undernutrition, such as calorie or
protein restriction, also resulted in FGR (Young and Widdowson,
1975). Conversely, exposing pregnant animals to high fat (40%) and
high sugar diets results in fetal overgrowth (Aye et al., 2015),
although extreme high fat diet (60%) or excessive weight gain in
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rodents has also been reported to cause FGR (Taylor et al., 2003). In
line with human IUGR, utero-placental blood flow and placental
nutrient transfer capacity are decreased in many animal models of
restricted fetal growth (Gaccioli et al., 2013). By employing
emerging technologies for placental-specific gene manipulation in
mice, it was recently reported that reductions in the expression of the
system A amino acid transporter isoform Snat2 (SLC38A2) caused
IUGR (Vaughan et al., 2021) and overexpression of the system L
amino acid transporter isoform Latl (SLC7AS) resulted in fetal
overgrowth (F. Rosario, K. Barentsen, T.L.P., J. Urschitz and T.J.,
unpublished). Although these experimental and animal studies
indicate that alterations in blood flow and placental nutrient transfer
are sufficient to cause changes in fetal growth, they do not provide
adequate information on the regulatory events that lead to these
phenotypes. A number of global regulatory systems have been
identified in the human placenta to date and many of these have been
confirmed in animal models and are discussed below.

Placental mTOR signaling and fetal growth

mTOR is a serine/threonine kinase regulating cellular metabolism,
growth and proliferation in response to a range of cues, including
nutrients and growth factor signaling. Placental mTOR is inhibited
in IUGR in both humans (Yung et al., 2008; Chen et al., 2015b;
Dimasuay et al., 2017) and animal models (Rosario et al., 2011;
Kavitha et al., 2014). Conversely, placental mTOR signaling
activity is increased in pregnancies complicated by fetal overgrowth
(Jansson et al., 2013; Aye et al., 2015). Mechanistically, trophoblast
mTOR is activated by insulin/IGF1, glucose and amino acids (Roos
etal., 2009), fatty acids (Lager et al., 2013) and folate (Rosario et al.,
2017). Meanwhile, it is inhibited by cortisol (Vaughan et al., 2015),
adiponectin (Rosario et al., 2012; Aye et al., 2015), infection
(Dimasuay et al., 2017) and reduced uteroplacental blood flow
(Chen et al., 2015b). mTOR signaling is a positive regulator of
trophoblast amino acid (Rosario et al., 2013, 2016a) and folate
(Rosario et al, 2016b) transport, protein synthesis and
mitochondrial respiration (Rosario et al., 2019), while inhibiting
autophagy (Hung et al., 2017).

This body of literature suggests that trophoblast mTOR signaling
functions as an important hub linking maternal nutrition and
metabolism and utero-placental blood flow to placental function,
fetal growth and developmental programming (Fig. 4A). This model
is supported by recent mechanistic studies in mice demonstrating
that placental-specific knockdown of mTOR causes intrauterine
growth restriction and programs the offspring for obesity and
diabetes (Akhaphong et al., 2021). Emerging evidence also
suggests that mTOR signaling in primary human trophoblast cells
regulates the synthesis and/or release of secreted factors that have
profound effects on the phosphorylation of insulin-like growth
factor binding protein 1 (IGFBP1) in fetal liver cells (Rosario et al.,
2023). Because phosphorylation of IGFBP1 regulates its binding
affinity for IGF1, the primary fetal growth factor, these data are
consistent with the possibility that placental mTOR indirectly
regulates fetal growth by also modulating the bioactivity of fetal
IGFI.

From the perspective of fetal homeostatic regulation, the above
model of placental mTOR signaling and its link to fetal growth and
programming may appear to be counterintuitive. For example, in
response to decreased uteroplacental blood flow, a common cause of
FGR, the model predicts that placental mTOR signaling activity is
decreased, inhibiting an array of important placental functions, such
as amino acid transport. Indeed, placental mTOR is inhibited (Chen
et al.,, 2015a) and amino acid transport activity is decreased

(Mahendran et al., 1993; Paolini et al., 2001) in human pregnancies
complicated by IUGR due to placental insufficiency. In contrast,
homeostatic regulation predicts that signals from a fetus deprived of
nutrients would tend to upregulate nutrient transport in the placenta,
largely a fetal organ. Thus, our model (Fig. 1) based on published
data (for example Dabelea et al., 2008; Fisk and Atun, 2008;
Gaccioli et al., 2013; Hemberger et al., 2020; Jansson et al., 2008;
Aye et al., 2014; James-Allan et al., 2020) suggests that, with
respect to regulation of placental function, maternal supply signals
dominate over fetal demand signals. We speculate that this
regulatory system involving placental mTOR signaling has
developed in response to the evolutionary pressure from maternal
undernutrition or starvation. Matching fetal growth to maternal
resources in situations of significant maternal undernutrition will
produce an offspring that is smaller in size but, in most instances,
can survive and reproduce. Thus, rather than extracting additional
nutrients from the already deprived mother, which will jeopardize
the survival of both the mother and her fetus, restricted fetal growth
might be the preferred strategy. Importantly, these regulatory loops
may also function in the opposite direction in response to maternal
overnutrition, which may explain the observed activation of
placental mTOR signaling and amino acid transport in studies of
fetal overgrowth (Jansson et al., 2008, 2013; James-Allan et al.,
2020; Dumolt et al., 2022; Johansson et al., 2002; Pedrioli et al.,
2021).

Adiponectin as an endocrine link between maternal nutrition
and fetal growth

Adiponectin is an adipokine secreted by adipose tissue that acts on
peripheral tissues, such as the liver and skeletal muscle, and has
insulin-sensitizing effects (Yamauchi et al., 2003). Adiponectin
binds to the adiponectin receptor (AdipoR) 1 and AdipoR2, and
exerts its effects through activation of AMPK, p38 mitogen
activated protein kinase (MAPK) and/or peroxisome proliferator-
activated receptor alpha (PPARc) (Yoon et al., 2006). In contrast to
its insulin-sensitizing effects in the liver and muscle, adiponectin
inhibits insulin signaling in primary human trophoblast cells,
through PPARa-mediated synthesis of ceramides (Aye et al., 2014).
Ceramides phosphorylate insulin receptor substrate 1 (IRS1) at an
inhibitory site, resulting in decreased insulin signaling (Fig. 5) (Aye
et al., 2014). These findings were confirmed in vivo in normal
pregnant mice, in which chronic infusion of adiponectin by osmotic
pump during the last 4 days of pregnancy inhibited placental insulin
signaling and caused ITUGR (Rosario et al., 2012). In agreement
with the model that maternal adiponectin limits fetal growth,
knockout of the adiponectin gene in pregnant mice is associated
with fetal overgrowth (Qiao et al., 2016). Furthermore, maternal pre-
pregnancy body mass index (BMI) is positively correlated with
birthweight (Hull et al., 2008). Similar to non-pregnant individuals,
circulating concentrations of adiponectin are inversely correlated
with BMI in pregnant mothers. In human I[UGR, maternal
adiponectin levels are elevated and when maternal adiponectin is
low, as in obese mothers, there is an increased risk of fetal overgrowth.
In support of this concept, negative correlations between maternal
serum levels of adiponectin and birth weight have been reported
(Mohamad et al., 2018; Jansson et al., 2008) (Fig. 5).

In an effort to further understand these effects of adiponectin, we
developed a model of maternal obesity in C57B1/6 mice by feeding
a high fat (40%) diet supplemented with a 20% sucrose solution.
This model of obesity shows extensive similarities to the human
condition, including low levels of maternal adiponectin, glucose
intolerance, activation of placental insulin and mTOR signaling,
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Fig. 4. Roles of placental mnTOR and OGT in maternal and fetal health. (A) Mechanistic target of rapamycin (nTOR) signaling is one of several key
placental sensors integrating maternal signals and conveying information on the ability of the maternal supply line to deliver nutrients and oxygen to the
placenta. mTOR is a master regulator of placental function including mitochondrial respiration, nutrient transport, protein synthesis and hormone secretion,
thereby regulating fetal growth and development and impacting the long-term health of the offspring. Importantly, these regulatory loops can function in
response to both maternal overnutrition and undernutrition to regulate fetal growth according to the available resources. (B) Placental OGT serves as a key
cellular mechanism that senses available energy levels and dynamically alters placental function via multiple mechanisms to broadly regulate maternal
homeostasis and impact transplacental signals important for fetal development. Importantly, OGT controls local trophoblast responses to a changing
maternal environment where maternal stress hormones activate the glucocorticoid receptor (GR), reducing OGT levels. OGT is a key regulator of
transcriptomic pathways via stabilization of the H3K27 methyl transferase EZH2. Reduced OGT results in decreases in EZH2 and the transcriptional
repressive histone mark, H3K27me3. As OGT is X chromosome-linked, this transcriptomic regulation is much tighter in female XX trophoblast cells than male
XY cells, resulting in dynamic placental responses and transplacental signals to the male fetus. A separate cellular signaling pathway links OGT to activation
of annexin A1, an essential component in extracellular vesicle (EV) loading and secretion. EVs secreted by the placenta into maternal circulation contribute
to homeostatic regulation, including maternal glucose levels in pregnancy. OGT, O-linked N-acetylglucosamine (O-GIcNAc) transferase; EZH2, enhancer of

zeste homolog 2.

increased placental nutrient transport and fetal overgrowth (Rosario
et al.,, 2015; Aye et al., 2015). Using this model, we recently
reported that normalization of maternal circulating adiponectin in
obese dams during the last 4 days of pregnancy prevented the
activation of placental mTOR signaling and nutrient transport, fetal
overgrowth and programming of metabolic and cardiovascular

disease in the offspring (Aye et al., 2015; Paulsen et al., 2019;
Vaughan et al., 2020). Collectively, these data suggest that maternal
adiponectin limits fetal growth by inhibition of placental insulin,
mTOR signaling and decreased placental nutrient transport. In the
context of maternal obesity, low maternal adiponectin promotes
placental function and fetal growth.
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By regulating placental function and fetal growth, maternal
adiponectin plays an important role in fetal programming of cardiac
dysfunction, obesity and insulin resistance (Aye et al., 2015;
Paulsen et al., 2019; Vaughan et al., 2020). The exact mechanisms
occurring in the fetal compartment that are responsible for the
programming of future disease remain unclear. Changes in the
availability of nutrients to fetal tissues, both reduced and enhanced
placental nutrient delivery, may result in epigenetic modifications
leading to metabolic memory that impacts life-long health (Chen
and Natarajan, 2022). Direct signaling from the placenta to the fetal
organs that may contribute to programming of the fetal organs has
been suggested and one signaling possibility is the release of
placental sEVs that communicate with fetal organs. How specific

maternal nutrient and hormonal states communicate across the
placental barrier is an essential area of further research.

Increased fetal growth

The placenta links maternal stress and fetal development

Perturbations in pregnancy such as maternal stress or dietary
challenges are key risk factors for neurodevelopmental disorders
(Bronson and Bale, 2016; Nugent and Bale, 2015; Sullivan et al.,
2010). In human pregnancy, recent studies identified potential
causal genes that linked pregnancy perturbations with fetal
neurodevelopmental disease risk (Ursini et al.,, 2018, 2023).
Homeostatic signals related to stress and nutrient availability are

Fig. 5. Maternal adiponectin informs the placenta
about maternal nutrition status. High maternal
adiponectin in low nutrient status mothers inhibits
insulin signaling in the placenta and reduces nutrient
transport capacity. The combination of high
adiponectin and low insulin limits placental uptake and
protects the mother from additional depletion, resulting
in a smaller but potentially viable offspring. In the
obese mother with low adiponectin and high insulin
there is no inhibition of transport, leading to larger
placentas, greater transport capacity and the excess
supply of nutrients to the fetus, enhancing fetal growth
and resulting in large-for-gestational age babies. These
studies demonstrate that the placenta is responding to
maternal nutrient status and altering delivery of
nutrients to the fetus to match maternal stores.
Correcting adiponectin in obese mice to normal levels
prevents these changes in placental function, fetal
overgrowth and developmental programming of
cardiometabolic disease, suggesting that targeting the
placenta is a therapeutic alternative that should be
further investigated.

Changes in placental function

Programming of adult disease

of particular importance for epigenetic programming in the
placenta. The enzyme O-linked N-acetylglucosamine (O-GlcNAc)
transferase (OGT), which catalyzes the addition of O-GIcNAc to
serine and threonine residues on thousands of intracellular proteins,
is at the crossroads of nutritional signals and chromatin regulation
(Butkinaree et al., 2010). Identified almost 40 years ago in
lymphocytes (Torres and Hart, 1984), the pervasiveness of this
post-translational modification has been widely appreciated for its
important role in regulating the activity of hundreds of nuclear,
cytoplasmic and plasma membrane proteins. In fact, nuclear pore
proteins, governing trafficking into and out of the nucleus, are the
largest group of O-GlcNAcylated cellular proteins (Hart et al., 1989).
This places OGT in a key position to control transcription (Kreppel
et al., 1997). In addition, the monosaccharide O-GIcNAc competes
with phosphorylation at serine/threonine residues, affording OGT
enormous potential to dynamically alter cell signaling.

OGT is located on the X chromosome (Shafi et al., 2000) and
escapes X-inactivation in placental tissue in both rodents and
humans, resulting in higher OGT expression and O-GIcNAclyation
in female (XX) tissues, adding an additional level of importance to
its role in sex-specific signaling (Howerton et al., 2013; Howerton
and Bale, 2014).

Similar to that discussed above for mTOR, placental OGT
regulates transplacental signals known to influence fetal growth and
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development, including for the brain (Howerton and Bale, 2014).
Therefore, significant changes in placental OGT levels and function
resulting from maternal exposures (e.g. to stress, immune activation
or obesity) during pregnancy can have profound effects on the fetus
(Howerton et al., 2013; Howerton and Bale, 2014; Nugent and Bale,
2015). For example, dynamic placental transcriptional changes are
tightly controlled by OGT via its epigenetic stabilization of the
histone methyltransferase EZH2 and trimethylation of histone H3 at
lysine 27 (H3K27me3) (Fig. 4B) (Nugent et al., 2018). In fact,
higher levels of OGT are associated with significantly increased
H3K27me3 in female (XX) human and mouse placentas (Nugent
et al., 2018). As a ubiquitous transcriptional repressor, H3K27me3
ensures that XX trophoblast cells are less dynamically responsive to
changes in metabolic hormones arising from maternal stress,
obesity, diabetes and infection than XY cells. This likely alters
the type and amount of transplacental signals being relayed to the
fetal compartment and contributes to sex differences in
developmental programming of disease, especially related to
neurodevelopmental disorders (Nugent and Bale, 2015; Bale,
2016; Ursini et al., 2018, 2023; Bronson and Bale, 2016). OGT
also coordinates with other key transcription factors, including the
glucocorticoid receptor, and cellular regulators, such as mTOR (as
discussed above), to tightly control cellular processes related to
changes in maternal nutrient status (Kelly et al., 2020; Briffa et al.,
2017; Pantaleon et al., 2017). In response to maternal stress,
glucocorticoids can have significant and lasting effects on OGT and
its downstream functions, including placental transcriptional
regulation and nutrient transport (Howerton et al., 2013;
Howerton and Bale, 2014; Nugent and Bale, 2015; Briffa et al.,
2017; Pantaleon et al., 2017). In mice, chronic stress experienced
early in pregnancy (days 1-7) significantly reduced OGT levels in
both male and female placentas throughout the remainder of
pregnancy (Howerton et al., 2013). However, although this effect of
stress occurs in both sexes, the outcome is more profound in male
(XY) placentas, as the starting level of OGT is so much lower to
begin with in males. Therefore, males may be more vulnerable in
utero to perturbations of maternal stress as their placental OGT
‘levels of protection’ are so greatly diminished, falling below a
threshold of vulnerability for the male fetus. Interestingly, in human
placental tissue, similar fetal sex differences in OGT expression
have been confirmed (Howerton et al., 2013; Nugent et al., 2018),
where higher perceived maternal stress and maternal immune status
were associated with altered placental OGT levels at delivery
(Cowell et al., 2020; Shallie et al., 2023).

Maternal-placental-fetal crosstalk

It is well established that the placenta secretes hormones, such as
human chorionic gonadotropin hormone, estrogens and
progesterone, into the maternal circulation to mediate the maternal
cardiovascular (Sanghavi and Rutherford, 2014) and metabolic
(Zeng et al., 2017) adaptation to pregnancy. Emerging evidence
suggests that, beyond these classical placental hormones, the
placenta secretes a myriad of factors into the maternal and fetal
circulations, which appear to be part of an active maternal-placental-
fetal crosstalk. However, for most of these factors, their
physiological function remains to be determined; examples of
factors with known functions include plGF and sFLT1 (Degnes et al.,
2022). Both of these proteins regulate angiogenesis: plGF acts as a
pro-angiogenic factor by enhancing the binding of VEGF to the
VEGF receptor-2 and sFLT1 is anti-angiogenic by binding to free
VEGF and plIGF in the maternal circulation, thus reducing their
bioavailability for their membrane receptor.

Both term (Michelsen et al., 2019) and preterm (Schreiner et al.,
2022) human placentas secrete an array of proteins of unknown
function into the fetal circulation. Some of these proteins are
predicted to be involved in the development of the brain, heart and
lung and we speculate that, when born prematurely, infants are
deprived of these important developmental regulating placental
proteins, which may contribute to their poor outcomes (Schreiner
et al., 2022).

Recent studies suggest that EVs are a primary mechanism by
which the placenta secretes such factors. EVs are secreted from
many cell types and contain bioactive molecules including proteins,
messenger RNAs (mRNAs) and microRNAs (miRNAs). sEVs
range from ~50-150 nm in size, are produced from the late
endosomal pathway and released into the extracellular compartment
upon fusion of multivesicular bodies (MVBs) with the plasma
membrane (Jeppesen et al., 2023). sEVs are believed to play a
central role in cell-to-cell communication in normal physiology,
including in pregnancy. The human placenta secretes SEVs into the
maternal (Mincheva-Nilsson and Baranov, 2010) and fetal
(Miranda et al., 2018; Chang et al., 2017) circulations. Although
the physiological role of placental sEVs on fetal growth and
development remains to be established, numerous physiological
roles have been proposed for placental sEVs released into the
maternal circulation, mostly based on in vitro studies. Currently, the
strongest evidence suggests a role of placental sEVs regulating
maternal glucose homeostasis in pregnancies with and without
GDM. For example, GDM is associated with changes in the
concentration and bioactivity of placenta-derived sEVs in maternal
circulation across gestation (Salomon et al., 2016) and human
placental SEVs in GDM carry a specific set of miRNAs associated
with skeletal muscle insulin sensitivity (Nair et al., 2018).
Moreover, healthy mice infused for 4 days with sEVs isolated
from plasma of non-diabetic pregnant women became
hyperinsulinemic owing to moderate peripheral insulin resistance
and increased islet glucose-stimulated insulin secretion (James-
Allan etal., 2020). In contrast, mice infused with SEVs isolated from
plasma of women with GDM developed glucose intolerance due to
marked peripheral insulin resistance and an inability to increase
insulin secretion to maintain glucose tolerance (James-Allan et al.,
2020). Thus, sEVs, including those from the placenta, may
represent a mechanism regulating maternal glucose homeostasis
in pregnancy and our data support the hypothesis that altered
placental SEV content contributes to the development of GDM.

Recent work has identified placental OGT as an important
regulator of EV secretion. Interestingly, OGT modifies annexin Al,
a key protein involved in EV packaging and secretion. Consistent
with the decreased levels of placental OGT in response to maternal
stress, levels of O-GlycNAcylated annexin Al were reduced by
maternal stress in mice (Howerton et al., 2013). As a sensor for
maternal glucose levels, placental OGT is positioned to dynamically
alter the composition and the total number of EVs secreted into the
maternal circulation (Zierden et al., 2023; Cui et al., 2023; Moore
et al., 2021). For example, placental OGT promotes an increase in
the number of EVs secreted into the maternal circulation in mice,
and experimentally elevating circulating EV concentration via tail
vein injection reduces the maximal rise in blood glucose in response
to a glucose tolerance test (Zierden et al., 2023). Another model to
study the influence of placental EV's uses a transgenic mouse model
in which membrane-targeted, red fluorescent protein tdTomato and
enhanced green fluorescent protein cyclic recombinase-reporter
constructs are expressed only in fetal tissues (Sheller-Miller et al.,
2019). This model allows monitoring of sEV trafficking across the
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placenta and the authors reported that SEVs can be trafficked from
the mother to the fetus and from the fetus to the mother (Sheller-
Miller et al., 2019). These findings were in line with a previous
study using a transgenic mouse line with placental expression of the
human C19 miRNA cluster (Chang et al., 2017). Because this
miRNA cluster is expressed in the primate placenta only, this
approach allowed the investigators to use C19 miRNA as a unique
marker of SEVs secreted from the placenta and they demonstrated
trafficking of C19 miRNA-carrying sEVs between maternal,
placental and fetal compartments. The mechanisms by which
sEVs are transported across the placental barrier and the
physiological role of the sEV-mediated crosstalk between the
maternal and fetal compartments remain largely unknown.
Moreover, whether sEVs are trafficked between the maternal and
fetal compartments across the placental barrier in humans has not
yet been fully established.

Targeting the placenta to alleviate abnormal fetal
development and programming

Impaired placental development often results in poor remodeling
of uterine spiral arteries and inadequate increase in uteroplacental
blood flow across gestation, which leads to placental insufficiency,
characterized by complex, coordinated and highly regulated
changes in placental signaling and nutrient transport capacity
(Chassen and Jansson, 2020). Placental insufficiency is believed
to result in or contribute to the development of a number of
important pregnancy complications, such as [UGR, preeclampsia,
stillbirth, placental abruption and premature birth (Pepe and
Albrecht, 2021).

Because of potential risks to the mother and the developing fetus,
only a handful of drugs are currently approved for use during
pregnancy (Fisk and Atun, 2008). In rodent and sheep models,
systemic adenoviral gene or protein therapy has been shown to
improve utero-placental blood flow; however, the impact on human
pregnancy is unknown (Li et al., 2007; Carretal., 2016). These data,
along with the current lack of drugs that can be used in pregnant
people, have shifted research toward the development of delivery
systems to specifically target the placenta using non-viral and viral
vectors, nanoparticles, microbubbles and EVs. Viral vectors have
been used in animal models for placental gene delivery. For
example, in animal models of [IUGR due to placental insufficiency,
delivery of an IGF1 overexpression construct to the placenta using
viral vectors has been shown to prevent the decreased fetal body,
liver and musculoskeletal weight associated with TUGR (Jones
etal., 2013, 2014). Similarly, another study examined the impact of
gene delivery of VEGF using adenovirus vectors to the uterine
artery in sheep pregnancies complicated by IUGR (Carr et al.,
2014). VEGF gene therapy increased ultrasonographic fetal growth
velocity at 3-4 weeks post-injection and decreased the number of
severely growth restricted lambs close to term (Carr et al., 2014).
Together, these studies demonstrate that viral vectors are potentially
applicable in humans due to the targeted placental effects observed
without adverse side effects (Pepe and Albrecht, 2021). Another
technique developed involves affinity-based peptide targeting of
nanoparticles. Pregnant mice injected with liposomes affixed with
specific peptide sequences were found to be bound only to
placental-derived cells and were absent from maternal and other
fetal tissues (King et al., 2016). This method was used to deliver
IGF?2 to the placenta, which resulted in increased placental weights
in wild-type animals and restored normal fetal weights in an [UGR
model (King et al., 2016). More recently, nanoparticles have been
engineered to directly target trophoblast cells; engineered

nanoparticles are being used to investigate the effects of different
molecules, such as methotrexate (a chemotherapy and
immunosuppressive drug) and IGF1, and have demonstrated
specificity for placental cells without affecting maternal or other
fetal tissues (Pepe and Albrecht, 2021).

In addition, the use of microbubbles and ultrasound is being
developed to allow for local release of drugs and may assist in
intracellular drug delivery. This approach involves adding plasmid
vectors to the cationic shells of lipid microbubble ultrasound
contrast agents, 3-6 um in size. These microbubbles are then
administered intravenously. Delivery of the plasmids from the
microbubbles in circulation is mediated through the application of
low energy ultrasound, leading to microbubble cavitation and a
transient membrane pore formation in the cells exposed to the
microbubbles (Lentacker et al., 2014). These pores range in size
from nanometers to several micrometers, allowing for the uptake of
gene delivery vectors in highly targeted regions. Microbubbles are
currently being used for visualization and identification of
anatomical or blood flow related placental abnormalities (Roberts
and Frias, 2020). However, other fields are using microbubbles to
deliver their contents locally, as well as increase drug uptake at the
ultrasound treated site (reviewed by Chowdhury et al., 2020;
Jangjou et al., 2021). This drug delivery system has the potential to
reduce the required dose of the administered drug and provide
localized effects (Lentacker et al., 2014). These are just a few
examples of how therapeutic cargo delivery techniques are currently
being employed and research is ongoing to improve specific
delivery of gene constructs and pharmacological agents to the
placenta to alleviate abnormal placental and fetal development and
the long-term consequences for the child.

Conclusions and future perspectives

What we have learned

Although the specific mechanisms involved remain to be fully
established, major pregnancy complications such as preeclampsia,
TUGR and stillbirth are believed to be caused by abnormal placental
development and changes in placental function. Herein, with the
support of compelling association studies in humans and emerging
cause-and-effect studies in mice, we highlight the novel aspect that
changes in placental function may also be mechanistically linked to
the development of childhood and adult disease. Placental mTOR
signaling responds to an array of maternal nutritional and metabolic
signals to regulate placental function, programming offspring
susceptibility for obesity and diabetes. Maternal adiponectin acts
directly on the placenta to regulate insulin signaling and nutrient
transport and serves as an endocrine link between maternal
nutrition, fetal growth and offspring health. Inhibition of placental
OGT constitutes a link between maternal stress, fetal hypothalamic
gene expression and offspring neurocognitive development.
Emerging evidence suggest that an array of factors, including
proteins and SEVs containing miRNA and other signaling
molecules, participate in an intense maternal-placental-fetal
crosstalk that is not only essential for the physiological changes in
maternal cardiometabolic adaptation to pregnancy, but may also be
crucial for the normal development of specific fetal tissues. Thus,
disruptions or modulations in the maternal-placental-fetal signaling
may program the infant for future disease. We speculate that
readouts of placental function may provide crucial information on
which infants are at highest risk to develop adult disease and that
interventions targeting placental function may offer opportunities to
prevent cardiometabolic and neuropsychiatric disease in future
generations.
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What we need to understand better

One of the most urgent gaps of knowledge is the mechanisms
underpinning the placental origins of disease, a major road-block to
developing specific intervention strategies. This is an important area
for future research requiring collaborative science involving
a number of disciplines including developmental biologists,
physiologists, molecular biologists, bioengineers and clinical
scientists who care for pregnant people and their infants. Rigorous
studies determining associations between changes in placental
function and long-term outcomes in children, in combination with
mechanistic studies in animals using approaches for placenta-
specific gene targeting, will move the field forward. We speculate
that there are multiple mechanisms mediating the link between
changes in placental function and fetal programming of adult
disease, including proteins and sEVs released into the fetal
circulation that modulate the development and function of specific
fetal tissues. It is also imperative that we further develop minimally
invasive techniques and approaches that effectively deliver gene
constructs, miRNA, proteins and pharmacological agents
specifically to the placenta without negative effects on the mother
or direct effects on the fetus. These challenges need to be addressed
to develop treatments for major pregnancy complications and to
alleviate the growing epidemic of cardiometabolic and
neuropsychiatric disorders likely resulting from in utero
developmental programming.
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