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Placental autophagy in maternal obesity and gestational diabetes mellitus
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ABSTRACT

Obesity is exponentially increasing worldwide, especially in women of reproductive age. Maternal obesity (MO)
during pregnancy represents a significant risk for both the mother and the fetus, with short and long-term health
consequences. The most prevalent maternal complication is Gestational Diabetes Mellitus (GDM), affecting almost
50% of obese pregnant women. Offspring of obese and/or GDM mothers is at higher risk to develop metabolic and
cardiovascular diseases during infancy and also later in adulthood. The placenta plays a key role during pregnancy,
ensuring appropriate maternal-fetal crosstalk and exchange of nutrients, gases, hormones and waste products. MO
and GDM, which are characterized by systemic low-grade inflammation, hyperglycemia and lipotoxicity, are known to
impact the intrauterine environment and the placenta, possibly leading to placental dysfunction. Indeed, alterations of
placental structure, nutrient transport, mitochondrial features and other placental functions have been reported in MO
and GDM. Autophagy is a lysosome-dependent mechanism consisting in the degradation of superfluous or damaged
cellular components, including macromolecules (e.g. proteins, lipids) and organelles (e.g. mitochondria, ribosomes)
to maintain cell homeostasis. Currently, the importance of autophagy is emerging in mammalian pregnancy, also in
the context of MO and GDM. Increasing evidences from murine models showed that autophagy appears to sustain
the gestation in many phases, such as zygote formation, blastocyst implantation and placentation. Few studies have
reported preliminary data focusing on autophagy in human placentas, highlighting that placental autophagy needs to
be a finely regulated process in order to ensure the balanced homeostasis of this unique organ.
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BACKGROUND

Maternal obesity during pregnancy: a leading
health issue

Overweight and obesity are defined as abnormal or
excessive fat accumulation. According to data from the
World Health Organization (WHO), in 2016 more than
1.9 billion adults weighted more than normal (Body Mass
Index, BMI >25). Among them, over 650 million were
obese (BMI >30), with higher rates of obesity in women
than men (1,2).

Therefore, the numberofoverweightand obese women
of reproductive age is also increasing. The incidence
of maternal obesity, in particular, is now estimated at

18.5-38.3% (3) but it is expected to get worse in the next
years (4). This condition represents a significant risk
factor for both the mother and the fetus, with short- and
long-term consequences. An elevated pre-pregnancy BMI
paves the way for pregnancy and labor complications,
including a higher risk for Gestational Diabetes Mellitus
(GDM), hypertension, pre-eclampsia (PE), preterm
birth and caesarean delivery (3,5,6). Among the major
consequences for the obese mother and her fetus, the
most prevalent is GDM, defined as a glucose intolerance
that begins or is first recognized during pregnancy. The
risk of developing GDM is about two, four and eight times
higher among overweight, obese and severely obese
women, respectively, compared with normal-weight
women (7). In particular, GDM affects up to 14% of all
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pregnant women and, unsurprisingly, nearly half of these
mothers are obese (8). In addition, it is estimated that
approximately 50% of women with GDM during pregnancy
will develop type 2 diabetes within 10 years (9). Moreover,
in utero exposure to maternal adverse conditions, such
as obesity and GDM, can harm not only maternal health
and ongoing fetal development, but also the future health
status of the newborn, leading to higher risk of obesity,
type 2 diabetes, metabolic syndrome, hypertension and
cardiovascular diseases, during infancy and then later
in adulthood, according to the “fetal programming” or
“Developmental Origins of Health and Disease” (DOHaD)
hypothesis (10,11). This strongly suggests that maternal
obesity and poor gestational health may have also trans-
generational effects (12).

Maternal obesity and GDM effects on placenta

The placentais atemporary pregnancy-specific organ,
of fetal origin, which unique and multifaceted function
is the sustenance of the growing conceptus, through
several competences including nutrients transport, gases
and waste products exchange, hormones production and
endocrine modulation, immunologic surveillance and
anti-pathogen barrier. Indeed, by keeping the mother and
the fetus always in close contact, the placenta is crucial
for appropriate fetal growth and development (13).

Placentation takes place during the first weeks of
gestation, immediately after the implantation of the
blastocyst. While primary placental villi are forming,
extravillous trophoblasts (EVTs) start to migrate and
invade the maternal spiral arteries within the decidua. By
EVTs remodeling of the maternal vasculature, maternal
blood fills the intervillous space and placental villi come in
contact with maternal blood flow. This direct connection is
what defines the human hemochorial placenta (14).

During its short life-span, this organ consumes
energy not only to support the gestation but also for
its own metabolism, which is estimated to utilize up to
40% of the oxygen supplied to the fetal-placental unit
(13). Pregnancy can be defined as a three-compartment
model in which the mother, the fetus and the placenta
are in an active crosstalk, in continuous communication
with each other. Each part has its own characteristics that
can influence pregnancy outcome and, in physiological
conditions, these cooperating compartments allow a
healthy gestation by cross-adapting and interacting
(5,15). In this sophisticated system, maternal obesity
is deleterious not only for the mother herself and her
baby, but also for the placenta. Pregnant murine models
affected by obesity show dysregulated, inadequate
and excessive placental nutrient transport and this is in
line with the fact that obese mothers often give birth to
large for gestational age (LGA) infants, characterized by
tissues and organs over-growth (5). On the other hand,
gestational obesity has also been associated to higher
incidence of fetal growth restriction, because of the
improperness of the fetal-placental dialogue caused by
the obesogenic and/or hyperglycemic intrauterine milieu.
Therefore, recent evidences suggest that fetal over- and
under-growth could be considered two sides of the same

problem (16,17).

Obesity is a complex condition in which external
and internal factors, such as environmental stimuli and
genetics, social and psychological discomfort, lifestyle
and dietary routine concur. Indeed, considering nutritional
habits, it is now well-accepted that obese patients not
only suffer from over nutrition, but more properly from
malnutrition (18). During pregnancy, maternal metabolic
impairment can cause systemic low-grade inflammation,
which may also impact the intrauterine environment and
placenta. Specifically, excessive dietary sugars and lipids
bring to systemic hyperglycemia and lipotoxicity, which
are also reflected in uterus (5,19). Altogether these
alterations result in a perturbed status affecting placental
structure and function (e.g. higher placental weight and
thickness, lower placental efficiency, altered nutrient
transport and energy modulation), and consequently
fetal development and health programming (20,21).
Pregnancy itself is known to be associated with low-
grade inflammation and mild oxidative stress, but there
is increasing evidence that both maternal obesity and
GDM are characterized by excessive reactive oxygen
species (ROS) production from placental mitochondria,
exacerbating the oxidative stress status (12,22). On
the other hand, poor nutritional antioxidants intake
and strained cellular antioxidant defense mechanisms
contribute to the loss of control on ROS deactivation
(23). The unbowed free radicals can attack cells and
cause chronic inflammation, inducing oxidative damage
to DNA, structural carbohydrates, proteins, lipids and
entire organelles such as mitochondria, with consequent
mitochondrial dysfunctions (24). Surprisingly, higher
mitochondrial content has been reported in placental cells
of normoglycaemic obese pregnant women, compared
to healthy lean mothers, possibly due to an adaptive
response to the unhealthy intrauterine environment.
On the contrary, obese women with GDM have similar
placental mitochondrial content compared to normal-
weight, but an abnormal mitochondrial morphology. In
particular, mitochondria from diabetic placentas show loss
of matrix density and disorganization of inner membrane
cristae, standing for altered mitochondrial function (15).

Interestingly, male fetuses seem to be more sensible
to obesity- and GDM-associated placental dysfunctions. In
particular, while female placentas from obese mothers with
or without GDM show less changes compared to normal-
weight in terms of oxidative stress and antioxidant defense
markers, male placentas from obese women with or
without GDM are generally more susceptible to oxidative
attack and present more severe signs of placental harm
(25). Due to the intrinsic differences in gonadal steroids
production in females (estrogens) and males (androgens),
it is well-known that fetal sex impacts on the formation and
function of placenta, but much remains to be clarified about
the sex-specific placental responses to different stimuli. In
general, females seem to be more skilled to respond to
insults and/or have compensatory mechanisms leading
to a more rapid and efficient restoration of the perturbed
environment (26). Nevertheless, sexual dimorphism in
terms of molecular differences (e.g. inflammatory/oxidative
markers, mitochondria parameters, autophagy pathways)
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is still largely uncharted and represents a research field
in growing progress, possibly including sexually dimorphic
placental epigenetic modifications (27).

AUTOPHAGY
Definition and molecular mechanisms

Autophagy, also known as autophagocytosis, is
an evolutionarily conserved process and dynamic
mechanism employed by eukaryotic cells to get rid
of altered or defective proteins, macromolecules or
organelles, in order to guarantee the cell homeostasis
(28). Importantly, autophagy is triggered by an initial
detrimental stimulus such as starvation/over nutrition,
hypoxia, oxidative damage and infections. Because of
that, it is also considered one of the three types of cellular
death. Indeed, damaged cells can undergo necrosis,
consisting in un-programmed cellular death with immune
response activation and very high levels of inflammation;
on the other hand, they can be addressed to programmed
cell death type | (apoptosis) or type Il (autophagy), both
consisting in a “clean” and well-ordered elimination of
entire cells or their components. Because of this role
of cell scavengers, apoptosis and autophagy are both
considered pathways of cell survival and equilibrium
maintenance (29).

The key actor in autophagy is the lysosome. This
organelle has been firstly described by the Belgian
biologist Christian de Duve in 1966 (30), when it was
firstly recognized as the “waste container” of the cell.
For their discoveries about the structural and functional
organization of the cell, Duve and colleagues won
the Nobel Prize in Physiology or Medicine in 1974. Since
then, the lysosome’s multiple functions and complex
pathways have continued to emerge. In the last 15-20
years several pathways of autophagic process have
been partly dissected (31).

Autophagy includes macroautophagy and
microautophagy, involved in the non-specific degradation
of cellular components, and Chaperone-Mediated
Autophagy (CMA), responsible for the degradation of
specific cytosolic proteins inside lysosomes (32,33).
Moreover, some super-specific autophagic mechanisms
have recently been recognized: mitophagy for selective
degradation of mitochondria, pexophagy for peroxisomes,
ribophagy for ribosomes, lipophagy for intracellular lipid
droplets, xenophagy for bacteria, viruses and other
foreign microbes. These alternative autophagy routes
seem particularly important in the context of neurologic
disorders, to clean up neuronal cells from dysfunctional
and superfluous organelles, and in infectious diseases
for the elimination of defective cellular elements
compromised by pathogens (34).

In macroautophagy, the substrates (i.e. defective
and damaged organelles and protein aggregates)
are identified by soluble proteins and sequestered
within cytosolic double-membrane vesicles termed
autophagosomes, which are formed through a protein
complex orchestrated by Beclin 1 (BECN1). Lysosomal
delivery occurs through direct fusion of autophagosomes
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with lysosomes (35).

In contrast, in microautophagy the cytosolic cargos
are sequestered by direct invagination of the lysosomal
membrane; this creates small vesicles that are delivered
directly to the lysosome lumen, where they undergo
degradation along with their content (32); however,
in mammalian cells microautophagy has been poorly
investigated and precise molecular mechanisms remain
to be understood (34,35).

CMA is responsible for the degradation and recycling
of single protein molecules and it specifically involves
proteins presenting the penta-peptide motif KFERQ.
The presence of this tag, in an accessible and unfolded
portion, has been demonstrated to be necessary and
sufficient for the lysosomal degradation by CMA (36).
The waste proteins with accessible KFERQ consensus
motif are directly recognized by 70 kD Heat shock
proteins (Hsp70) and cross the lysosomal membrane
through a protein-translocation complex formed by the
multimerization of Lysosome-Associated Membrane
Protein Type 2a (LAMP2a). In the meantime, lysosomal
degradation through CMA is specifically activated by PH-
domain and Leucine-rich-repeat Protein Phosphatase 1
(PHLPP1) (29,37).

Placental autophagy: evidences in healthy pre-
gnancy and in obesity-related gestational com-
plications

In mammalian early pregnancy, autophagy appears
to aid the development of zygotes, by clearing from
unnecessary maternal factors and eliminating the
sperm mitochondria after fertilization. Moreover, further
autophagy activation in the blastocyst, mediated by
17-B-Estradiol, contributes to its survival and implantation
(28,38).

During placentation, autophagy needs to be finely
regulated, because both abnormal reduction and excess
can lead to unfavorable outcomes. Physiologically,
autophagy is activated in EVTs prior to implantation at 7
days of gestation, and this seems of critical importance
for the proper invasion of maternal decidua. In both
mouse and humans, autophagy is modulated by the
physiological intrauterine hypoxia occurring during early
pregnancy. In particular, low oxygen tension mimicking
the early gestation intrauterine hypoxia was shown
to induce autophagy in primary human trophoblasts.
Moreover, Hypoxia-Inducible Factor 1-alpha (HIF1-a), a
key regulator of hypoxia, is reported to be crucial during
EVTs invasion. This factor is finely tuned by autophagic
pathways, especially CMA, and when overexpressed it
leads to invasion failure. Therefore, CMA is important for
EVT invasion via modulating HIF7-a expression levels
(28,39).

In this process, the family of Autophagy-related genes
(Atg), encoding for proteins involved in macroautophagy
activation and progress, plays a pivotal role. Atg7 is one
of the most important members of this group, being an
effector enzyme of autophagy specifically associated
with cytoplasm-to-lysosome autophagosome transport
and to mitophagy in different human tissues and organs,
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including adipose tissue and liver (40). In a mouse model
with conditional Atg7-knockout specifically in trophoblast,
the placenta does not reach appropriate dimensions and
has features of poor placentation, including inefficient
EVTs invasion and unsuccessful vascular remodeling
(41,28). In the same model, maternal hypertension
was reported, and, because of this, a role of Afg7 in PE
was postulated. However, in these mice the absence
of additional signs and symptoms of the disease
(e.g. proteinuria) raises questions about a probable
combination with other genes (41). Nevertheless, the full
Atg7-knockout mouse model results in fetal death just
after delivery, demonstrating the critical role of this factor
in development and survival (42).

On the contrary, an increase in Atg protein levels and
in autophagy flux was reported in the whole placental
tissue of intrauterine growth restriction (IUGR) human
pregnancies, although the mechanisms and the specific
cells responsible for these results are still unclear (43).

The metabolic impairment characterizing obesity and
diabetes has been linked to changes in autophagy. In
particular, alterations of Atg members have been reported
in the human adipose tissue of non-pregnant subjects.
Xu et al. reported upregulated mRNA levels of a few
members of the Atg family, including Atg7, in the adipose
tissue of both overweight and obese subjects, and this is
suggestive of increased autophagy. The same group also
proposed Atg proteins as regulators of autophagy in the
transition from brown to white adipocytes, by remodeling
cellular membranes and eliminating the excessive
mitochondria in brown adipocytes (44). Specifically,
in adipocytes of obese patients with or without type 2
diabetes, electron microscopy revealed the presence
of numerous autophagosomes, immunofluorescence
showed increased autophagic markers such as LC3 and
Real-time PCR and experiments found out overexpressed
Atg5 mRNA levels in visceral adipose tissue of the same
subjects. These evidences demonstrate a significant
activation of autophagy in the adipose tissue of obese
patients, with or without diabetes (45).

Toourknowledge, Muralimanoharan etal. investigated
for the first time Atg dynamics in the human placental
tissue of pregnancies characterized by maternal obesity
and/or GDM (46). They found a trend to increase in
protein levels of placental Atg3 and Atg7 in patients with
maternal obesity compared to normal-weight. In particular,
significantly higher levels of Atg7 were found only in
male placental tissue of overweight and obese women
compared to normal-weight controls. Male placentas also
presented decreased autophagosome-related proteins
degradation and lysosomal biogenesis. This suggests
that male fetuses may respond to maternal obesity with
an attempt of increased placental autophagy though
presenting a disrupted autophagic flux as indicated by
autophagosome and lysosome alterations. Interestingly,
the same group also reported decreased gene expression
of mitochondrial complexes of the respiratory chain and
antioxidant defenses in the placental tissue of mice with
a targeted deletion of the key autophagy gene Atg7,
discussing the similarities between these significant
placental abnormalities in mice and those observed in

human placentas with maternal obesity (46). In addition,
the offspring of these knockout animals showed an
increased sensitivity to obesity induced by high-fat diet,
with excessive weight gain and adiposity, hyperglycemia,
hyperinsulinemia and markers of cardiac remodeling,
all of which resemble the phenotype of human babies
from obese and diabetic pregnancies. Despite Afg7 was
silenced in mouse placenta while it was overexpressed
in human obese placenta, it is particularly interesting that
both models are suggestive of placental abnormalities
and that this placental dysfunction, possibly affected by
altered autophagy, can impact the newborn’s metabolic
health (46). Thus, placental autophagy disruption (i.e.
both excess and deficiency) in this context supports the
DOHaD hypothesis (10), correlating adverse conditions
in maternal uterus with metabolic programming of chronic
diseases in the offspring (46). In addition, Ji et al. reported
the presence of autophagic vacuoles, autophagosomes
and partially degraded organelles along with swollen and
altered mitochondria in syncyziotrophoblasts of GDM
placentas. Both placental A{g5 mRNA and protein were
upregulated in these GDM patients compared to healthy
women. Altogether, these evidences clearly indicate
abnormal autophagy over-activation in diabetic mothers
(47).

Another  important  regulator of intracellular
homeostasis during trophoblasts proliferation and
invasion is the serine/threonine protein kinase
Mammalian Target of Rapamycin (mTOR). The mTOR
pathway responds to extracellular nutrient, oxygen and
growth factors availability and consequently regulates
cell growth, immune responses and autophagy (48).
In obese pregnant women, high insulin, leptin, and low
adiponectin activate mTOR signaling in the placenta,
promoting protein synthesis, mitochondrial function and
nutrient transport. This pathway increases fetal nutrient
supply and contributes to fetal overgrowth and excessive
adiposity in offspring, possibly leading to higher risk to
develop metabolic disease later in life (12). Moreover,
mTOR alterations have been found in placenta of
both undergrowth- and overgrowth-related pregnancy
pathologies, with opposite trajectory. Indeed, in placental
tissue, the phosphorylated (i.e. active) form of the protein,
pmTOR, was reported to be reduced in IUGR and PE
pregnancies and to be increased in GDM and in mothers
carrying LGA babies (48,49).

These results probably account for the nutrient-
dependent activity of mTOR. Indeed, nutrients availability,
as well as expression of mTOR, is generally increased
in GDM, especially when associated to obesity, while is
decreased in IUGR and PE (49).

However, mTOR activation is normally associated
with an inhibition of autophagy through silencing of
the macroautophagy activator Unc-51 Like autophagy
activating Kinase 1 (ULK1). Contrarily, as discussed
above, placental autophagy appears to be increased
in obesity and GDM (47). These apparently incoherent
evidences may be due to alternative mechanisms of
autophagy activation/inhibition in placenta, probably
different from mTOR signaling. This hypothesis may also
suggest possible compensatory mechanisms in obese
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and GDM placentas (49). Nevertheless, the relation
between mTOR and autophagy in human physiological
and pathological placentas remains to be elucidated (48).

Recent evidences showed even a more complex and
articulated pattern of both macroautophagy and CMA
in placentas of obese women with and without GDM
compared to normal-weight healthy mothers. In this
context, Diceglie et al, recently focused on the hypothesis
that a relationship between autophagy and cell response
to oxidative stress occurs (23). They found that placentas
of obese women presented a strong positive correlation
between the gene expression of BECN1, which is
a macroautophagy marker of the autophagosome
formation, and the antioxidant defense enzyme
Glutathione Synthetase (GSS). Moreover, in placental
tissue of obese women without comorbidities compared
to normal-weight controls, they found decreased
expression of the antioxidant genes GSS, Catalase
(CAT) and Glutathione Peroxidase 1 (GPX1) and of the
CMA regulator PHLPP1, as well as upregulated levels of
the macroautophagy activator ULK1 (23). Interestingly,
increased placental ULK1 expression associated to GDM
have also been found by Tsai et al. (49). These results
suggest altered antioxidant and autophagic dynamics in
the obese placenta, indicating a higher susceptibility to
oxidative insults, as well as an increased metabolic stress
leading to a selective over-activation of macroautophagy
(23).

On the other hand, PHLPP1, one of the main effectors
for CMA-driven degradation of HIF1-a, showed higher
placental expression in obese with GDM compared to
obese normoglycaemic women. PHLPP1 levels were
similar between obese GDM women and healthy lean
controls, suggesting a possible compensatory activation
of CMA in GDM placentas. However, in a previous
work, the same researchers also reported mitochondrial
abnormalities in placental tissue of GDM mothers,
suggesting that, despite the activation of compensatory
mechanisms (e.g. CMA) placental function could be
compromised in these subjects. Importantly, this study
showed that the autophagy machinery could be affected
in all obese women, both with and without GDM,
possibly with different molecular basis (23,15). Finally,
interesting differences of CMA in relation to fetal sex in
placentas from obese women with GDM were also found.
Particularly, the gene expression of Vascular-Endothelial
Growth Factor (VEGF), that is normally driven by HIF1-a,
significantly dropped only in males. This provides a clue
about the dimorphic regulation and effects of CMA in
male and female fetuses, accounting for the hypothesis
that males could be more sensible to GDM insults (23).

CONCLUSIONS

Placental autophagy represents an important
machinery regulating different stages of pregnancy, from
the first phases to term. Microautophagy is still largely
uninvestigated in the context of gestation. However, a
few interesting studies about macroautophagy and CMA
in pregnancy, specifically in the placental tissue, are
emerging. Some important advancements have been
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achieved with studies in the mouse model, while there
is still the need to deepen the knowledge about these
pathways in the human placenta. Moreover, these first
evidences may suggest that there is a close relationship
between autophagy and placental function (12). For this
reason, autophagy could be addressed as a possible
treatment target to try to restore compromised placental
function in pregnancy pathologies.

Importantly, in the placenta of obese mothers without
comorbidities and with GDM, which are characterized by
placental dysfunction, autophagy seems to be altered but
with possible differential mechanisms between these two
conditions (23). Autophagy dysregulation in obese and/or
GDM placentas seems to be a consequence of the altered
metabolic status of these women. It would be interesting
to investigate if dietary, lifestyle or pharmacologic
intervention could ameliorate the autophagic signaling in
these conditions.

Also, differential placental autophagic regulation
according to fetal sex has been preliminary reported,
opening a new landscape of investigation. Moreover, it is
now quite well accepted that autophagy closely cooperates
with many other cellular pathways, including antioxidant
defenses. For instance, it is tempting to hypothesize
that supplementation with an antioxidant cocktails could
positively impact on altered autophagy in obesity and/
or GDM, but this has never been explored. Altogether,
the evidences currently reported in literature strongly
suggest that autophagy is a very composite network
where also metabolic, endocrine and inflammatory/
oxidative aspects are interconnected. Very recently, also
epigenetic regulation of autophagy has gained some
attention (50). It would be of particular interest to look
into placental autophagy modulation by DNA methylation,
histone modifications and especially microRNA, with
possible implication in pregnancy diseases and in related
therapeutic interventions.

Therefore, the context of maternal obesity and GDM,
which present alterations in many of the mentioned
pathways, deserves particular attention in order to
unravel the autophagic molecular mechanisms underlying
placental dysfunction and the resulting short- and long-
term consequences for the offspring. Importantly, this
could represent an important starting point to unveil new
possible treatment options.
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