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Extracellular vehicles (EVs) are a heterogeneous group of cell and membranous particles originating from different cell
compartments. EVs participate in many essential physiological functions and mediate fetal-maternal communications.
Exosomes are the smallest unit of EVs, which are delivered to the extracellular space. Exosomes can be released by

the umbilical cord, placenta, amniotic fluid, and amniotic membranes and are involved in angiogenesis, endothelial
cell migration, and embryo implantation. Also, various diseases such as gestational hypertension, gestational diabetes
mellitus (GDM), preterm birth, and fetal growth restriction can be related to the content of placental exosomes during
pregnancy. Due to exosomes'ability to transport signaling molecules and their effect on sperm function, they can

also play a role in male and female infertility. In the new insight, exosomal miRNA can diagnose and treat infertilities
disorders. In this review, we focused on the functions of exosomes during pregnancy.
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Background

Extracellular vesicles (EVs) are small semipermeable
membrane vesicles participating in intercellular com-
munication. EVs participate in numerous biological
processes. Inside the vesicles, a cargo is contained and
guarded. The cargo presents the originating cell and
pathophysiological states, e.g., in autoimmune sick-
nesses and cancer [1]. All cells, eukaryotes, prokaryotes,
and eukaryotes release EVs as a part of their normal
physiology during acquired abnormalities [2]. EVs can
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be classified by their biogenetic pathway, physical char-
acteristics, and composition. There are three funda-
mental subgroups of EV, including apoptotic bodies,
microvesicles, and exosomes. This division predates on
the biogenetic mechanism of formation, release, and size
[3]. Exosomes are a subset of EVs with a mean diameter
of 30-120 nm [4]. Exosomes are released through an
endosome-dependent pathway and deliver nucleic acids,
proteins, lipids, cytokines, and metabolites [5]. They
are releases by merging multicellular bodies containing
intraductal vesicles with plasma membranes. They are
also related to immune responses, viral pathogenesis,
pregnancy, nervosum disease, and cancer progression
[6, 7]. Several studies have shown that exosomes are rela-
tive to normal pregnancy and sophisticated pregnancy.
During human pregnancy, maternal and fetal physiology
is influenced by several factors [8]. The developing fetus
and the placenta share their antigens to the mother [9].
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Cellular communications between the mother and fetus
occur by several secreted factors such as EVs, cytokines,
and hormones [1]. Cellular communication is mainly
mediated through direct cell-to-cell contacts, soluble fac-
tors, intercellular nanotubes, and EVs [10]. The placental
assignments also include controlling and regulating the
communication between the mother and the develop-
ing child. Placental cells of both maternal and embryonic
origin, secrete not simplest soluble endocrine media-
tors however additionally extracellular vesicles, along
with exosomes [1]. Exosomes play a critical role in preg-
nancy by modulating several processes including mater-
nal immunologic response and metabolic adaptations. It
identifies that the entire circulating exosomes in preg-
nancy increase across gestation [11-13]. Placenta, the
principal organ in pregnancy, releases various hormones,
growth factors, cytokines, miRNAs, and proteins which
are crucial for maternal and fetal wellbeing placenta
secretes large quantities of exosomes into the mater-
nal circulation during normal and pregnancy complica-
tions like preeclampsia, gestational diabetes, fetal growth
restriction, and preterm birth, and play important roles
in several aspects of pregnancy including feto-maternal-
ernal signaling [11]. Exosomes from other sources like
follicular fluid, endometrium, embryo, and trophoblast
cells may affect the feminine fertility, implantation, and
early stages of pregnancy, whiles the placenta-derived
exosomes are the most players in advanced stages of
pregnancy. Contrary to growing interest in elucidating
the role of exosomes during normal and sophisticated
pregnancies, development within the field seems to be
quite slow. On the opposite side, recent studies have
demonstrated that pEXO (placenta-derived exosomes)
has a key role within the establishment of maternal
immune tolerance, which is critical for a successful preg-
nancy. Hence, to achieve a much better understanding of
the underlying mechanism, we highlighted the advanced
studies of pEXO on immune cells in pregnancy and the
way this might result in complications of pregnancies
with abnormal foetal developmental disorders [5, 14—16].

Structure and physiological functions of exosomes
EVs are a heterogeneous group of cell and membranous
particles originating from different cell compartments
released outside the cell and retrieved in the body fluids
and cell culture media [17]. EVs carry a variety of cargo,
including RNAs, proteins, lipids, bioactive enzymes,
molecules, molecular information, and DNA, and are
released from all types of cells, including prokaryotic
and eukaryotic cells [18]. EV secretion is a process that
appears to be conserved throughout evolution [19].
According to their biogenesis, size, and release process,
EVs can be classified into three main groups including,
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exosomes (originating from the endocytic pathway),
microvesicles (MVs) (derived from plasma membrane),
and apoptotic bodies (released by cell undergoing apop-
tosis) [20]. These classes contain different average size
exosomes such as 30-120 nm [21], MVs (50-1000 nm)
[22], and apoptotic bodies (50-5000 nm) [23] with a
larger average size. Mammalian cells, including tumor
cells, secrete EVs within a heterogeneous group of mem-
brane vesicles, including both exosomes and MVs [22].
Exosomes were first identified in 1981, originally termed
shedding vesicles, because of their 5'-nucleotidase activ-
ity, derived from various normal and neoplastic cell lines
[24]. Recently, a new kind of non-membranous vesicles
termed exomeres has been invested [25]. Exomeres are
smaller than exosomes (>50 nm) and cannot attach to
the bilayer membrane [20].

The inner budding of endosomes generates exosomes,
thereby can produce multivesicular bodies (MVBs)
and intraluminal vesicles (ILVs) [26]. ILVs fuse with
the plasma membrane and release exosomes into the
extracellular space [27]. Plasma membrane- and cyto-
solic molecules-like nucleic acids, lipids, and proteins
are endocytosed and transferred into early endosomes
[28]. The endosome then matures, and early endosomes
differentiate into late endosomes/ MVBs. Then, late
endosomes fuse with lysosomes, leading to their degra-
dation or fuse with the plasma membrane, releasing the
vesicles into the extracellular space as exosomes [29, 30].
The biogenesis of exosomes is controlled by activating
cell-specific receptors and signaling pathways [31]. The
fusion of primary endocytic vesicles is the first step in
the early endosome formation mediated by clathrin- or
caveolin-dependent or independent pathways [32]. The
Rab family of small GTPases controls different steps of
vesicular trafficking. Rab27a and Rab27b were reported
in MVE docking at the plasma membrane [33]. Rab27a
has an important role in the size determination of MVEs,
whereas Rab27b mediates the transfer of MVEs from
microtubules to the actin-rich cortex and their main-
tenance at the cell periphery [34]. Ultimately, exosomes
interact with recipient cells by direct signaling through
ligand/receptor molecules on their respective surfaces or
are taken up by recipient cells in unique fashion, such as
direct membrane fusion, endocytosis, macropinocytosis,
or even phagocytosis [35, 36]. The exosome formation
pathway was regulated by the endosomal sorting com-
plex required for transport (ESCRT)-dependent or an
ESCRT-independent pathway [37]. The ESCRT is respon-
sible for the accumulation and sorting of molecules chan-
neled into ILVs. The main and critical ESCRT complexes
such as ESCRT-0, -1, -II, and-III are responsible for the
final delivery of ubiquitinated proteins to the degradation
machinery [38].
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Exosomes are highly enriched in ESCRT machinery-
associated proteins (TSG101, HRS, and ALIX), which are
involved in MVB synthesis [27]. Exosomes also express
CD markers such as CD9, CD63, and CD81, which are
used to recognize exosomes [39, 40]. Various metabolic
enzymes, such as ATPase, glyceraldehyde-phosphate
dehydrogenase (GAPDH), enolase 1, pyruvate kinase
type M2 (PKM2), and phosphoglycerate kinase 1 (PGK1),
have been detected in exosomes [41]. Heat shock proteins
(such as HSP70 and HSP90) and MHC molecules are
also found in exosomes derived from most cell types and
are involved in antigen presentation [42]. Exosomes are
involved in a variety of cellular biological processes. They
have different roles and functions depending on what
cell they originated [43]. The most important functions
of exosomes are as follows. Absorption of unnecessary
proteins and role in cellular maturation, dual function
in the immune system [44, 45], development and nor-
mal physiology of the central nervous system [46], tis-
sue regeneration, antigen presentation and induction of
immune system responses [47], Influence on inflamma-
tory responses, coagulation [48] and pregnancy [49] are
the main biological functions of exosomes.

Exosomes in pregnancy

Origin and performance of exosomes in pregnancy
Exosomes are formed by the cellular endocytic pathway
consisting of three different stages: (i) plasma membrane
penetration from the endocytic vesicles; (ii) stage, inward
budding of endosomal membrane starts, which gives rise
the multivesicular bodies (MVBI{s); (iii) in the last stage,
MVBIs fuse with the plasma membrane and releases the
vesicular contents (exosome) [50, 51]. Different lipidic
molecules are known for their interference in exosome
formation and release, like phosphatidic acid and cera-
mides. The size of the exosomes is erotic their site of ori-
gin and lipid bilayer structure in the cell [52]. Exosomes’
origin and functions in pregnancy Exosomes play a
vital role in pregnancy by modulating several processes,
including maternal response and metabolic adaptations
[11, 12]. it has been identified that the whole circulating
exosomes in pregnancy increase across gestation [13] and
increases in complications of pregnancy like Gestational
DM (GDM) and pre-eclampsia (PE) [53]. Until now, the
precise origin, cargo, and functions of those exosomes in
maternal circulation do not seem to be fully understood
and warrants further investigation. However, the pla-
centa’s principal organ in pregnancy secretes exosomes
into the maternal circulation, and placental exosomes
are detected as early as 6 weeks of pregnancy. Although
the origin of microvesicles and exosomes is well known,
the experimental discrimination of these vesicles types
is difficult, so the terms are sometimes subsumed as
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extracellular Vesicles. Remarkably, exosomes derived
from the placenta form a vital link by which the placenta
communicates with other maternal tissues in normal and
sophisticated pregnancies [13, 54].

EVs in normal pregnancy in physiological pregnancy
EVs and exosomes particularly have time and again been
indicated to act as components of fetal-maternal commu-
nication during implantation and placentation [55, 56].
while modulating the maternal reaction, maintaining cel-
lular metabolic homeostasis, promoting fetal vasculogen-
esis, maternal uterine vascular adaptation, and preparing
the uterus for delivery [57-60]. Attached to the uterus
wall, the placenta constitutes the interface between the
mother and fetus within the gestational period, ensuring
gas exchange, nutrient and waste transfer, immunoglob-
ulin transport, and hormone secretion. Maternal—fetal
communication is feasible either through simple or facili-
tated diffusion, transport, or using EVs [61]. Through
their content, embryonic EVs engulfed by specific mater-
nal cells, find yourself regulating maternal adjustments.
Further on, placental EVs aid the pregnancy’s vascu-
lar changes while also reflecting the placental function
and fetal growth [62]. Placental-derived EVs distinguish
themselves especially via their positivity for the syncytio-
trophoblast (STB) marker placental alkaline phosphatase
(PLAP), amongst other STB-derived EVs (STBEVs) [63],
while both early and term placental cytotrophoblast cells
are demonstrated to secrete, using exosomes, members of
the B7 family of immunomodulatory molecules, namely
B7-H1 (CD274), B7-H3 (CD276), and human leukocyte
antigen-G5 molecules (HLA-G5) [64] Maternal and fetal
exosome transfer in both directions has been demon-
strated using fluorescently labeled exosomes in pregnant
mouse models, thus reinforcing the isolation of exosomes
from maternal blood samples as a non-invasive liquid
biopsy [53]. Like other EVs, placenta-derived EVs are
abundant in miRNAs, regulators of an organic phenome-
non at the post-transcriptional level, exerting their effects
by targeting multiple mRNAs [65]. By these means, miR-
NAs carried by EVs and transported to specific cells
find yourself modifying the organic phenomenon pat-
tern of the recipient cells. Among placenta-associated
miRNAs, 46 miRNAs belonging to the chromosome
19miRNA cluster (C19MC) are identified expressed in
villous trophoblasts [66]. Among these, miR-517b favors
TNFa expression [67] while miR-516b-5p, miR-517-5p,
and miR-518a-3p are shown to impact the PI3K-Akt and
therefore the insulin signaling pathways, their expression
levels being regulated by various stimuli, including oxida-
tive stress and glucose levels [68]. Furthermore, in healthy
oxen pregnancy models, placental exosome-derived miR
499 has been shown to downregulate NF-«kB activation
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by targeting the Lin28B/let-7-ras signaling axis, therefore
maintaining a small proinflammatory profile [69].

EVs in spiral artery remodeling

Following successful implantation, decidualization, and
placentation occurs, the resulting placenta ensures the
mandatory resources for the optimal development of
the embryo [70]. The nutrient supply is facilitated by
the uterine spiral arteries, which undergo a considerable
transformation under the influence of adaptive mecha-
nisms distributed by cellular and molecular factors [71].
Specifically, both cellular and extracellular components
of the maternal uterine spiral arteries undergo modi-
fications like apoptosis, hyperplasia and hypertrophy,
migration, and ECM remodeling, all under the rigorous
coordination of invasive cytotrophoblast cells and decid-
ual natural killer (NK) cells [72]. Trophoblast cells find
themselves replacing the distal endothelial cells, acquir-
ing a low-resistance vascular bed phenotype, fitting for
unrestricted blood flow. During placental development,
the migration of vascular smooth muscle cells (VSMC)
plays a key role in spiral artery remodeling, a movement
which has been demonstrated to be partly promoted by
EVs released by extravillous trophoblast (EVT) cells via
a unique EVT-VSMC exosomal communication pathway
[73].

Furthermore, exosomal miRNAs and vascular endothe-
lial protein A (VEGFA) are reported to be discharged by
the implanted embryo to regulate blood flow [74]. based
upon oxygen degrees, placental EVs have also been men-
tioned to stimulate vascular-angiogenesis, particularly
in hypoxic situations [75]. On an identical note, Jia and
colleagues have researched the role of maternal and duct
blood exosomes on angiogenesis. By analyzing healthy
pregnant women, they found that maternal and umbili-
cal exosomes promoted human vein endothelial cells
(HUVEC) proliferation and migration, together with
angiogenesis, with 258 miRNAs being upregulated in
both forms of exosomes [59]. Other trophoblast cells
derived-EVs that have also been reported to possess
pro-angiogenic effects by enhancing the proliferation of
maternal endothelial cells via particular angiogenesis-
related miRNA regulation are identified in fetal mem-
brane blood [76].

The importance of exosomes in pregnancy: focus
on angiogenesis

In pregnancy, EVs can stimulate or impede angiogen-
esis based on their content and molecular expression,
dependent on the cell of origin and its pathophysiologi-
cal state [77]. Hypoxic conditions modulate the release
of EVs from cytotrophoblast and placental cells in the
first trimester of the pregnancy [78]. Exosomes can
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be released by the umbilical cord, placenta, amniotic
fluid, and amniotic membranes [79]. During pregnancy,
exosomes in amniotic fluid and urine induce tissue regen-
eration and angiogenesis [80]. Exosomes can produce
pro-angiogenic factors that support normal gestation
development and the maintenance of endothelial home-
ostasis [81]. The concentration of exosomes in maternal
plasma increased more than two-fold towards the end of
pregnancy [82]. It has been shown that exosomes’ abil-
ity to modulate endothelial cell migration decreased over
time [82]. Exosomes could originate from maternal circu-
lation and cord blood and promote endothelial cell prolif-
eration, migration, and tube formation [83]. The activity
of maternal serum-derived exosomes is higher than that
of exosomes from cord blood [84]. This is probably due to
the differential expressions of miRNAs involved in regu-
lating cell migration, such as miRNA-550a-5p, miRNA-
122-5p, miRNA-210-3p, miR376¢c-3p, miRNA-151a-5p,
and miRNA-296-5p [85]. Another source of the exosomes
is human umbilical cord mesenchymal stem cells (UC-
MSCs), which have pro-angiogenic activity [86]. UC-
MSCs stimulates endothelial cell migration, proliferation,
and angiogenesis in vitro [87]. Under hypoxic conditions,
UC-MSC-exosomes have angiogenic potential in vitro. A
large number of pro-angiogenic factors, including VEGE,
VEGEFR-2, MPC-1, angiogenin, tie-2/TEK, and IGF are
present in these exosomes [88]. Moreover, upregulation
of miRNA-150 was found in UC-MSC-derived exosomes
from a healthy pregnancy in piglets. The miRNA-150 was
associated with higher expression of VEGF and Notchl.
Therefore, exosome miRNA-150 is a major regulator of
angiogenesis in utero [88]. Various exosomal miRNAs,
including miR486-1-5p and miR486-2-5p, are partici-
pated in migration, placental development, and angio-
genesis [89].

The roles of exosomes in embryo implantation

It has been investigated that the endometrial epithelium
release EVs involved in the transfer of signaling miR-
NAs and adhesion molecules to the blastocyst and the
adjacent endometrium into the uterine cavity [90]. It
has been found that CD63+ and HSP70+ exosomes are
present in the uterine luminal fluid (ULF) of cyclic and
pregnant sheep [91]. Exosomes are involved in the suit-
able interaction between the embryo and uterine endo-
metrium required for successful embryo implantation
during pregnancy [92]. Endometrial epithelium can
release exosomes into the uterine cavity and transfer spe-
cific miRNAs to the blastocyst or endometrial epithelial
cells to enhance embryo implantation [93]. Comparing
the miRNAs of the exosomes and their producer cells
demonstrated that 13 of the 227 miRNAs were specific
for exosomes and promoted embryo implantation [94].
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Human endometrial epithelial cells-derived exosomes
taken up by trophoblasts improve their adhesive features
through enhanced focal adhesion kinase signaling [95].
Exosomal miR-30d is secreted by the human endome-
trium and upregulates genes that participated in embryo
implantation, including integrin alpha-7, cadherin-5, and
integrin beta-3 [96]. Extravillous trophoblast (EVT) inva-
sion is one of the key steps for successful placentation
[97]. There is differential expression of placenta-associ-
ated miRNAs (miR-520c-3p) between chorionic villous
trophoblasts (CVTs) and EVTs [98]. The down-expres-
sion of endogenous miR-520c-3p results in accelerate
CD44/hyaluronic acid (HA)-mediated EVT invasion [98].
Exosomal miR-520c-3p probably participates in CVT-
EVT cell communication and EVT invasion [99]. Indeed,
miR-520c-3p targeted CD44 in EVT, and downregulation
of endogenous miR-520c-3p accelerated EVT invasion
[100].

Clinical application of exosomes and miRNAs

in complicated pregnancies

Several studies reported that placental exosomes are
involved in the pathology of pregnancy [101]. There is a
connection between the quantity and content of placen-
tal exosomes and placental dysfunction, including ges-
tational hypertension, PE, gestational diabetes mellitus
(GDM), preterm birth, and fetal growth restriction [10,
101]. It has been found that the secretion of vesicles dur-
ing pregnancies is complicated by gestational diabetes
and preeclampsia [102]. Different concentrations of exo-
somal miRNA could be associated with these pathologi-
cal states. Besides, cell-free DNA (cfDNA) of exosomal
origin is considered a hallmark of pregnancy complica-
tions [103]. Fetal cfDNA, produced by apoptosis of pla-
cental cells in the trophoblast, is mainly released during
normal pregnancies. However, the process of apoptosis
increased during complicated gestation due to elevated
levels of oxidative stress and inflammatory response.
Therefore, alternation in the release of exosomes, their
concentration and composition, and bioactivity are asso-
ciated with pregnancy complications [12].

Gestational hypertension

Gestational hypertension or pregnancy-induced hyper-
tension is one of the most common complications in a
pregnant woman after 20 weeks of gestation without the
presence of protein in the urine. This disease is affecting
up to 10% of pregnant women worldwide. There are 3
types of hypertensions in pregnancy, about 1% of preg-
nancies are affected by chronic hypertension (CHT),
5-6% by gestational or pregnancy-induced hypertension
(GHT), and 1-2% by PE. In GHT, hypertension develops
in the latter part of pregnancy without any other clinical
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symptoms of PE, which resolve postpartum [104]. The
underlying pathophysiology of the disease is still elusive;
nevertheless, it is thought to be related to a mechanism
of altered trophoblast invasion and spiral artery remod-
eling. Eventually, the result prevents maternal blood flow
to the placenta and leads to high perfusion pressure to
the trophoblast layer. This phenomenon induces a cas-
cade of inflammatory events, disrupting the balance of
angiogenic factors, inducing platelet aggregation and
injured trophoblast, all of which result in endothelial
dysfunction manifested clinically as the preeclampsia
syndrome. Moreover, followed by the release of possibly
harmful materials such as cell fragments and EVs into the
maternal circulation [105].

More than one thousand miRNAs are identified, which
are expressed by different layers of the human placenta
[106]. Also, some of these miRNAs are primate-specific
and only expressed by placental and stem cells. Although
the function of placentally expressed miRNAs is not fully
understood, they appear to be involved in the regulation
of placental development and play critical roles in nor-
mal physiology [107]. Moreover, it has been reported that
either placenta-specific or not placenta-specific miR-
NAs are associated with pregnancy-related hyperten-
sive diseases. Trophoblast-derived miRNAs are released
to maternal circulation through the exosomal pathway
[108]. Several investigations identified that the concen-
tration of total peripheral blood exosomes was signifi-
cantly increased in pregnant women with hypertensive
disorders, which correlated with the severity of the dis-
eases compared to normal pregnancies. Also, it has been
exhibited that the contents of peripheral blood exosomes,
especially miRNAs, are different between normal preg-
nancies and preeclamptic pregnancies and in different
types of hypertension. In one study, plasma samples from
women with CHT, GHT, PE, and normotensive pregnan-
cies were collected. Exosomal miRNAs were extracted,
and miRNA concentration was measured. The circulating
exosomal total-miRNA and hsa-miR-210 were increased
in women with PE [109]. Exosome-derived hsa-miR-210
may have a role in the pathomechanism of the disease
[110].

Maternal plasma exosomal profiling of selected
C19MC (chromosome 19 miRNA cluster) microRNAs
also revealed the down-regulation of miR-517-5p, miR-
520a-5p, and miR-525-5p was observed in patients with
the later occurrence of GH and PE. It has been suggested
that both exosomal miRNAs and proteins could employ
as predictive biomarkers [111]. Moreover, another study
found that the up-regulation of miR-516-5p, miR-517,
miR-520 h, and miR-518b is associated with the later
development of gestational hypertension. First-trimester
screening of extracellular miR-520 h alone or combined
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with miR-518b identified a significant proportion of
women with subsequent gestational hypertension [112].
Another study by Hromadnikova confirmed that the
upregulation of miR-516-5p, miR-517, miR-520a, miR-
525, and miR-526a is a characteristic of established
preeclampsia and gestational hypertension [113]. Vas-
cular dysfunction is believed to be primarily associated
with hypertension. Ying et al. collected umbilical cord
plasma samples from women with normal pregnan-
cies and matched preeclamptic patients. Subsequently,
they isolated circulating exosomes. They showed that
umbilical cord plasma-derived exosomes from preec-
lamptic women drive vascular dysfunction by targeting
3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1)
in endothelial cells [114]. Therefore, the detection of
peripheral blood exosomes and circulating miRNAs
in gestation women is an important hallmark and is
expected to identify early diagnostic markers for preg-
nancy-induced hypertension diseases [115].

Gestational diabetes mellitus (GDM)

GDM is an alarming public health issue metabolic dis-
order, affecting approximately 9-15% of all pregnan-
cies worldwide [92]. GDM is explained as any degree of
glucose intolerance recognized for the first time during
pregnancy. It is still unclear about the etiology of GDM,
but some of the important factors in causing the GDM
to include overweight status before pregnancy, ethnicity,
previous GDM, hormone level, and family history of dia-
betes [116]. During pregnancy in the maternal peripheral
blood, common factors that reflect pregnancy status are
blood glucose glycocholic acid, soluble Fms-like tyrosine
kinase-1, circulating foetal DNA and exosomes, and cir-
culating miRNAs [117-119]. Exosomes can be extremely
attention as they play a pivotal role in studying the patho-
physiology of GDM and potential personalized therapy.
Two separate studies performed by Saker et al. and
Salomon et al. identified that the plasma concentration
of exosomes is higher in normal pregnant women than
in non-pregnant women, and placental exosomes are
released into the maternal circulation at the beginning of
6 weeks of gestation. After delivery, the concentration of
blood exosomes returns to nonpregnancy levels within
48 h [13, 82]. Different types of exosomes have been
identified in pregnant according to their diverse origins.
Most of these exosomes are derived from maternal cells,
such as B cells, T cells, neutrophils, and endothelial cells
[13, 120]. A small number of these exosomes originate
from syncytiotrophoblasts, cytotrophoblasts, extravil-
lous trophoblast cells, and placental vascular endothelial
cells, with syncytiotrophoblasts being the main produc-
ers of placental exosomes [49, 121-123]. Nakahara et al.
showed that placental-derived exosome (PdE) levels
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increased in all types of gestation, but GDM these levels
were higher than in normal pregnancies. Also, increasing
the level of PdE is significantly associated with maternal
body mass index (BMI), glucose concentration, and fetal
body weight, implying that exosomes can be involved in
maternal metabolic adaptation to pregnancy and there-
fore that PAE may be used as an early predictor of adverse
outcomes, including GDM and PE [124]. PdE in women
with GDM may change maternal physiology by the pro-
cess of exosomal placenta-maternal transfection, a “pay-
load” of receptors proteins. Some mediators play a role
in this system, including the vascular, pancreatic, adi-
pose tissues, and innate immune [125]. GDM impacts
trophoblasts or PD-MSCs, altering the endothelial activ-
ity supporting changes in transport glucose GLUT 3
and therefore delivery of energy substrates to the fetus
[125]. PAE may play a role in proinflammatory response
by producing adipokines associated with pregnancy and
increased phenomenon under diabetic conditions. Jaya-
balan, N et al. showed that in GDM, exosomes secreted
from adipose tissue may communicate with regulating
placental glucose metabolism (glycolysis and gluconeo-
genesis) by improving the communication of adipose
tissue-derived exosomes (exo-AT) to placental tissues,
therefore, might become an active intervention strategy
to prevent the consequences of GDM, such as fetal over-
growth [71, 126]. Rafal Sibiak et al., reported that pla-
cental exosomes isolated from the urine of patients with
GDM carried significantly different amounts of several
various microRNAs (miR-222-3p, miR-16-5p, miR-516
p, miR-517-3p, and miR-518-5p) compared with healthy
controls and also) miR-122-p; miR-132-3p; miR-1323;
miR-136-5p; miR-182-3p; miR-210-3p; miR-29a-3p;
miR-29 bp; miR-342-3p, and miR-520 h) was remark-
ably increased in GDM patients compared with normal
controls [127]. the high levels of glucose and adipokines
are considered factors that induce the overexpression of
miR-16-5p. miR-16-5p is a modulator of the PI3K/Akt
signaling pathway by regulating genes, such as Pi3Krl
and Pi3kr3, mTOR, and Mapk3, as well as a result, of
overexpression of these factors signaling pathways, has
been connected with diabetes mellitus and GDM. Also,
miR-16-5p control genes encode proteins 1 and 2 of the
insulin receptor substrate (IRS1/IRS2). Therefore, the
upregulation of miR-16-5p in patients with GDM will
result in negative regulation of IRS1 and IRS2, which
could lead to abnormal Wnt/B-catenin signaling and,
finally, diabetes [127-129]. The exosomal miRNAs hsa-
miR-1910-5p, hsa-miR-16-5p, hsa-miR-92a-3p, and
hsa-miR-92-3p can be upregulated expressed proteins
in GDM, and their target protein respectively are 60S
ribosomal protein L29 (RL29), serine/threonine-protein
phosphatase 6 (PPP6), chloride intracellular channel
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protein 4 (CLIC4) and actin-related protein complex
2 (ARPC2). sEVs miRNAs regulatory STAT3 pathways
associated with glucose metabolism and insulin signaling
by targeted skeletal muscle. As a result of the Stat3 path-
way, involved in the cytokine and nutrient-mediated insu-
lin resistance in skeletal muscles [130]. Interestingly, sEVs
miRNA- caused downregulation of STAT3 and decreased
insulin signaling in skeletal muscles has been reported
in type 2 diabetes [130]. furthermore, STAT3 acts as a
link between obesity and diabetes by mediating lipid-
induced insulin resistance. In this sense, the differential
miRNA profile in exosomes and their target proteins in
the skeletal muscles may contribute to the pathophysi-
ology of GDM [131, 132]. Another example of the exo-
somal miRNAs that can be affected in skeletal muscle
cells is miR-92a-3p which induces SOCS2 and suppress
NOS2 expression. SOCS proteins can downregulate the
cytokine or tyrosine kinase receptor signaling by target-
ing proteins such as JAK and IRS family members [133].
Increased proinflammatory cytokines such as IL-1,
IL-6, TNF-q, and growth hormone play a role in periph-
eral insulin resistance [134]. It has been reported that
SOCS-1 and SOCS3 are associated with insulin resist-
ance by negative regulation of IRS-1 and IRS-2.Another
study demonstrated that the increase (miRNA-518d)
might contribute to the pathology of the development of
GDM by the effect on the regulation of proliferator-acti-
vated receptor (PPAR) expression [135]. miR-222 from
adipose tissue can be regulated ER-expression in estro-
gen-induced insulin resistance in GDM. Exosomal miRs
can be profiled in biomarker discovery studies. Therefore,
via the study of these exosomal miRs, important aspects
could be better understood and explored for more effec-
tive future diagnoses and new therapeutic approaches to
GDM [136].

Preeclampsia (PE)

PE is a condition associated with common complica-
tions of pregnancy characterized by high blood pressure
and lead to damage to another organ system, especially
the liver and kidneys. Preeclampsia usually appears dur-
ing the second half of pregnancy in women whose blood
pressure has been normal. The main theoretical underly-
ing the etiology of PE centers on abnormal placentation
due to insufficient spiral-artery remodeling caused by
poor trophoblast invasion. Increased placental oxidative
stress is elicited by a predisposing condition, which stim-
ulates the release of microvesicles from the syncytial layer
of the placenta. PE is defined as a blood pressure reading
of 140/90 mm Hg or more after 20 weeks of gestation in
a woman who previously had normal blood pressure and
has proteinuria (0.3 g protein in 24-h urine collection).
Preeclampsia symptoms include: facial or hand swelling,
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Severe headaches that persist, vision alters, Breathing
difficulties, Gaining a significant amount of weight in a
short period, Pain in the abdomen or shoulders. During
the second half of pregnancy, women may experience
nausea or vomiting [137-141]. The disease causes signifi-
cant fetal and maternal mortality. The number of women
and babies who die of these disorders, approximately
76,000 dies of PE, is thought to be 500,000 per annum,
respectively. The newborn can lead to a higher risk of
short-term and long-term disease in infancy, childhood,
and adulthood. Currently, there is no helpful treatment
to prevent the long-term consequences of PE, mainly
because the pathophysiology is not well understood and
is not detected early enough [142-145]. maternal factors,
blood pressure, proteinuria, and uterine-artery Dop-
pler velocimetry are an example of clinical markers that
remain the most reliable methods in PE monitoring and
helpful care of the mother and fetus [146, 147]. Never-
theless, they cannot be used in the early diagnosis of PE.
However, they may still aid as useful markers when com-
bined biomarkers of PE include cytokines, proteins, angi-
ogenic and antiangiogenic factors, which have a vital role
in the pathogenesis and etiology of PE [148].

Exosomes secreted from the placenta to the peripheral
circulation can be detected from the plasma of pregnant
women after 6 weeks of pregnancy and may be involved
in the pathogenesis of preeclampsia. Researchers pursued
circulating exosomes in the many studies, isolated from
women with preeclampsia and compared with exosomes
from women with uncomplicated term pregnancies.
Li, H., et al. reported that the concentration of plasma
exosomes from women preeclampsia was 1.47-fold and
1.45-fold higher, respectively, compared with healthy
controls. The profile of plasma exosome concentration
across a range of particle sizes was determined using
nanoparticles, and, Interestingly, the mean diameter of
exosomes derived from participants with preeclampsia
(107.5 nm) was larger than that of controls. They found
miR-153-3p and miR-325-3p exhibited a twofold upreg-
ulation in exosomes from preeclampsia, but this obser-
vation’s biological significance remains uncertain [149].
Zeng et al. and Liang et al. showed that overexpression of
miR-153-3p inhibited cell proliferation and invasion and
promoted apoptosis.

Furthermore, miR-153 can bind the 3’untrans-
lated region of Hypoxia Inducible Factor 1 Subunit
Alpha mRNA and inhibit its expression associated
with diminished tube formation in primary human
umbilical vein endothelial cells reduced Vascular
Endothelial Growth Factor A expression, and angio-
genesis [150-152]. Another exosome isolated from
women preeclampsia, such as placental miR-342-3p,
can be upregulated in preeclamptic and implicated in
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endothelial cell dysfunction in obese children [153, 154].
Salomon, C. et al. suggested that the concentration of
total exosomes and placental exosomes present in mater-
nal circulation increased during normal and PE pregnan-
cies. Remarkably, the concentration of exosomes was
higher in PE than normal pregnancies matched by ges-
tational age. The other result from these studies suggests
that, in early pregnancy (i.e., 11-14 weeks), presymp-
tomatic women who develop PE can be recognized by
the concentration of exosomes within their plasma [53].
exosomes from the first trimester of pregnancy are more
potent in promoting endothelial cell migration. Also,
they can be involved in the inflammatory response, vas-
culogenesis, and angiogenesis, so exosomes from preec-
lampsia are suggested to contribute to the dissemination
of endothelial damage by sequestering the free vascular
endothelial growth factor (VEGF) in the maternal cir-
culation [155]. Besides, proteins such as syncytin-1 and
syncytin-2 contributed to EVs fusion with a target cell in
placental development, and human trophoblasts fusion is
downregulated in placenta-derived exosomes and troph-
oblasts from preeclampsia [156, 157]. To date, little is
known about the exosome profile during PE pregnancies.
However, the motivation for presenting exosomes as a
candidate biomarker of PE is yet to be estimated in terms
of the FDA-approved biomarker criterion [158].

Preterm birth (PTB)

Normal Parturitionis an inflammatory process involving
both fetal and maternal tissues; therefore, the inflam-
matory signals of fetal lead to functional progesterone
withdrawal, the increase of inflammatory factors such as
cytokines and chemokines mediated by the proinflam-
matory transcription factor NF-«B (nuclear factor kB) in
the uterine cavity and activation of immune cells which
disrupts the homeostatic factors that maintain pregnancy
and leads to the promotion of fetal delivery (i.e., around
37-40 weeks of gestation). There are common causes of
labor signaling chiefly related to fetal and maternal endo-
crine changes, including cortisol production, functional
progesterone secretion, and immune changes such as
leukocyte infiltration into embryonic connective tissues
associated with fetal development [159-164]. If, for any
reason, the balance between endocrine functions and the
immune system is disturbed leads to inflammatory over-
load that interferes with the maintenance of pregnancy
and therefore changes related to childbirth [67]. A Clear
understanding of these signals and their mechanisms in
normal pregnancies can provide vision into the patho-
logical activation of these signals, leading to spontane-
ous preterm delivery. Fetal endocrine signals are mostly
considered to contribute to the timing of birth. Preterm
birth is a major pregnancy complication that affects
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15% to 20% of all pregnancies worldwide [165]. Preterm
births happen before 37 weeks gestation, with very pre-
term infants born at 38 before 32 weeks of pregnancy.
Preterm delivery leads to low birth weight, respiratory
distress syndrome, gastrointestinal, immunologic, cen-
tral nervous system, hearing, vision problems, disruption
of immune homeostasis, and overwhelming inflamma-
tion due to either infection or other noninfectious risk
factors before 37 weeks, often resulting in spontaneous
PTB. The risk factors for preterm birth include mater-
nal nutritional status, maternal obesity, ethnicity, socio-
economic status, smoking, maternal age, parity, multiple
pregnancies, and Intrauterine infection [166]. We can
use extracellular vesicles specifical exosomes to under-
stand the paracrine signaling mechanism. Menon, R.,
et al, selected four groups, including term not in labor
(TNIL), term in labor (TL), preterm premature rupture
of membranes (pPROM), and PTB. They studied changes
in maternal plasma exosome proteomics contents in
term and preterm births. Exosomes Were evaluated in
size, morphology, quantity, and markers. To determine
the protein profile in exosomes, they used quantitative
and information-independent methods [67]. Pathway
genius analysis determines pathways related to protein
profiles identified in exosomes. The MP exosomes were
spherical, averaged 120 nm in diameter, and the exoso-
mal proteins CD63 and TSG101 were positive regardless
of pregnancy status. No significant changes in exosome
values in maternal circulation were observed between
groups. SWATH-MS identified 72 statistically significant
proteins among the study groups. Bioinformatics analysis
showed that the proteins in the exosomes in the TNIL,
TL, pPROM, and PTB target pathways are mainly associ-
ated with inflammatory and metabolic signals. Exosomal
data suggest that homeostatic imbalances, particularly
inflammatory signaling and endocrine disorders, may
impair pregnancy maintenance and lead to term and pre-
term labor changes. Reflection of physiological changes
in exosomes indicates its usefulness as biomarkers and
indicators of cellular function [67]. Sheller-Miller, S. et al.
reported that one of the effective factors in the patho-
physiology of preterm labor (PTB) was the accumulation
of immune cells and the activation of the proinflamma-
tory transcription factor NF-kB in maternal—fetal uter-
ine tissues. One way to decrease infection-related PTB
was to reduce the fetal inflammatory response and acti-
vate NF-«B. Thus, they engineered extracellular vesicles
(exosomes) that contained an NF-kB inhibitor, called the
supernatant (SR) IkBa. Treatment mice model with SR
exosomes (1 x 10'° per intraperitoneal injection) after
lipopolysaccharide (LPS) challenge on day 15 of gestation
(E15), prolonged gestation over 24 h (PTB <E18.5), and
reduction of maternal inflammation (n n 4) observed.
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Besides, using a transgenic model in which fetal tis-
sues express the fluorescent red protein tdTomato while
maternal tissues do not, they reported that LPS induced
PTB in mice with cell invasion. The innate immunity of
the fetus, not the mother, is related to the uterine tissues
of the mother. SR packaged in exosomes provides a sta-
ble and specific intervention to reduce the inflammatory
response associated with PTB [167]. Sheller-Miller, S.
et al. worked in mice model. In this experiment, it was
reported that endocrine factors and maturation signals
of fetal organs determine the time of birth. They isolated
maternal plasma exosomes from CD-1 mice identified
during pregnancy, and the biological pathways associated
with the loaded proteins were expressed differently. The
results showed that the shape and size of the exosomes
did not change during pregnancy. However, a gradual
increase in exosomes carrying inflammatory mediators
was shown from a day of gestation (E) 5 to E19. Also,
the effects of plasma exosomes in late pregnancy (E18)
from uterine fetal uterine tissues on delivery were deter-
mined. Intraperitoneal injection of E18 exosomes into
E15 mice located in maternal reproductive tissues and
embryonic parts of the uterus. Compared to the timely
control group, preterm delivery occurred in exosome-
treated mice at E18 and raised inflammatory mediators
at E17 in the fetal cervix, uterus, and fetal membrane
but not in the placenta. This effect was not observed in
injected mice with early pregnancy exosomes (E9). This
study shows evidence that exosomes act as mediators of
paracrine delivery and delivery [68].

Menon, R. et al. studied changes in the concentration
of exosomal miRNA in maternal plasma between parturi-
ent mothers and preterm infants during pregnancy using
a longitudinal study design. In this descriptive study,
miRNA content in exosomes present in maternal plasma
at preterm and PTB (20 and n=10 in each pregnancy,
respectively) during pregnancy and delivery time. They
were determined changes in exosomal miRNA in mater-
nal plasma during a term and gestational pregnancy
using Sequences of 75 cycles with high output Next Seq
500 a platform. A total of 167 and 153 miRNAs showed
significant changes as a function of gestational age during
pregnancy and PTB, respectively (P <0.05). Remarkably,
comparative analysis between exosomal miRNA profiles
between term and PTB reported a total of 173 miRNAs
that changed significantly (P<0.05) during pregnancy.
Specific trends in changes (e.g., increase, decrease, and
both) were also identified as a function of gestational
age. Using bioinformatics analysis, they showed that
differences in miRNA profiles target the signaling path-
ways associated with TGF-B, p53, and glucocorticoid
receptor signaling, respectively. They suggested that the
miRNA content of exosomes in the maternal circulation
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may indicate the biomolecular "fingerprint"” of pregnancy
progression [168]. A literature review using extracellu-
lar vesicles and preterm birth, exosomes, and preterm
birth yielded only a few articles from the past decade.
This indicates that studies on EVS’ role in preterm birth
are still limited. Gray, C. et al. revealed that circulating
miRNAs, such as miR-302b, miR-548, and miR-1253,
are downregulated and that miR-223 is upregulated in
plasma from those with spontaneous preterm birth com-
pared to those with normal pregnancy [169].

Fetal growth restriction

Most pregnant women have a natural pregnancy and
delivery, but some of them experience abnormalities dur-
ing pregnancy that affect their health or the fetus’s health,
such as fetal growth restriction that affects 7-10% of all
pregnancies [170, 171]. Anomalies of the neural tube,
congenital heart disease, and other anomalies affect the
fetus. Fetal growth restriction (FGR) is a disease in which
a genetically specified fetal potential is stunted during
pregnancy [172]. Abnormal fetal growth can be caused
by maternal smoking, starvation, illness, or congenital
disabilities [173]. FGR is most commonly associated with
preeclampsia and accounts for roughly one-third of pre-
mature births. FGR is diagnosed by high-quality ultra-
sound programs that detect fetal weight less than the
10th percentile for gestational age [174]. The placenta is
a crucial organ for fetal growth and development. FGR
is a placental abruption induced by a trophoblast regu-
latory defect that produces uterine insufficiency [175].
Exosomes may play a function in pregnancy-related
issues such as fetal growth limitation.

In a cohort study, Miranda, J. et al., 10 commonly
grown fetuses, and 20 small fetuses were sub-classified
into SGA and FGR, consequently to birth weight (BW)
percentile and fetoplacental Doppler. Exosomes were iso-
lated from maternal and fetal plasma and characterized
by morphology, enrichment of exosomal proteins, and
size distribution by electron microscopy, western blot,
and nanoparticle tracking analysis, respectively. Total
and specific placenta-derived exosomes were determined
using quantum dots coupled with CD63 + ve and placen-
tal-type alkaline phosphatase (PLAP)+ve antibodies,
respectively showed. The placental-type alkaline phos-
phatase (PLAP)+ exosome ratio in FGR was lower than
in the control group and SGA cases [171].

Another cohort study included women that later
developed FGR (n=63), and 102 controls by Hromad-
nikova, I., et al. they performed profiling Maternal
plasma exosome with the selection of C19MC micro-
RNAs with diagnostical potential only (miR-516b-5p,
miR-517-5p, miR-518b, miR-520a-5p, miR-520h, and
miR-525-5p) using real-time RT-PCR. MiR-520a-5p
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Represents a Novel Maternal Plasma Exosome C19MC
MicroRNA Biomarker revealed a novel down-regu-
lated during the first trimester of gestation for women
destined to develop FGR [60].

Hromadnikova et al. showed that upregulation
of miR-499a-5p is a common feature of all placen-
tal insufficiencies such as preeclampsia, gestational
hypertension, and FGR; they also demonstrated an
upregulation miR-1-3p in FGR pregnancies with
abnormal umbilical fetal flows. they founded some of
a series of miRNAs such as (miR-16-5p, miR-26a-5p,
miR-100-5p, miR-103a-3p, miR-122-5p, miR-125b-5p,
miR-126-3p, miR-143-3p, miR-145-5p, miR-195-5p,
miR-199a-5p, miR-221-3p, miR-342-3p, and miR-
574-3p) that downregulation and finally the delivery
before 34 weeks of gestation [176]. Xiaotao et al. inves-
tigated microRNA-210 via the CRISPR/Cas9 technol-
ogy to develop a miR-210-deficient mouse strain with
dramatically reduced miR-210 expression in several
tissues. After miR-210 was deleted from mice, lit-
tle effect on the reproductive rate and litter size was
detected. Continuous treatment of pregnant mice to
hypoxia (10.5 percent O2) from E6.5 to E10.5 or E18.5
resulted in fetal weight loss, significantly aggravated
in dams lacking miR-210. When hypoxia was applied
to knockout mice, analysis of the placental structure
revealed that the placental spongiotrophoblast layer
expanded less, and the formation of labyrinth fetal
blood arteries was impaired compared to wild-type
controls. They discovered that miR-210 regulates
placental adaptation to hypoxic stress during preg-
nancy and reduced miR-210 expression ultimately
results in fetal growth restriction [177]. According to
genome-wide expression profile research in placen-
tal tissue, several miRNAs implicated in collagen and
growth factor signaling are connected with the infant’s
birth weight. Another study reported on a genome-
wide examination of the IUGR placenta. 37 differen-
tially expressed miRNAs, four of which belong to the
C19MC (520a-3p, 520 f-5p, 515-5p, and 519-5p) and
six of which belong to the C14MC (299-3p, 494-3p,
376a-5p, 382-3p, 154-3p, and 369-3p), are implicated
in the regulation of cell migration and proliferation
[178]. The researchers discovered that the expres-
sion of miR-518b is lowered in Intrauterine Growth
Restriction( IUGR) instances, whereas the expression
of miR-519a, another miRNA implicated in placental
functions, is elevated in IUGR cases, according to their
findings. This collection of studies suggests that aber-
rant expression of these microRNAs is connected with
impaired placental trophoblast activity, which results
in fetal growth restriction [179].
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Down syndrome

Down syndrome (DS) is the most prevalent genetic,
developmental, and multisystem impairment caused by
the replication of chromosome 21 (Hsa2l), impacting
approximately one in every 800 live births worldwide
[180]. These traits are associated with DS: mental impair-
ments, congenital cardiac disease, hypotension, muscle
weakness, and other developmental abnormalities [181].
This syndrome also involves imaging the cerebral cortex,
hippocampus, and cerebellum. The volume of gray mat-
ter in the forehead of DS patients continues to diminish
throughout puberty [182]. The studies indicate that pri-
mary cortical damage occurs prior to phenotypes such
as AD in adult DS patients, demonstrating that regions
of the brain are affected by DS. The APP gene is located
on chromosome 21, and individuals with DS build dan-
gerous amyloid peptides in their early years [183] and
amyloid plaques in their third or fourth decade [184].
Recent evidence indicates that overexpression of the APP
gene is required to develop AD in patients with Down
syndrome [185]. While advancements in technology,
medical therapy, and social initiatives have increased life
expectancy, many of the underlying causes of this disor-
der remain unexplained. Exosomes are one method for
investigating DS. They may identify novel neurodegener-
ative and disease biomarkers. Transsynaptic transmission
of pathogenic components is also implicated in AD and
other neurological diseases [186]. Exosomes are a help-
ful marker for elucidating the etiologies of DS. Exosomal
screening may shed light on the persistence of proteins
produced by neurons. Results can be obtained using the
same exosomal markers from serum or plasma samples
obtained from a consortium of biobanks. The exosome
study enables reliable assessment of treatment efficacy
[186]. In DS and AD patients, endosomal pathways are
dysfunctional, with abnormally enlarged early endosomes
in neurons. Gauthier et al. reported that endosomal
MVBs could release endosomal material into the extra-
cellular environment via exosomes. They found increased
exosome secretion in the brains of DS patients, a mouse
model, and DS fibroblasts. They also found increased
exosome regulator tetraspanin CD63 in DS brains. Sig-
nificantly, CD63 knockdown reduced exosome release
and aggravated endosomal disease in DS fibroblasts. This
study found that increasing exosome secretion reduces
endosomal abnormalities in DS [187]. Erturk et al. evalu-
ated the use of 14 miRNAs on chromosome 21 in pre-
natal DS testing. They chose 56 patients, 23 with Down
syndrome fetuses and 33control cases. The research
and control groups had pregnant women in their 17th
and 18th weeks. Real-time RT-PCR was used to assess
miRNA expression. MiR-3156 and miR-99a raised mater-
nal plasma levels in women carrying Down syndrome



Ghafourian et al. Cell Communication and Signaling (2022) 20:51

fetuses [188]. CD81 levels were more significant in DS
neuron-derived exosomes than in control populations by
Hamlett et al. Regardless of ag, neuron-derived exosomes
were more plentiful in DS blood samples [189].

Another study by Zbucka-Kretowska et al. indicated
that 6 miRNAs were overexpressing (hsa-miR-15a, hsa-
let-7d, hsa-miR-142, hsa-miR-23a, hsa-miR-199, hsa-
miR-191) and 7 were downregulated (hsa-miR-1290,
hsa-miR-1915, hsa-miR30e, hsa-miR-1260, hsa-miR-483,
hsa-miR-548, hsa-miR-590) in plasma samples of women
with fetal DS syndrome. The data results that identi-
fied miRNAs may attend to the pathogenesis of DS and
would potentially play a significant role in future preven-
tive therapies [190]. The action of miR-138-5p and the
downregulation of its target, enhancer of zeste homolog
2, in the hippocampus may be involved in the intel-
lectual handicap of DS patients, according to Shi et al.
[191]. Karaca, Emin et al. tested 56 pregnant women; 23
had Down syndrome fetuses, and 33 had normal karyo-
types. Invasive prenatal testing was indicated by maternal
age and increased risk of Down syndrome in screening
tests. The study and control groups were between 17- and
18-weeks’ gestation. A real-time polymerase chain reac-
tion was used to evaluate microRNA expression. The
study group had higher expression levels of microRNA-
125b-2, microRNA-155, and microRNA-3156 than the
control group [192]. Zbucka-Kretowska, M measured
miRNA expression in plasma of pregnant women with
Down syndrome (DS). They used NanoString technology
to evaluate the expression level of 800 miRNAs in 198
amniocentesis conducted at 15-18 weeks gestation on
12 patients with foetal DS and 12 uncomplicated preg-
nancies who delivered healthy newborns at term. They
found 6 miRNAs elevated (hsa-miR-15a, hsa-let-7d, hsa-
miR-142, hsa-miR-23a, hsa-miR-199, hsa-miR-191) and 7
miRNAs downregulated (hsa-miR-1290, hsa-miR-1915,
hsa-miR-30e, MiRNA-regulated genes are implicated in
CNS development, congenital abnormalities, and heart
problems. The results of this work revealed a DS-spe-
cific miRNA expression signature, which can be used to
develop a non-invasive miRNA panel for DS diagnosis.
Scientists believe that discovered miRNAs may play a
role in DS development and could be used in future pre-
ventive therapeutics [193].

Congenital heart disease

More than half of all cardiovascular events in men and
women under 75 years are caused by coronary heart
disease (CHD) [194]. CHD is the most common human
congenital disability and the leading cause of perinatal
mortality [195]. Around 0.8-0.9% of newborns occur,
and prevalence increases worldwide [196]. The mortality
incidence rate from congenital heart disease was 81 cases

Page 11 of 19

per 100,000 live births. Most women with heart disease
can have a successful pregnancy. Nevertheless, the high-
est mortality rates are seen in women with normal heart
structures who did not have heart disease before preg-
nancy [197]. There are no specific symptoms of CHD, but
complications such as Mental retardation, preterm deliv-
ery, and even fetal and neonatal death are more common
among children of women with CHD [198]. The etiol-
ogy of CHD is a multifactorial phenomenon. However,
it is usually caused by the accumulation of fatty deposits
(atheroma) on the walls of the arteries around the heart
(coronary arteries) [199, 200]. On the other hand, details
of the contribution of environmental factors to CHD
remain unknown. However, studies have shown that
maternal diabetes mellitus (matDM) is a common envi-
ronmental risk factor for CHD [201].

Additionally, a Significantly different expression of
more than 100 circulating miRNAs, including miR-1275,
miR-142-5p, miR-34a, miR-4666a-3p, and miR-3664-3p,
in the peripheral blood of pregnant women carrying
fetuses with abnormal heart growth compared to women
with normal pregnancies has also been reported [202].
Thus, these results confirm that circulatory exosomes
or circulating miRNAs in pregnancy regulate fetal heart
growth and provide new insights into CHD prevention,
diagnosis, and treatment [8]. On the other hand, the
transfer of exosomal miRNAs can play an important role
in protecting against myocardial ischemia and inhibit-
ing myocyte death by suppressing genes involved in cell
death [203]. For example, Jin et al, as the first study,
showed that exosomal expression of maternal serum
miR-146a-5p was associated with fetal ventricular septal
defects (VSD), the main type of CHD accounts for 20 to
30% of CHD cases [114].

At present, due to advances in medical care, some
medications help protect the heart against further defects
or damage, such as prostaglandins and prostaglandin
inhibitors, and aspirin is used to keep the fetal artery
open, catheter or surgical methods. Percutaneous valve
implantation has recently shown promising results [198].

Recently, exosomes have emerged as a novel in the
treatment of CHD. The delivery of intracellular signaling
mediators of exosomes to transmit useful signals to dam-
aged tissues is particularly important in cardiac regenera-
tive medicine [204]. In particular, exosomes isolated from
human embryonic stem cell-derived mesenchymal stem
cells (ESC-MSCs) were used to treat ischemia/reperfu-
sion (I/R) injury [205], improvements in cardiac function,
and reduce infarct size [206].

A successful exosome therapy for heart repair probably
involves a combination of exosomes that contain cargo
to reduce cardiac fibrosis, induction of angiogenesis,
and improvement of heart function. However, further



Ghafourian et al. Cell Communication and Signaling (2022) 20:51

studies in patients are necessary to optimize the dose
and method of administration and study the immune
response and side effects.

Neural tube defects

Neural tube defects (NTDs) are the second most com-
mon congenital abnormalities of the CNS, caused by a
defect in neural tube closure during neurulation in early
embryonic development, including anencephaly, spina
bifida, and encephalocele, in the 3rd and 4th week of ges-
tation [207]. One of the most common types of NTD is
spina bifida aperta (SBA), which causes urinary and neu-
rological complications [208]. The incidence of NTDs has
declined significantly and now occurs in approximately
0.5-2 per 1000 pregnancies worldwide [209]. Although
the pathogenesis of NTD is not yet fully understood,
studies suggest that it has a multifactorial origin that
includes genetics and environmental factors. The most
common NTDs are spina bifida and anencephaly, but the
clinical spectrum includes craniorachischisis, encepha-
locele, and iniencephaly [210]. Epigenetic changes, such
as histone changes and DNA methylation, folate metabo-
lites, and related enzymes, are involved pathogenesis of
NTDs [8, 211]. Folic acid deficiency is a significant cause
of NTDs, and reduced gene methylation plays an essen-
tial role in the mechanisms underlying the effect of folic
acid on NTDs [212].

On the other hand, some potential targets of six miR-
NAs such as CBS, DNMT3A, FPGS, and MTHFD?2 are
involved in folate methylation or homeostasis. Thus,
misrepresentation of miRNA may help NTDs by modu-
lating folate methylation or metabolism [213]. Highly
sensitive and specific biomarkers in maternal serological
analysis for early detection of NTDs have not yet been
identified [214]. However, different protein expression
levels in serum exosomes of pregnant women during the
14-20 weeks of gestation can be used for earlier clinical
screening and diagnosis of NTDs. For example, Wang
et al. showed that the expression of proteins DNM2 and
COROI1A was significantly reduced in pregnant women
carrying NTD fetuses compared with a normal group
[208]. In addition, in a recent study, Kumar et al. Showed
that in spina bifida, PMSC-derived exosomes with neu-
ronal survival-related proteins such as galactin-1 could
play a protective role in nerve function [215]. Therefore,
exosomes may be a potential way for early prenatal diag-
nosis of fetal neurological diseases.

On the other hand, maternal diabetes and obesity
(BMI>30) are other known risk factors for NTDs.
Human epidemiological data suggest that folic acid sup-
plementation may reduce the risk of NTD in diabetic
pregnancy [216], while the risk of increased BMI was
independent of maternal folate status [217]. Several tests
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included prenatal "triple markers" which measured the
maternal level of human chorionic gonadotropin (hCG),
alpha-fetoprotein (AFP), estriol, and testing the level of
AFP and acetylcholinesterase in amniotic fluid as well as
chromosomal abnormalities, are used for screening and
detecting neural tube defects. Imaging techniques such
as prenatal anomaly scans also help identify a variety of
NTDs [218].

Exosomes and recurrent pregnancy loss

Recurrent pregnancy loss (RPL) is one of the most com-
mon reproductive disorders, defined as at least two or
more pregnancy losses before 20-24 weeks of pregnancy,
occurs in 1-2% of women [219, 220]. The etiology is
considered to be multifactorial. Chromosomal abnor-
malities (Aneuploidy and polyploidy) are common prob-
lems in RPL [221]. Other probable or possible etiologies
include uncontrolled diabetes mellitus, thyroid disor-
ders, inherited uterine anatomic abnormalities, endome-
trial dysfunction, acquired and inherited thrombophilic
disorders, abnormal HLA-G expression, immunologic
abnormalities, environmental factors, maternal age, and
socioeconomic conditions [222-226]. In addition, some
infections, including Listeria monocytogenes, Toxo-
plasma gondii, Herpes simplex virus (HSV), measles, and
cytomegalovirus, are suspected causes of sporadic spon-
taneous pregnancy loss [227]. Among the immunological
factors, antiphospholipid antibody syndrome (APS) is the
most common treatable cause of recurrent miscarriage
and is diagnosed in 15-20% of women with recurrent
miscarriage [228].

On the other hand, Recent studies have shown that
pregnancy exosomes (pEXO) play an important role in
maternal—fetal immune tolerance, essential for a success-
ful pregnancy [5]. For example, exosomes derived from
endometrial epithelial cells promote fetal attachment
during implantation by miR-30d-dependent upregulation
of integrins or activating the focal adhesion kinase (FAK)
signaling pathway [96]. Another study shows that dia-
pause of exosomes derived from endometrial epithelial
cells enriched with miR-let-7 can protect the fetus from
collapse [5]. Interestingly, the study of Mincheva-Nilsson
et al. showed that during a normal pregnancy, the level
of exosomes increased compared to on-pregnant women,
and placenta-derived exosomes which bear FasL (and
possibly MIC) contribute to maintaining the state of
immune privilege by suppressing the maternal immune
response against a semi-allogenic fetus [229]. In contrast,
women with premature labor have lower numbers of cir-
culating placenta-derived exosomes, and FasL levels on
exosomes reduced significantly [230, 231]. In previous
studies, it has been reported that EV cargo increases in
pregnant women compared to nonpregnant (~20 times
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more), with an increased gestational age that can be seen
in the first trimester of pregnancy, starting as early as the
sixth week [1], hence, EV levels and cargo can help mod-
ulate the mother’s immune response to the fetus.
Moreover, MSC-derived exosomes have been found
can deliver functional proteins and microRNAs that
modulate the immune response [232]. Studies have
shown that in treatment with exosomes in female mice,
macrophages at the mother-fetus interface increased
IL-10 release and decreased IL-12 secretion, indicating
the anti-inflammatory type M2, but had no effect on the
expression of CD86 and CD206. On the other hand, Exo-
some injection downregulated the production of TNF-a
and IFN-y and upregulated IL-4 and IL-10 [233]. These
results showed that treatment of MSC-derived exosomes
suppresses the Thl immune response and facilitates the
Th2 immune response, promoting Th2 dominance in the
immune environment and beneficial for pregnancy. The
conclusion from these findings is that treatment of MSC-
derived exosomes modulates macrophage activity and T
cell function at the interface of mother and fetus, which
provides a therapeutic potential for RPL therapy.

Exosomes in male and female infertility

The role of exosomes in male and female infertility has
recently received more attention. At least one in six cou-
ples worldwide has infertility; 20-35% are due to female
infertility, 20-30% are due to male infertility, and 25 to
40% are related to both sexes’” infertility [234]. Seminal
exosomes comprise 3% of total seminal plasma proteins.
They are composed of several proteins that play a vital
role in acrosome reactivity, sperm motility, and fertiliza-
tion [235]. These vesicles contain mRNAs and miRNAs
that can be transferred to another cell and functional in
this new location. This RNA is called "exosomal shuttle
RNA". Several studies found an association between the
quality of sperm and aberrant miRNA levels, both in
whole seminal plasma and exosomes [236, 237]. It has
been reported that miRNA seminal exosomes modulate
the male reproductive tract to support fetal growth [238].
These features support the idea that the study of exoso-
mal miRNA content can be used as a specific indicator
of alterations of the organ/cells that released them. The
microRNAs studied in male infertility are miR-34, miR-
122, miR-146b-5p, miR-181a, miR-374b, miR-509-5p
and miR-513a-5p [236]. Similarly, dysregulation of miR-
449 due to impaired motility of the spermatozoa was
also linked to male infertility [239]. These microRNAs
could potentially be used as diagnostic biomarkers for
idiopathic male infertility and the development of treat-
ment tools. In addition, aberrant expression of exosomal
annexin II protein can affect sperm function and affect
fertilization [235]. On the other hand, exosomes are
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secreted from various parts of the female reproductive
tract, including the uterus, endometrium, oviducts epi-
thelium, trophoblastic cells, and placenta. As mentioned
above, due to the ability of exosomes in transporting
signaling molecules, they can also play a role in female
infertility [240]. Signaling pathways such as wingless
signaling pathway (Wnt), transforming growth factor-
beta (TGE-P), neurotrophin, insulin signaling pathways,
mitogen-activated protein kinase (MAPK), epidermal
growth factor receptor (ErbB) pathways, and pathways
associated with ubiquitin inside exosomes [240]. Recently
demonstrated that exosomes can be released from first-
trimester placental mesenchymal stem cells (pMSC)
under stressful conditions. For example, placental cells
in response to changes in environmental conditions,
such as low oxygen tension (1%) and high glucose con-
centrations (25 mm), and high concentration of TNF-a,
secrete maximal exosomes, which modify the phenotype
of recipient cell [241]. As a result, increased exosomes
release in response to challenging environmental condi-
tions may disrupt the Th1/Th2, Th17/Teg-2 cytokine bal-
ance. Notably; this balance is necessary for placentation,
normal implantation, and successful pregnancy outcome.
Placental exosomes express the proapoptotic molecules
FasL and TRAIL that play an important role in infertility
[242]. In the end, it can be concluded that many different
functions attributed to these vesicular structures empha-
size their importance, and this pluripotency can be con-
sidered as an important aspect of the normal process of
reproduction.

Conclusion

It can be concluded that exosomes play a significant role
in pregnancy, egg implantation, and embryo formation.
Exosomal content can play a role in pregnancy disorders
and diseases of this period. Exosomes’ potential diagnos-
tic and therapeutic properties promise a bright future for
using these compounds in all diseases, especially preg-
nancy disorders. Accurate knowledge of the biology and
functional properties of these compounds can empower
us in their therapeutic and diagnostic uses.

Abbreviations

AD: Alzheimer's disease; AFP: Alpha-fetoprotein; APP: Amyloid precursor
protein; ARPC2: Actin related protein complex 2; APS: Antiphospholipid
antibody syndrome; BW: Birth weight; BMI: Body mass index; BMP: Bone mor-
phogenetic protein; CHT: Chronic hypertension; CLIC4: Chloride intracellular
channel protein 4; CVTs: Chorionic villous trophoblasts; cfDNA: Cell-free DNA;
DS: Down syndrome; EVs: Extracellular vesicles; EVT: Extravillous trophoblast;
ErbB: Epidermal growth factor receptor; ESCRT: Endosomal sorting com-

plex required for transport; FGR: Fetal growth restriction; GDM: Gestational
diabetes mellitus; HA: Hyaluronic acid; HMGCS1: 3-Hydroxy-3-methylglutaryl-
CoA synthase 1; hCG: Human chorionic gonadotropin; HATs: Histone acetyl
transferases; HSV: Herpes simplex virus; ILVs: Intraluminal vesicles; IRS1: Insulin
receptor substrate; LMWH: Low molecular weight heparin; LPS: Lipopolysac-
charide; MVs: Microvesicles; MVBs: Multivesicular bodies; NIPT: Nicht-invasive



Ghafourian et al. Cell Communication and Signaling (2022) 20:51

prenatal tests; NK: Natural killer cells; NGS: Next-generation sequencing; NTDs:
Neural tube defects; PKM2: Pyruvate kinase type M2; UC-MSCs: Umbilical cord
mesenchymal stem cells; ULF: Uterine luminal fluid; PdE: Placental-derived
exosomes; RL29: Ribosomal protein L29; PPP6: Serine/threonine protein phos-
phatase 6; PPAR: Proliferator-activated receptor; PLAP: Placental-type alkaline
phosphatase; PCP: Planar cell polarity; RPL: Recurrent pregnancy loss; pPROM:
Preterm premature rupture of membranes; Shh: Sonic Hedgehog; TNIL: Term
not in labor; TL: Term in labor; TSA: Trichostatin A; VEGF: Vascular endothelial
growth factor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-022-00853-7.

Acknowledgements
Not applicable.

Author contributions
All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Immunology, School of Medicine, Ahvaz Jundishapur Uni-
versity of Medical Sciences, Ahvaz, Iran. 2Fertility, Infertility and Perinatology
Research Center, Ahvaz Jundishapur University of Medical Sciences, Ahvaz,
Iran. >Student Research Committee, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran. “Cellular and Molecular Research Center, Medical Basic
Science Research Institute, Ahvaz Jundishapur University of Medical Sciences,
Ahvaz, Iran.

Received: 26 December 2021 Accepted: 1 March 2022
Published online: 12 April 2022

References

1. Czernek L, Diichler M. Exosomes as messengers between mother and
fetus in pregnancy. Int J Mol Sci. 2020;21:4264.

2. Georgescu A, Simionescu M. Extracellular vesicles: versatile nanomedia-
tors, potential biomarkers and therapeutic agents in atherosclerosis
and COVID-19-related thrombosis. Int J Mol Sci. 2021;22:5967.

3. Rajaratnam N, Ditlevsen NE, Sloth JK, Bk R, Jargensen MM, Chris-
tiansen OB. Extracellular vesicles: an important biomarker in recurrent
pregnancy loss? J Clin Med. 2021;10:2549.

4. LiX, Corbett AL, Taatizadeh E, Tasnim N, Little JP, Garnis C, Daugaard
M, Guns E, Hoorfar M, Li IT. Challenges and opportunities in exosome
research—perspectives from biology, engineering, and cancer therapy.
APL Bioeng. 2019;3:011503.

5. BaiK, Li X, Zhong J, Ng EH, Yeung WS, Lee C-L, Chiu PC. Placenta-
derived exosomes as a modulator in maternal immune tolerance
during pregnancy. Front Immunol. 2021;12:1716.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 14 of 19

Hoshino A, Costa-Silva B, Shen T-L, Rodrigues G, Hashimoto A, Tesic
Mark M, Molina H, Kohsaka S, Di Giannatale A, Ceder S. Tumour
exosome integrins determine organotropic metastasis. Nature.
2015;527:329-35.

Asai H, lkezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, Wolozin

B, Butovsky O, Kiigler S, Ikezu T. Depletion of microglia and inhibi-

tion of exosome synthesis halt tau propagation. Nat Neurosci.
2015;18:1584-93.

Yang H, Ma Q, Wang Y, Tang Z. Clinical application of exosomes and
circulating microRNAs in the diagnosis of pregnancy complications and
foetal abnormalities. J Transl Med. 2020;18:1-9.

Fader CM, Sdnchez D, Furlan M, Colombo MI. Induction of autophagy
promotes fusion of multivesicular bodies with autophagic vacuoles in
k562 cells. Traffic. 2008;9:230-50.

Jin'J, Menon R. Placental exosomes: a proxy to understand pregnancy
complications. Am J Reprod Immunol. 2018;79:e12788.

Nair S, Salomon C. Extracellular vesicles and their immunomodulatory
functions in pregnancy. In: Seminars in immunopathology. Springer;
2018, p. 425-37.

Mitchell MD, Peiris HN, Kobayashi M, Koh YQ, Duncombe G, lllanes SE,
Rice GE, Salomon C. Placental exosomes in normal and complicated
pregnancy. Am J Obstet Gynecol. 2015;213:5173-81.

Sarker S, Scholz-Romero K, Perez A, lllanes SE, Mitchell MD, Rice GE,
Salomon C. Placenta-derived exosomes continuously increase in
maternal circulation over the first trimester of pregnancy. J TransI Med.
2014;12:1-19.

Tannetta D, Dragovic R, Alyahyaei Z, Southcombe J. Extracellular
vesicles and reproduction—promotion of successful pregnancy. Cell Mol
Immunol. 2014;11:548-63.

Tong M, Chamley L. Placental extracellular vesicles and feto-maternal
communication. Cold Spring Harb Perspect Med. 2015;5:a023028.

Lai A, Elfeky O, Rice G E, Salomon C. Optimized specific isolation of
placenta-derived exosomes from maternal circulation. In: Preeclampsia.
Springer; 2018. p. 131-8.

Chiaradia E, Tancini B, Emiliani C, Delo F, Pellegrino RM, Tognoloni A,
Urbanelli L, Buratta S. Extracellular vesicles under oxidative stress condi-
tions: biological properties and physiological roles. Cells. 2021;10:1763.
Mathieu M, Martin-Jaular L, Lavieu G, Théry C. Specificities of secretion
and uptake of exosomes and other extracellular vesicles for cell-to-cell
communication. Nat Cell Biol. 2019;21:9-17.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles,
and friends. J Cell Biol. 2013;200:373-83.

Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin,
composition, purpose, and methods for exosome isolation and analysis.
Cells. 2019,8:727.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications
of exosomes. Science. 2020;367:6478.

Stahl PD, Raposo G. Extracellular vesicles: exosomes and microvesicles,
integrators of homeostasis. Physiology. 2019;34:169-77.

Xu R, Greening DW, Zhu H-J, Takahashi N, Simpson RJ. Extracellular
vesicle isolation and characterization: toward clinical application. J Clin
Investig. 2016;126:1152-62.

Trams EG, Lauter CJ, Salem JN, Heine U. Exfoliation of membrane ecto-
enzymes in the form of micro-vesicles. Biochim Biophys Acta (BBA)
Biomembr. 1981;645:63-70.

Zhang H, Lyden D. Asymmetric-flow field-flow fractionation technology
for exomere and small extracellular vesicle separation and characteriza-
tion. Nat Protoc. 2019;14:1027-53.

Abels ER, Breakefield XO. Introduction to extracellular vesicles:
biogenesis, rna cargo selection, content, release, and uptake. Cell Mol
Neurobiol. 2016;36:301-12.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75:193-208.

Gurung S, Perocheau D, Touramanidou L, Baruteau J. The exosome
journey: from biogenesis to uptake and intracellular signalling. Cell
Commun Signal. 2021;19:47.

Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geeraerts A, Ivars-
son 'Y, Depoortere F, Coomans C, Vermeiren E. Syndecan-syntenin—-ALIX
regulates the biogenesis of exosomes. Nat Cell Biol. 2012;14:677-85.
Buschow S, Van Balkom BW, Aalberts M, Heck AJ, Wauben M, Stoorvo-
gel W. MHC class ll-associated proteins in B-cell exosomes and potential


https://doi.org/10.1186/s12964-022-00853-z
https://doi.org/10.1186/s12964-022-00853-z

Ghafourian et al. Cell Communication and Signaling

31

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

(2022) 20:51

functional implications for exosome biogenesis. Immunol Cell Biol.
2010;88:851-6.

Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK.
Exosomes: composition, biogenesis, and mechanisms in cancer metas-
tasis and drug resistance. Mol Cancer. 2019;18:75-75.

Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis
and secretion to biological function. Immunol Lett. 2006;107:102-8.
Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol
Cell Biol. 2001;2:107-17.

Ostrowski M, Carmo NB, Krumeich S, Fanget |, Raposo G, Savina A,
Moita CF, Schauer K, Hume AN, Freitas RP. Rab27a and Rab27b control
different steps of the exosome secretion pathway. Nat Cell Biol.
2010;12:19-30.

Nanbo A, Kawanishi E, Yoshida R, Yoshiyama H. Exosomes derived from
Epstein-Barr virus-infected cells are internalized via caveola-dependent
endocytosis and promote phenotypic modulation in target cells. J Virol.
2013;87:10334-47.

Tkach M, Théry C. Communication by extracellular vesicles: where we
are and where we need to go. Cell. 2016;164:1226-32.

Shields SB, Oestreich AJ, Winistorfer S, Nguyen D, Payne JA, Katzmann
DJ, Piper R. ESCRT ubiquitin-binding domains function cooperatively
during MVB cargo sorting. J Cell Biol. 2009;185:213-24.

Yeung V, Webber J, Dunlop E, Morgan H, Hutton J, Gurney M, Jones

E, Falcon-Perez J, Tabi Z, Errington R. Rab35-dependent extracellular
nanovesicles are required for induction of tumour supporting stroma.
Nanoscale. 2018;10:8547-59.

Mathivanan S, Lim JW, Tauro BJ, Ji H, Moritz RL, Simpson RJ. Proteomics
analysis of A33 immunoaffinity-purified exosomes released from the
human colon tumor cell line LIM1215 reveals a tissue-specific protein
signature. Mol Cell Proteomics. 2010;9:197-208.

Hegmans JP, Bard MP, Hemmes A, Luider TM, Kleijmeer MJ, Prins J-B, Zit-
vogel L, Burgers SA, Hoogsteden HC, Lambrecht BN. Proteomic analysis
of exosomes secreted by human mesothelioma cells. Am J Pathol.
2004;164:1807-15.

Poliakov A, Spilman M, Dokland T, Amling CL, Mobley JA. Structural
heterogeneity and protein composition of exosome-like vesicles (pros-
tasomes) in human semen. Prostate. 2009;69:159-67.

Muntasell A, Berger AC, Roche PA.T cell-induced secretion of MHC class
lI-peptide complexes on B cell exosomes. EMBO J. 2007;26:4263-72.
Jahangard Y, Moradi A, Mowla S. Exosomes: characteristics, function,
and clinical aspects. Modares J Biotechnol. 2019;10:159-64.

Zhou X, Xie F,Wang L, Zhang L, Zhang S, Fang M, Zhou F. The function
and clinical application of extracellular vesicles in innate immune
regulation. Cell Mol Immunol. 2020;17:323-34.

Gurunathan S, Kang M-H, Qasim M, Khan K, Kim J-H. Biogenesis, mem-
brane trafficking, functions, and next generation nanotherapeutics
medicine of extracellular vesicles. Int J Nanomed. 2021;16:3357.
Lachenal G, Pernet-Gallay K, Chivet M, Hemming FJ, Belly A, Bodon G,
Blot B, Haase G, Goldberg Y, Sadoul R. Release of exosomes from differ-
entiated neurons and its regulation by synaptic glutamatergic activity.
Mol Cell Neurosci. 2011;46:409-18.

Aharon A, Rebibo-Sabbah A, Tzoran |, Levin C. Extracellular vesicles in
hematological disorders. Rambam Maimonides Med J. 2014;5:e0032.
Qin J, Xu Q. Functions and application of exosomes. Acta Pol Pharm.
2014;71:537-43.

Sabapatha A, Gercel-Taylor C, Taylor DD. Specific isolation of placenta-
derived exosomes from the circulation of pregnant women and

their immunoregulatory consequences 1. Am J Reprod Immunol.
2006;56:345-55.

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille
P, Brugger B, Simons M. Ceramide triggers budding of exosome vesicles
into multivesicular endosomes. Science. 2008;319:1244-7.

Laulagnier K, Grand D, Dujardin A, Hamdi S, Vincent-Schneider H,
Lankar D, Salles J-P. Bonnerot C, Perret B, Record M. PLD2 is enriched on
exosomes and its activity is correlated to the release of exosomes. FEBS
Lett. 2004,572:11-4.

Alonso R, Mazzeo C, Rodriguez MC, Marsh M, Fraile-Ramos A, CalvoV,
Avila-Flores A, Merida |, Izquierdo M. Diacylglycerol kinase a regu-

lates the formation and polarisation of mature multivesicular bodies
involved in the secretion of Fas ligand-containing exosomes in T
lymphocytes. Cell Death Differ. 2011;18:1161-73.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 15 0of 19

Salomon C, Guanzon D, Scholz-Romero K, Longo S, Correa P, lllanes SE,
Rice GE. Placental exosomes as early biomarker of preeclampsia: poten-
tial role of exosomal microRNAs across gestation. J Clin Endocrinol
Metab. 2017;102:3182-94.

Willms E, Johansson HJ, Mager |, Lee Y, Blomberg KEM, Sadik M, Alaarg
A, Smith C, Lehtio J, El Andaloussi S. Cells release subpopulations of
exosomes with distinct molecular and biological properties. Sci Rep.
2016;6:1-12.

Tannetta DS, Dragovic RA, Gardiner C, Redman CW, Sargent IL. Charac-
terisation of syncytiotrophoblast vesicles in normal pregnancy and pre-
eclampsia: expression of Flt-1 and endoglin. PLoS ONE. 2013;8:e56754.
Repiska G, Konec¢na B, Shelke GV, Lasser C, Vikova Bl, Minarik G. Is

the DNA of placental origin packaged in exosomes isolated from
plasma and serum of pregnant women? Clin Chem Lab Med (CCLM).
2018;56:e150-3.

Han C,Wang C, Chen Y, Wang J, Xu X, Hilton T, Cai W, Zhao Z, Wu Y, Li K.
Placenta-derived extracellular vesicles induce preeclampsia in mouse
models. Haematologica. 2020;105:1686.

Gaynullina DK, Schubert R, Tarasova OS. Changes in endothelial nitric
oxide production in systemic vessels during early ontogenesis—a key
mechanism for the perinatal adaptation of the circulatory system. Int J
Mol Sci. 2019;20:1421.

Gill M, Motta-Mejia C, Kandzija N, Cooke W, Zhang W, Cerdeira AS,
Bastie C, Redman C, Vatish M. Placental syncytiotrophoblast-derived
extracellular vesicles carry active NEP (neprilysin) and are increased in
preeclampsia. Hypertension. 2019;73:1112-9.

Hromadnikova |, Dvorakova L, Kotlabova K, Krofta L. The prediction of
gestational hypertension, preeclampsia and fetal growth restriction via
the first trimester screening of plasma exosomal C19MC microRNAs. Int
J Mol Sci. 2019;20:2972.

Srinivasan S, Treacy R, Herrero T, Olsen R, Leonardo TR, Zhang X, DeHoff
P, To C, Poling LG, Fernando A. Discovery and verification of extracel-
lular miRNA biomarkers for non-invasive prediction of pre-eclampsia in
asymptomatic women. Cell Rep Med. 2020;1:100013.

Baig S, Kothandaraman N, Manikandan J, Rong L, Ee KH, Hill J, Lai

CW, Tan WY, Yeoh F, Kale A. Proteomic analysis of human placental
syncytiotrophoblast microvesicles in preeclampsia. Clin Proteomics.
2014;11:1-8.

Nakamura K, Kusama K, Bai R, Sakurai T, Isuzugawa K, Godkin JD, Suda',
Imakawa K. Induction of IFNT-stimulated genes by conceptus-derived
exosomes during the attachment period. PLoS ONE. 2016;11:e0158278.
Vargas A, Zhou S, Ethier-Chiasson M, Flipo D, Lafond J, Gilbert C,
Barbeau B. Syncytin proteins incorporated in placenta exosomes are
important for cell uptake and show variation in abundance in serum
exosomes from patients with preeclampsia. FASEB J. 2014;28:3703-19.
Jadli A, Ghosh K, Satoskar P, Damania K, Bansal V, Shetty S. Combination
of copeptin, placental growth factor and total annexin V microparticles
for prediction of preeclampsia at 10-14 weeks of gestation. Placenta.
2017,58:67-73.

Nguyen SL, Greenberg JW, Wang H, Collaer BW, Wang J, Petroff MG.
Quantifying murine placental extracellular vesicles across gestation
and in preterm birth data with tidyNano: a computational frame-

work for analyzing and visualizing nanoparticle data in R. PLoS ONE.
2019;14:20218270.

Menon R, Dixon CL, Sheller-Miller S, Fortunato SJ, Saade GR, Palma C,
Lai A, Guanzon D, Salomon C. Quantitative proteomics by SWATH-MS of
maternal plasma exosomes determine pathways associated with term
and preterm birth. Endocrinology. 2019;160:639-50.

Sheller-Miller S, Trivedi J, Yellon SM, Menon R. Exosomes cause preterm
birth in mice: evidence for paracrine signaling in pregnancy. Sci Rep.
2019;9:608.

Cook J, Bennett PR, Kim SH, Teoh TG, Sykes L, Kindinger LM, Garrett A,
Binkhamis R, MacIntyre DA, Terzidou V. First trimester circulating micro-
RNA biomarkers predictive of subsequent preterm delivery and cervical
shortening. Sci Rep. 2019;9:5861.

Jayabalan N, Lai A, Ormazabal V, Adam S, Guanzon D, Palma C, Scholz-
Romero K, Lim R, Jansson T, McIntyre HD, Lappas M, Salomon C.
Adipose tissue exosomal proteomic profile reveals a role on placenta
glucose metabolism in gestational diabetes mellitus. J Clin Endocrinol
Metab. 2019;104:1735-52.



Ghafourian et al. Cell Communication and Signaling

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2022) 20:51

Jayabalan N, Lai A, Nair S, Guanzon D, Scholz-Romero K, Palma C, McIn-
tyre HD, Lappas M, Salomon C. Quantitative proteomics by SWATH-MS
suggest an association between circulating exosomes and maternal
metabolic changes in gestational diabetes mellitus. Proteomics.
2019;19:1800164.

Ramachandrarao SP. Hamlin AA, Awdishu L, Overcash R, Zhou M,
Proudfoot J, Ishaya M, Aghania E, Madrigal A, Kokoy-Mondragon C, Kao
K, Khoshaba R, Bounkhoun A, Ghassemian M, Tarsa M, Naviaux RK. Prot-
eomic analyses of urine exosomes reveal new biomarkers of diabetes in
pregnancy. Madridge J Diabetes. 2016;1:11-22.

GilletV, Ouellet A, Stepanov Y, Rodosthenous RS, Croft EK, Brennan K,
Abdelouahab N, Baccarelli A, Takser L. miRNA profiles in extracellular
vesicles from serum early in pregnancies complicated by gestational
diabetes mellitus. J Clin Endocrinol Metab. 2019;104:5157-69.

Yoffe L, Polsky A, Gilam A, Raff C, Mecacci F, Ognibene A, Crispi F,
Gratacds E, Kanety H, Mazaki-Tovi S, Shomron N, Hod M. Early diagnosis
of gestational diabetes mellitus using circulating microRNAs. Eur J
Endocrinol. 2019;181:565-77.

Konec¢na B, Téthova I, Repiska G. Exosomes-associated DNA—new
marker in pregnancy complications? Int J Mol Sci. 2019;20:2890.

Zhao C, Dong J, Jiang T, Shi Z, Yu B, Zhu Y, Chen D, Xu J, Huo R, Dai J,
Xia'Y, Pan S, Hu Z, Sha J. Early second-trimester serum MIRNA profiling
predicts gestational diabetes mellitus. PLoS ONE. 2011;6:223925.
Gebara N, Correia Y, Wang K, Bussolati B. Angiogenic properties of
placenta-derived extracellular vesicles in normal pregnancy and in
preeclampsia. Int J Mol Sci. 2021,22:5402.

Nakahara A, Nair S, Ormazabal V, Elfeky O, Garvey CE, Longo S, Salomon
C. Circulating placental extracellular vesicles and their potential roles
during pregnancy. Ochsner J. 2020;20:439-45.

Cargnoni A, Papait A, Masserdotti A, Pasotti A, Stefani FR, Silini AR, Paro-
lini O. Extracellular vesicles from perinatal cells for anti-inflammatory
therapy. Front Bioeng Biotechnol. 2021,9:637737-637737.

Cargnoni A, Papait A, Masserdotti A, Pasotti A, Stefani FR, Silini AR, Paro-
lini O. Extracellular vesicles from perinatal cells for anti-inflammatory
therapy. Front Bioeng Biotechnol. 2021. https://doi.org/10.3389/fbioe.
2021.637737.

Ahmadi M, Rezaie J. Tumor cells derived-exosomes as angiogenenic
agents: possible therapeutic implications. J Transl Med. 2020;18:249.
Salomon C, Torres MJ, Kobayashi M, Scholz-Romero K, Sobrevia L,
Dobierzewska A, lllanes SE, Mitchell MD, Rice GE. A gestational profile of
placental exosomes in maternal plasma and their effects on endothelial
cell migration. PLoS ONE. 2014;9:e98667-e98667.

Zhong X-Q, Yan Q, Chen Z-G, Jia C-H, Li X-H, Liang Z-Y, Gu J, Wei H-L,
Lian C-Y, Zheng J, Cui Q-L. Umbilical cord blood-derived exosomes
from very preterm infants with bronchopulmonary dysplasia impaired
endothelial angiogenesis: roles of exosomal microRNAs. Front Cell Dev
Biol. 2021,9:637248-637248.

Zhang N, Zhu J, Ma Q, Zhao Y, Wang Y, Hu X, Chen J, Zhu W, Han Z, Yu H.
Exosomes derived from human umbilical cord MSCs rejuvenate aged
MSCs and enhance their functions for myocardial repair. Stem Cell Res
Ther. 2020;11:273.

Jia L, Zhou X, Huang X, Xu X, Jia Y, Wu Y, Yao J, Wu Y, Wang K. Maternal
and umbilical cord serum-derived exosomes enhance endothelial cell
proliferation and migration. FASEB J. 2018;32:4534-43.

Muralikumar M, Manoj Jain S, Ganesan H, Duttaroy AK, Pathak S, Baner-
jee A. Current understanding of the mesenchymal stem cell-derived
exosomes in cancer and aging. Biotechnol Rep. 2021;31:e00658.
Zhang B, Wu X, Zhang X, Sun Y, Yan Y, Shi H, Zhu Y, Wu L, Pan Z, Zhu W,
Qian H, Xu W. Human umbilical cord mesenchymal stem cell exosomes
enhance angiogenesis through the Wnt4/(3-catenin pathway. Stem
Cells Transl Med. 2015;4:513-22.

Xiong ZH, Wei J, Lu MQ, Jin MY, Geng HL. Protective effect of human
umbilical cord mesenchymal stem cell exosomes on preserving the
morphology and angiogenesis of placenta in rats with preeclampsia.
Biomed Pharmacother. 2018;105:1240-7.

Ma R, Liang Z, Shi X, Xu L, Li X, Wu J, Zhao L, Liu G. Exosomal miR-486-5p
derived from human placental microvascular endothelial cells regulates
proliferation and invasion of trophoblasts via targeting IGF1. Hum Cell.
2021;34:1310-23.

Liang J, Wang S, Wang Z. Role of microRNAs in embryo implantation.
Reprod Biol Endocrinol. 2017;15:90-90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

106.

107.

108.

11

Page 16 of 19

Burns G, Brooks K, Wildung M, Navakanitworakul R, Christenson LK,
Spencer TE. Extracellular vesicles in luminal fluid of the ovine uterus.
PLoS ONE. 2014;9:¢90913.

Nair S, Guanzon D, Jayabalan N, Lai A, Scholz-Romero K, Kalita-de Croft
P, Ormazabal V, Palma C, Diaz E, McCarthy EA. Extracellular vesicle-
associated miRNAs are an adaptive response to gestational diabetes
mellitus. J Transl Med. 2021;19(1):1-17.

Jiang N-X, Li X-L. The complicated effects of extracellular vesicles and
their cargos on embryo implantation. Front Endocrinol. 2021;12:659.
Ng YH, Rome S, Jalabert A, Forterre A, Singh H, Hincks CL, Salamonsen
LA. Endometrial exosomes/microvesicles in the uterine microenviron-
ment: a new paradigm for embryo-endometrial cross talk at implanta-
tion. PLoS ONE. 2013;8:€58502.

Greening DW, Nguyen HP, Elgass K, Simpson RJ, Salamonsen LA.
Human endometrial exosomes contain hormone-specific cargo modu-
lating trophoblast adhesive capacity: insights into endometrial-embryo
interactions. Biol Reprod. 2016;94:38.

Vilella F, Moreno-Moya JM, Balaguer N, Grasso A, Herrero M, Martinez

S, Marcilla A, Simén C. Hsa-miR-30d, secreted by the human endome-
trium, is taken up by the pre-implantation embryo and might modify
its transcriptome. Development. 2015;142:3210-21.

Meakin C, Barrett ES, Aleksunes LM. Extravillous trophoblast migration
and invasion: impact of environmental chemicals and pharmaceuticals.
Reprod Toxicol. 2021;107:60-8.

Takahashi H, Ohkuchi A, Kuwata T, Usui R, Baba Y, Suzuki H, Chaw Kyi
TT, Matsubara S, Saito S, Takizawa T. Endogenous and exogenous miR-
520c-3p modulates CD44-mediated extravillous trophoblast invasion.
Placenta. 2017;50:25-31.

Takahashi H, Takizawa T, Matsubara S, Ohkuchi A, Kuwata T, Usui R,
Matsumoto H, Sato 'Y, Fujiwara H, Okamoto A. Extravillous trophoblast
cell invasion is promoted by the CD44-hyaluronic acid interaction.
Placenta. 2014;35:163-70.

Takahashi H, Ohkuchi A, Kuwata T, Usui R, Baba Y, Suzuki H, Kyi TTC, Mat-
subara S, Saito S, Takizawa T. Endogenous and exogenous miR-520c-3p
modulates CD44-mediated extravillous trophoblast invasion. Placenta.
2017;50:25-31.

Burkova EE, Sedykh SE, Nevinsky GA. Human placenta exosomes:
biogenesis, isolation, composition, and prospects for use in diagnostics.
Int J Mol Sci. 2021,22:2158.

Abolbaghaei A, Langlois M-A, Murphy HR, Feig DS, Burger D. on behalf
of the C C G, Circulating extracellular vesicles during pregnancy in
women with type 1 diabetes: a secondary analysis of the CONCEPTT
trial. Biomark Res. 2021;9:67.

Konec¢nd B, Tothova L, Repiskd G. Exosomes-associated DNA-new
marker in pregnancy complications? Int J Mol Sci. 2019,20:2890.

Bai K, Li X, Zhong J, Ng EHY, Yeung WSB, Lee C-L, Chiu PCN. Placenta-
derived exosomes as a modulator in maternal immune tolerance dur-
ing pregnancy. Front Immunol. 2021. https://doi.org/10.3389/fimmu.
2021.671093.

Braunthal S, Brateanu A. Hypertension in pregnancy:

pathophysiology and treatment. SAGE Open Med.
2019;7:2050312119843700-2050312119843700.

Mouillet J-F, Ouyang Y, Coyne CB, Sadovsky Y. MicroRNAs in placental
health and disease. Am J Obstet Gynecol. 2015;213:5163-72.

Fu G, Brki¢ J, Hayder H, Peng C. MicroRNAs in human placental develop-
ment and pregnancy complications. Int J Mol Sci. 2013;14:5519-44.

Xu P, MaY, Wu H, Wang Y-L. Placenta-derived microRNAs in

the pathophysiology of human pregnancy. Front Cell Dev Biol.
2021;9:646326-646326.

Bir6 O, Alasztics B, Molvarec A, Jod J, Nagy B, Rigd J Jr. Various levels

of circulating exosomal total-miRNA and miR-210 hypoxamiR in
different forms of pregnancy hypertension. Pregnancy Hypertens.
2017;10:207-12.

Escudero CA, Herlitz K, Troncoso F, Acurio J, Aguayo C, Roberts JM,
Truong G, Duncombe G, Rice G, Salomon C. Role of extracellular vesi-
cles and microRNAs on dysfunctional angiogenesis during preeclamp-
tic pregnancies. Front Physiol. 2016. https://doi.org/10.3389/fphys.2016.
00098.

Thind A, Wilson C. Exosomal miRNAs as cancer biomarkers and thera-
peutic targets. J Extracell Vesicles. 2016;5:31292-31292.


https://doi.org/10.3389/fbioe.2021.637737
https://doi.org/10.3389/fbioe.2021.637737
https://doi.org/10.3389/fimmu.2021.671093
https://doi.org/10.3389/fimmu.2021.671093
https://doi.org/10.3389/fphys.2016.00098
https://doi.org/10.3389/fphys.2016.00098

Ghafourian et al. Cell Communication and Signaling

12,

113.

114.

115.

116.

117.

119.

120.

121.

122.

123.

124.

125.

128.

129.

130.

131.

132.

(2022) 20:51

Hromadnikova I, Kotlabova K, Hympanova L, Doucha J, Krofta L. First
trimester screening of circulating C19MC microRNAs can predict subse-
quent onset of gestational hypertension. PLoS ONE. 2014;9:e113735.
Hromadnikova |, Kotlabova K, Ondrackova M, Kestlerova A, Novotna

V, Hympanova L, Doucha J, Krofta L. Circulating C19MC microRNAs in
preeclampsia, gestational hypertension, and fetal growth restriction.
Mediators Inflamm. 2013;2013:186041-186041.

Ying X, Zhu'Y, Jin X, Chang X. Umbilical cord plasma-derived exosomes
from preeclamptic women induce vascular dysfunction by targeting
HMGCS1 in endothelial cells. Placenta. 2021;103:86-93.

Tan PPS, Hall D, Chilian WM, Chia YC, Zain SM, Lim HM, Kumar DN, Ching
SM, Low TY, Noh MFM, Pung Y-F. Exosomal microRNAs in the develop-
ment of essential hypertension and its potential as biomarkers. Am J
Physiol Heart Circ Physiol. 2021;320:H1486-97.

Franzago M, Lanuti P, Fraticelli F, Marchioni M, Buca D, Di Nicola M,
Liberati M, Miscia S, Stuppia L, Vitacolonna E. Biological insight into the
extracellular vesicles in women with and without gestational diabetes. J
Endocrinol Investig. 2021;44:49-61.

Zhou S, Guo H, Liu H, Li M. Middle cerebral artery-to-uterine artery pul-
satility index ratio independently predicts adverse perinatal outcome in
pregnancies at term. Ultrasound Med Biol. 2020;47(10):2903-9.

Szilagyi M, Pés O, Mérton E, Buglyd G, Soltész B, Keser( J, Penyige A,
Szemes T, Nagy B. Circulating cell-free nucleic acids: main characteris-
tics and clinical application. Int J Mol Sci. 2020;21:6827.

Record M, Carayon K, Poirot M, Silvente-Poirot S. Exosomes as new
vesicular lipid transporters involved in cell-cell communication and
various pathophysiologies. Biochim Biophys Acta (BBA) Mol Cell Biol
Lipids. 2014;1841:108-20.

Kharaziha P, Ceder S, Li Q, Panaretakis T. Tumor cell-derived exosomes:
amessage in a bottle. Biochim Biophys Acta (BBA) Rev Cancer.
2012;1826:103-11.

Luo S-S, Ishibashi O, Ishikawa G, Ishikawa T, Katayama A, Mishima T, Taki-
zawa T, Shigihara T, Goto T, Izumi A. Human villous trophoblasts express
and secrete placenta-specific microRNAs into maternal circulation via
exosomes. Biol Reprod. 2009;81:717-29.

Familari M, Crongvist T, Masoumi Z, Hansson SR. Placenta-derived
extracellular vesicles: their cargo and possible functions. Reprod Fertil
Dev. 2017;29:433-47.

Tannetta D, Masliukaite |, Vatish M, Redman C, Sargent |. Update of
syncytiotrophoblast derived extracellular vesicles in normal pregnancy
and preeclampsia. J Reprod Immunol. 2017;119:98-106.

Nakahara A, Elfeky O, Garvey C, Guanzon D, Longo SA, Salmon C. Exo-
some profiles for normal and complicated pregnancies—a longitudinal
study [30]. Obstet Gynecol. 2019;133:162.

Salomon C, Sobrevia L, Ashman K, lllanes S, Mitchell MD, Rice GE. The
role of placental exosomes in gestational diabetes mellitus. In: Gesta-
tional diabetes causes diagnosis treatment. 2013. p. 29-47.

Mignot G, Roux S, Thery C, Ségura E, Zitvogel L. Prospects for exosomes
in immunotherapy of cancer. J Cell Mol Med. 2006;10:376-88.

Sibiak R, Jaworski M, Barrett S, Bryl R, Gutaj P, Wender-Ozegowska E.
Exosomes and their possible applications in the management of gesta-
tional diabetes. Med J Cell Biol. 2020;8:146-51.

Geng Y, JuY,Ren F, Qiu Y, Tomita Y, Tomoeda M, Kishida M, Wang Y, Jin

L, Su F. Insulin receptor substrate 1/2 (IRS1/2) regulates Wnt/B-catenin
signaling through blocking autophagic degradation of dishevelled2. J
Biol Chem. 2014;289:11230-41.

Ortega FJ, Mercader JM, Moreno-Navarrete JM, Rovira O, Guerra E,
Esteve E, Xifra G, Martinez C, Ricart W, Rieusset J. Profiling of circulating
microRNAs reveals common microRNAs linked to type 2 diabetes that
change with insulin sensitization. Diabetes Care. 2014,37:1375-83.
Gurzov EN, Stanley WJ, Pappas EG, Thomas HE, Gough DJ. The JAK/STAT
pathway in obesity and diabetes. FEBS J. 2016;283:3002—-15.

Katayama M, Wiklander OP, Fritz T, Caidahl K, EI-Andaloussi S, Zierath JR,
Krook A. Circulating exosomal miR-20b-5p is elevated in type 2 diabe-
tes and could impair insulin action in human skeletal muscle. Diabetes.
2019;68:515-26.

Mashili F, Chibalin AV, Krook A, Zierath JR. Constitutive STAT3 phos-
phorylation contributes to skeletal muscle insulin resistance in type 2
diabetes. Diabetes. 2013;62:457-65.

Krebs DL, Hilton DJ. A new role for SOCS in insulin action. Sci STKE.
2003;2003:peb.

134.

135.

137.
138.
139.

140.

142.
143.

145.

147.

148.

149.

151,

152.

153.

154.

155.

156.

157.

Page 17 of 19

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and
lipid metabolism. Nature. 2001;414:799-806.

Zhao C, Zhang T, Shi Z, Ding H, Ling X. MicroRNA-518d regulates PPARa
protein expression in the placentas of females with gestational diabe-
tes mellitus. Mol Med Rep. 2014,9:2085-90.

Floriano JF, Willis G, Catapano F, de Lima PR, Reis FVDS, Barbosa AMP,
Rudge MVC, Emanueli C. Exosomes could offer new options to combat
the long-term complications inflicted by gestational diabetes mellitus.
Cells. 2020,9:675.

Redman C. Pre-eclampsia and the placenta. Placenta. 1991;12:301-8.
Burton GJ, Jauniaux E. Placental oxidative stress: from miscarriage to
preeclampsia. J Soc Gynecol Investig. 2004;11:342-52.

Knight M, Redman CW, Linton EA, Sargent IL. Shedding of syncytio-
trophoblast microvilli into the maternal circulation in pre-eclamptic
pregnancies. BJOG Int J Obstet Gynaecol. 1998;105:632-40.

Redman CG, Sargent I. Placental debris, oxidative stress and pre-
eclampsia. Placenta (Eastbourne). 2000;21:597-602.

Snydal S. Major changes in diagnosis and management of preeclamp-
sia. J Midwifery Womens Health. 2014;59:596-605.

Groot M, Hofmeyr CJ. Pre-eclampsia. Lancet. 2016,387:999-1011.
Staniforth D, Rose D. Statistical analysis of the lactulose/breath hydro-
gen test in the measurement of orocaecal transit: its variability and
predictive value in assessing drug action. Gut. 1989;30:171-5.

Goffin SM, Derraik JG, Groom KM, Cutfield WS. Maternal pre-eclampsia
and long-term offspring health: is there a shadow cast? Pregnancy
Hypertens. 2018;12:11-5.

Bokslag A, van Weissenbruch M, Mol BW, de Groot CJ. Preeclampsia;
short and long-term consequences for mother and neonate. Early
Human Dev. 2016;102:47-50.

Magee LA, Helewa M, Moutquin J-M, Von Dadelszen P Committee HG.
Diagnosis, evaluation, and management of the hypertensive disorders
of pregnancy. J Obstet Gynaecol Can. 2008,;30:51-48.

Magee LA, Pels A, Helewa M, Rey E, von Dadelszen P, Audibert F, Bujold
E, Coté A-M, Douglas MJ, Eastabrook G. Diagnosis, evaluation, and
management of the hypertensive disorders of pregnancy: executive
summary. J Obstet Gynaecol Can. 2014;36:416-38.

Wang A, Rana S, Karumanchi SA. Preeclampsia: the role of angiogenic
factors in its pathogenesis. Physiology. 2009;24:147-58.

Li H, OuyangY, Sadovsky E, Parks WT, Chu T, Sadovsky Y. Unique micro-
RNA signals in plasma exosomes from pregnancies complicated by
preeclampsia. Hypertension. 2020,75:762-71.

Zeng HF, Yan S, Wu SF. MicroRNA-153-3p suppress cell proliferation and
invasion by targeting SNAIT in melanoma. Biochem Biophys Res Com-
mun. 2017;487:140-5.

Liang H, Ge F, Xu Y, Xiao J, Zhou Z, Liu R, Chen C. miR-153 inhibits the
migration and the tube formation of endothelial cells by blocking

the paracrine of angiopoietin 1 in breast cancer cells. Angiogenesis.
2018;21:849-60.

Liang H, Xiao J, Zhou Z, Wu J, Ge F, Li Z, Zhang H, Sun J, Li F, Liu R.
Hypoxia induces miR-153 through the IRE1a-XBP1 pathway to fine
tune the HIF1a/VEGFA axis in breast cancer angiogenesis. Oncogene.
2018;37:1961-75.

Choi S-Y, Yun J, Lee O-J, Han H-S, Yeo MK, Lee M-A, Suh K-S. MicroRNA
expression profiles in placenta with severe preeclampsia using a PNA-
based microarray. Placenta. 2013;34:799-804.

Khalyfa A, Kheirandish-Gozal L, Bhattacharjee R, Khalyfa AA, Gozal D.
Circulating microRNAs as potential biomarkers of endothelial dysfunc-
tion in obese children. Chest. 2016;149:786-800.

Tong M, Chen Q, James JL, Stone PR, Chamley LW. Micro-and nano-
vesicles from first trimester human placentae carry Flt-1 and levels are
increased in severe preeclampsia. Front Endocrinol. 2017,8:174.
Zappulli V, Friis KP, Fitzpatrick Z, Maguire CA, Breakefield XO. Extracellu-
lar vesicles and intercellular communication within the nervous system.
J Clin Investig. 2016;126:1198-207.

Chiarello DI, Salsoso R, Toledo F, Mate A, Vézquez CM, Sobrevia L. Foeto-
placental communication via extracellular vesicles in normal pregnancy
and preeclampsia. Mol Aspects Med. 2018;60:69-80.

Group B D W, Atkinson AJ Jr, Colburn WA, DeGruttola VG, DeMets DL,
Downing GJ, Hoth DF, Oates JA, Peck CC, Schooley RT. Biomarkers and



Ghafourian et al. Cell Communication and Signaling

159.

160.

162.

163.

164.

165.

166.

168.

169.

170.

171.

172.
173.

178.

(2022) 20:51

surrogate endpoints: preferred definitions and conceptual framework.
Clin Pharmacol Ther. 2001;69:89-95.

Fuchs A, Fields M, Freidman S, Shemesh M, Ivell R. Oxytocin and the
timing of parturition. Influence of oxytocin receptor gene expression,
oxytocin secretion, and oxytocin-induced prostaglandin F2 alpha and
E2 release. Adv Exp Med Biol. 1995;395:405-20.

Menon R, Bonney EA, Condon J, Mesiano S, Taylor RN. Novel concepts
on pregnancy clocks and alarms: redundancy and synergy in human
parturition. Hum Reprod Update. 2016;22:535-60.

Plunkett J, Doniger S, Orabona G, Morgan T, Haataja R, Hallman M,
Puttonen H, Menon R, Kuczynski E, Norwitz E. An evolutionary genomic
approach to identify genes involved in human birth timing. PLoS
Genet. 2011;7:.21001365.

Keelan JA. Intrauterine inflammatory activation, functional progester-
one withdrawal, and the timing of term and preterm birth. J Reprod
Immunol. 2018;125:89-99.

Gao L, Rabbitt EH, Condon JC, Renthal NE, Johnston JM, Mitsche

MA, Chambon P, Xu J, O'Malley BW, Mendelson CR. Steroid receptor
coactivators 1 and 2 mediate fetal-to-maternal signaling that initiates
parturition. J Clin Investig. 2015;125:2808-24.

Challis JR, Smith SK. Fetal endocrine signals and preterm labor. Neona-
tology. 2001;79:163.

Beck S, Wojdyla D, Say L, Betran AP, Merialdi M, Requejo JH, Rubens C,
Menon R, Van Look PF. The worldwide incidence of preterm birth: a sys-
tematic review of maternal mortality and morbidity. Bull World Health
Organ.2010;88:31-8.

Peiris H, Vaswani K, Aimughllig F, Koh Y, Mitchell M. Eicosanoids in
preterm labor and delivery: potential roles of exosomes in eicosanoid
functions. Placenta. 2017;54:95-103.

Sheller-Miller S, Radnaa E, Yoo J-K, Kim E, Choi K, Kim Y, Kim Y, Richard-
son L, Choi C, Menon R. Exosomal delivery of NF-kB inhibitor delays
LPS-induced preterm birth and modulates fetal immune cell profile in
mouse models. Sci Adv. 2021;7:eabd3865.

Menon R, Debnath C, Lai A, Guanzon D, Bhatnagar S, Kshetrapal PK,
Sheller-Miller S, Salomon C. Circulating exosomal miRNA profile during
term and preterm birth pregnancies: a longitudinal study. Endocrinol-
ogy. 2018;160:249-75.

Gray C, McCowan LM, Patel R, Taylor RS, Vickers MH. Maternal plasma
miRNAs as biomarkers during mid-pregnancy to predict later sponta-
neous preterm birth: a pilot study. Sci Rep. 2017;7:1-7.

Lee AC, Katz J, Blencowe H, Cousens S, Kozuki N, Vogel JP, Adair L, Baqui
AH, Bhutta ZA, Caulfield LE. National and regional estimates of term and
preterm babies born small for gestational age in 138 low-income and
middle-income countries in 2010. Lancet Glob Health. 2013;1:e26-36.
Miranda J, Paules C, Nair S, Lai A, Palma C, Scholz-Romero K, Rice GE,
Gratacos E, Crispi F, Salomon C. Placental exosomes profile in maternal
and fetal circulation in intrauterine growth restriction-Liquid biopsies to
monitoring fetal growth. Placenta. 2018;64:34-43.

Brewer S. The pregnant body book. Dorling Kindersley Ltd; 2011.

Villar J, Carroli G, Wojdyla D, Abalos E, Giordano D, Ba'ageel H, Farnot

U, Bergsjo P, Bakketeig L, Lumbiganon P. Preeclampsia, gestational
hypertension and intrauterine growth restriction, related or independ-
ent conditions? Am J Obstet Gynecol. 2006;194:921-31.

Hadlock FP, Deter RL, Harrist RB. Sonographic detection of abnormal
fetal growth patterns. Clin Obstet Gynecol. 1984;27:342-51.

Chiofalo B, Lagana AS, Vaiarelli A, La Rosa VL, Rossetti D, Palmara V,
Valenti G, Rapisarda AMC, Granese R, Sapia F. Do miRNAs play a role in
fetal growth restriction? A fresh look to a busy corner. BioMed Res Int.
2017,2017:6073167.

Hromadnikova |, Kotlabova K, Hympanova L, Krofta L. Cardiovascular
and cerebrovascular disease associated microRNAs are dysregulated in
placental tissues affected with gestational hypertension, preeclampsia
and intrauterine growth restriction. PLoS ONE. 2015;10:e0138383.

Bian X, Liu J, Yang Q, Liu Y, Jia W, Zhang X, Li YX, Shao X, Wang YL. Micro-
RNA-210 regulates placental adaptation to maternal hypoxic stress
during pregnancyt. Biol Reprod. 2021;104:418-29.

Awamleh Z, Gloor GB, Han VK. Placental microRNAs in pregnancies with
early onset intrauterine growth restriction and preeclampsia: potential
impact on gene expression and pathophysiology. BMC Med Genom.
2019;12:1-10.

179.

180.

185.

186.

187.

188.

189.

190.

192.

193.

194.

195.

196.

197.

198.

Page 18 of 19

Sundrani DP, Karkhanis AR, Joshi SR. Peroxisome Proliferator-Acti-
vated Receptors (PPAR), fatty acids and microRNAs: implications in
women delivering low birth weight babies. Syst Biol Reprod Med.
2021,67:24-41.

Hartley D, Blumenthal T, Carrillo M, DiPaolo G, Esralew L, Gardiner

K, Granholm A-C, Igbal K, Krams M, Lemere C. Down syndrome and
Alzheimer's disease: common pathways, common goals. Alzheimers
Dement. 2015;11:700-9.

Gibson D. Karyotype variation and behavior in Down's syndrome:
methodological review. Am J Ment Defic. 1973;78:128-33.
Hamner T, Udhnani MD, Osipowicz KZ, Lee NR. Pediatric brain devel-
opment in Down syndrome: a field in its infancy. J Int Neuropsychol
Soc. 2018;24:966-76.

Cooper S-A, Ademola T, Caslake M, Douglas E, Evans J, Greenlaw N,
Haig C, Hassiotis A, Jahoda A, McConnachie A. Towards onset preven-
tion of cognition decline in adults with Down syndrome (The TOP-
COG study): a pilot randomised controlled trial. Trials. 2016;17:1-16.
PrasherV, Sajith S, Mehta P, Zigman W, Schupf N. Plasma 3-amyloid
and duration of Alzheimer’s disease in adults with Down syndrome.
Int J Geriatr Psychiatry. 2010;25:202-7.

Neale N, Padilla C, Fonseca LM, Holland T, Zaman S. Neuroimaging
and other modalities to assess Alzheimer’s disease in Down syn-
drome. Neurolmage Clin. 2018;17:263-71.

Hamlett ED, LaRosa A, Mufson EJ, Fortea J, Ledreux A, Granholm
A-C. Exosome release and cargo in Down syndrome. Dev Neurobiol.
2019;79:639-55.

Gauthier SA, Pérez-Gonzélez R, Sharma A, Huang F-K, Alldred MJ,
Pawlik M, Kaur G, Ginsberg SD, Neubert TA, Levy E. Enhanced exo-
some secretion in Down syndrome brain—a protective mechanism
to alleviate neuronal endosomal abnormalities. Acta Neuropathol
Commun. 2017;5:65.

Erturk B, Karaca E, Aykut A, Durmaz B, Guler A, Buke B, Yeniel AO,
Ergenoglu AM, Ozkinay F, Ozeren M, Kazandi M, Akercan F, Sagol

S, Gunduz C, Cogulu O. Prenatal evaluation of MicroRNA expres-
sions in pregnancies with down syndrome. Biomed Res Int.
2016;2016:5312674.

Hamlett E, Ledreux A, Potter H, Chial H, Patterson D, Espinosa J,
Bettcher B, Granholm A-C. Exosomal biomarkers in Down syndrome
and Alzheimer’s disease. Free Radic Biol Med. 2017;114:110-21.
Zbucka-Kretowska M, Niemira M, Paczkowska-Abdulsalam M, Bielska
A, Szalkowska A, Parfieniuk E, Ciborowski M, Wolczynski S, Kretowski
A. Prenatal circulating microRNA signatures of foetal Down syn-
drome. Sci Rep. 2019;9:2394.

ShiW, Liu Z, Wang H, Wu D, Zhang H, Xiao H, Chu Y, Hou Q, Liao S.
Integrated miRNA and mRNA expression profiling in fetal hippocam-
pus with Down syndrome. J Biomed Sci. 2016;23:1-12.

Karaca E, Aykut A, Erttirk B, Durmaz B, Giiler A, Baris B, Yeniel AO,
Ergenoglu AM, Ozkinay F, Ozeren M. MicroRNA expression profile in
the prenatal amniotic fluid samples of pregnant women with Down
syndrome. Balkan Med J. 2018;35:163-6.

Zbucka-Kretowska M, Niemira M, Paczkowska-Abdulsalam M, Bielska
A, Szalkowska A, Parfieniuk E, Ciborowski M, Wolczynski S, Kretowski
A. Prenatal circulating microRNA signatures of foetal Down syn-
drome. Sci Rep. 2019;9:1-6.

Thom T, Kannel W, Silbershatz H, D'’Agostino R. Cardiovascular dis-
eases in the United States and prevention approaches. Hurst's Heart.
2001;10:3-18.

FengY,Yu D, Yang L, Da M, Wang Z, Lin Y, Ni B, Wang S, Mo X. Mater-
nal lifestyle factors in pregnancy and congenital heart defects in
offspring: review of the current evidence. Ital J Pediatr. 2014;40:1-7.
Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am
Coll Cardiol. 2002;39:1890-900.

Lopes SAVdA, Guimaraes ICB, Costa SFAO, Acosta AX, Sandes KA,
Mendes CMC. Mortality for critical congenital heart diseases and
associated risk factors in newborns. A cohort study. Arg Bras Cardiol.
2018;111:666-73.

Motta P, Manrique AM, Partington SL, Ullah S, Zabala LM. Congenital
heart disease in adults (when kids grow up) pediatric geriatric anes-
thesia. Curr Opin Anesthesiol. 2020,33:335-42.



Ghafourian et al. Cell Communication and Signaling

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

215.

216.

217.

218.

220.
221.

222.

(2022) 20:51

Bouthry E, Picone O, Hamdi G, Grangeot-Keros L, Ayoubi JM, Vauloup-
Fellous C. Rubella and pregnancy: diagnosis, management and
outcomes. Prenat Diagn. 2014;34:1246-53.

Jones KL, Johnson KA, Chambers CD. Offspring of women infected
with varicella during pregnancy: a prospective study. Teratology.
1994;49:29-32.

Basu M, Garg V. Maternal hyperglycemia and fetal cardiac develop-
ment: clinical impact and underlying mechanisms. Birth Defects Res.
2018;110:1504-16.

Wu K-H, Xiao Q-R, Yang Y, Xu J-L, Zhang F, Liu C-M, Zhang Z-M, Lu Y-Q,
Huang N-P. MicroRNA-34a modulates the Notch signaling pathway in
mice with congenital heart disease and its role in heart development. J
Mol Cell Cardiol. 2018;114:300-8.

Milano G, Biemmi V, Lazzarini E, Balbi C, Ciullo A, Bolis S, Ameri P, Di
Silvestre D, Mauri P, Barile L. Intravenous administration of cardiac
progenitor cell-derived exosomes protects against doxorubicin/trastu-
zumab-induced cardiac toxicity. Cardiovasc Res. 2020;116:383-92.
Konala VBR, Mamidi MK, Bhonde R, Das AK, Pochampally R, Pal R. The
current landscape of the mesenchymal stromal cell secretome: a new
paradigm for cell-free regeneration. Cytotherapy. 2016;18:13-24.

Lai RC, Arslan F, Lee MM, Sze NSK, Choo A, Chen TS, Salto-Tellez M,
Timmers L, Lee CN, El Oakley RM. Exosome secreted by MSC reduces
myocardial ischemia/reperfusion injury. Stem Cell Res. 2010;4:214-22.
Dougherty JA, Mergaye M, Kumar N, Chen C-A, Angelos MG, Khan

M. Potential role of exosomes in mending a broken heart: nanoshut-
tles propelling future clinical therapeutics forward. Stem Cells Int.
2017;2017:5785436.

Greene ND, Copp AJ. Neural tube defects. Annu Rev Neurosci.
2014;,37:221-42.

Wang Y, Ma L, Jia S, Liu D, Gu H, Wei X, Ma W, Luo W, Bai Y, Wang W.
CORO1TA and DNM2 in serum exosomes as biomarkers of neural tube
defects. 2022.

Fischer M, Stronati M, Lanari M. Mediterranean diet, folic acid, and
neural tube defects. Ital J Pediatr. 2017;43:1-8.

Adachi T, Nakanishi M, Otsuka Y, Nishimura K, Hirokawa G, Goto Y,
Nonogi H, Iwai N. Plasma microRNA 499 as a biomarker of acute myo-
cardial infarction. Clin Chem. 2010;56:1183-5.

Wolujewicz P, Ross ME. The search for genetic determinants of human
neural tube defects. Curr Opin Pediatr. 2019;31:739-46.

Shookhoff J, Gallicano GI. A new perspective on neural tube defects:
folic acid and microRNA misexpression. Genesis. 2010;48:282-94.

Gu H, LiH, Zhang L, Luan H, Huang T, Wang L, Fan Y, Zhang Y, Liu X,
Wang W. Diagnostic role of microRNA expression profile in the serum of
pregnant women with fetuses with neural tube defects. J Neurochem.
2012;122:641-9.

Peyronnet B, Gao F, Brochard C, Oger E, Scailteux L, Alimi Q, Khene Z,
Jezequel M, Olivari-Philiponnet C, Ménard H. Urological disorders are
still the leading cause of death in patients with spinal dysraphism. Ann
Phys Rehabil Med. 2018;61:€380.

Condrat CE, Varlas VN, Duica F, Antoniadis P, Danila CA, Cretoiu D, Suciu
N, Cretoiu SM, Voinea SC. Pregnancy-related extracellular vesicles revis-
ited. Int J Mol Sci. 2021;22:3904.

Parker SE, Yazdy MM, Tinker SC, Mitchell AA, Werler MM. The impact of
folic acid intake on the association among diabetes mellitus, obesity,
and spina bifida. Am J Obstet Gynecol. 2013;209(239):e231-2392.e38.
Ray JG, Wyatt PR, Vermeulen MJ, Meier C, Cole DE. Greater maternal
weight and the ongoing risk of neural tube defects after folic acid flour
fortification. Obstet Gynecol. 2005;105:261-5.

Rose NC, Mennuti MT. Maternal serum screening for neural

tube defects and fetal chromosome abnormalities. West J Med.
1993;159:312.

RPL E G G o, Bender-Atik R, Christiansen OB, Elson J, Kolte AM, Lewis S,
Middeldorp S, Nelen W, Peramo B, Quenby S, Vermeulen N, Goddijn

M. ESHRE guideline: recurrent pregnancy loss. Hum Reprod Open.
2018;2018:hoy004.

Medicine PC. o t AS f R, Definitions of infertility and recurrent preg-
nancy loss: a committee opinion. Fertil Steril. 2020;113:533-5.

Hyde KJ, Schust DJ. Genetic considerations in recurrent pregnancy loss.
Cold Spring Harb Perspect Med. 2015;5:a023119-a023119.

Moghbeli M. Genetics of recurrent pregnancy loss among Iranian
population. Mol Genet Genom Med. 2019;7:€891.

223.
224,

225.

226.

227.
228.

229.

230.

231,

232.

233.

234,

235.

236.

237.

238.

239.

240.

241,

242.

Page 19 of 19

Pillarisetty LS, Gupta N. Recurrent pregnancy loss. StatPearls; 2020.
Popescu F, Jaslow C, Kutteh W. Recurrent pregnancy loss evaluation
combined with 24-chromosome microarray of miscarriage tissue
provides a probable or definite cause of pregnancy loss in over 90% of
patients. Hum Reprod. 2018;33:579-87.

D'lppolito S, Ticconi C, Tersigni C, Garofalo S, Martino C, Lanzone A,
Scambia G, Di Simone N. The pathogenic role of autoantibodies in
recurrent pregnancy loss. Am J Reprod Immunoly. 2020;83:e13200.
Dhillon-Smith RK, Middleton LJ, Sunner KK, Cheed V, Baker K, Farrell-
Carver S, Bender-Atik R, Agrawal R, Bhatia K, Edi-Osagie E. Levothyroxine
in women with thyroid peroxidase antibodies before conception. N
EnglJ Med. 2019;380:1316-25.

Dietl J. Recurrent pregnancy loss. J Perinat Med. 2007;35:559-559.

No R, G-t G. The investigation and treatment of couples with recurrent
first-trimester and second-trimester miscarriage. London: RCOG; 2011.
Mincheva-Nilsson L, Nagaeva O, Chen T, Stendahl U, Antsiferova

J, Mogren |, Hernestal J, Baranov V. Placenta-derived soluble MHC

class | chain-related molecules down-regulate NKG2D receptor on
peripheral blood mononuclear cells during human pregnancy: a pos-
sible novel immune escape mechanism for fetal survival. J Immunol.
2006;176:3585-92.

Hammer A, Dohr G. Expression of Fas-ligand in first trimester and term
human placental villi. ] Reprod Immunol. 2000;46:83-90.

Griffith TS, Ferguson TA. The role of Fasl-induced apoptosis in immune
privilege. Immunol Today. 1997;18:240-4.

Sadighi-Moghaddam B, Salek Farrokhi A, Namdar Ahmadabad H, Barati
M, Moazzeni SM. Mesenchymal stem cell therapy prevents abortion in
CBA/Jx DBA/2 mating. Reprod Sci. 2018;25:1261-9.

Xiang YJ, Hou YY, Yan HL, Liu H, Ge YX, Chen N, Xiang JF, Hao CF.
Mesenchymal stem cells-derived exosomes improve pregnancy out-
come through inducing maternal tolerance to the allogeneic fetus in
abortion-prone mating mouse. Kaohsiung J Med Sci. 2020;36:363-70.
Min K-B, Min J-Y. Exposure to environmental noise and risk for

male infertility: a population-based cohort study. Environ Pollut.
2017;226:118-24.

Sullivan R, Saez F, Girouard J, Frenette G. Role of exosomes in sperm
maturation during the transit along the male reproductive tract. Blood
Cells Mol Dis. 2005;35:1-10.

Wang C, Yang C, Chen X, Yao B, Yang C, Zhu C, Li L, Wang J, Li X, Shao Y.
Altered profile of seminal plasma microRNAs in the molecular diagnosis
of male infertility. Clin Chem. 2011;57:1722-31.

Abu-Halima M, Ludwig N, Hart M, Leidinger P, Backes C, Keller A, Ham-
madeh M, Meese E. Altered micro-ribonucleic acid expression profiles
of extracellular microvesicles in the seminal plasma of patients with
oligoasthenozoospermia. Fertil Steril. 2016;106:1061-1069.1063.
Baskaran S, Selvam MKP, Agarwal A. Exosomes of male reproduction.
Adv Clin Chem. 2020;95:149-63.

Comazzetto S, Di Giacomo M, Rasmussen KD, Much C, Azzi C, Perlas E,
Morgan M, O'Carroll D. Oligoasthenoteratozoospermia and infertil-

ity in mice deficient for miR-34b/c and miR-449 loci. PLoS Genet.
2014;10:21004597.

Mobarak H, Rahbarghazi R, Lolicato F, Heidarpour M, Pashazadeh F,
Nouri M, Mahdipour M. Evaluation of the association between exoso-
mal levels and female reproductive system and fertility outcome during
aging: a systematic review protocol. Syst Rev. 2019;8:1-6.

Salomon C, Rice G. Role of exosomes in placental homeostasis and
pregnancy disorders. Prog Mol Biol Trans| Sci. 2017;145:163-79.
Akhavan Sales Z, Tahoori MT, Sheikhha MH, Seifati SM, Bitaraf Sani M.
Identification of a FAS/FASL haplotype associated with endometriosis in
Iranian patients. Gynecol Endocrinol. 2020;36:261-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The implications of exosomes in pregnancy: emerging as new diagnostic markers and therapeutics targets
	Abstract 
	Background
	Structure and physiological functions of exosomes
	Exosomes in pregnancy
	Origin and performance of exosomes in pregnancy
	EVs in normal pregnancy in physiological pregnancy
	EVs in spiral artery remodeling

	The importance of exosomes in pregnancy: focus on angiogenesis
	The roles of exosomes in embryo implantation
	Clinical application of exosomes and miRNAs in complicated pregnancies
	Gestational hypertension
	Gestational diabetes mellitus (GDM)
	Preeclampsia (PE)
	Preterm birth (PTB)
	Fetal growth restriction
	Down syndrome
	Congenital heart disease
	Neural tube defects


	Exosomes and recurrent pregnancy loss
	Exosomes in male and female infertility
	Conclusion
	Acknowledgements
	References


