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Abstract
Gestational diabetes mellitus (GDM) is one of the most common complications of pregnancy worldwide. Despite extensive
study, the molecular mechanisms leading to GDM and associated perinatal complications are not well understood. The
condition is also associated with an increased risk of future cardiometabolic disease in both mothers and their offspring.
Thus, there is a pressing need for the development of effective screening tools and to identify novel molecular mechanisms
responsible for the short and long-term risks associated with GDM. In this regard, extracellular vesicles (EVs) offer promise
as novel biomarkers of GDM-mediated changes to both mother and fetus. The purpose of this scoping review is to provide
an overview of studies examining EVs in the context of GDM. EMBASE and Ovid Medline were searched for articles
published from inception to December 2020. We update current knowledge in this area and identify key knowledge gaps
with recommendations for future research.
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Introduction

Gestational diabetes mellitus (GDM) is defined as any
degree of glucose intolerance that is diagnosed for the first-
time during pregnancy.1 GDM is recognized as one of the
most common complications of pregnancy with a world-
wide prevalence of ∼6–13% depending on region and the
availability of maternal care.2 The timing of onset of GDM
can vary during pregnancy but it is typically diagnosed at
24–28 weeks of gestation. Early diagnosis and manage-
ment of GDM is a matter of great interest because of the
associated adverse short and long-term maternal and fetal
outcomes. During pregnancy, mothers with GDM have
increased risk of developing pre-eclampsia, post-partum
hemorrhage, and higher incidence of operative delivery.3

There is also a high likelihood of recurrence of GDM in a
subsequent pregnancy (up to 48%).4

Although glucose tolerance typically returns to normal
in the postpartum period, women with GDM have a 20–
70% risk of developing type 2 diabetes in the first decade
after delivery.5 Moreover, recent studies have also dem-
onstrated a relationship between GDM and later-life

cardiovascular disease. Women with GDM have a two-
fold higher risk of developing cardiovascular disease
independent of the intercurrent development of type 2
diabetes.6 Post-delivery, mothers impacted by GDM are
also at increased risk of developing renal disease.7 GDM
also has a significant impact on short and long-term
outcomes in offspring. There is an increased risk of fe-
tal macrosomia which in turn is associated with a higher
incidence of shoulder dystocia and birth trauma.8 Ma-
ternal GDM poses an increased risk of hypoglycaemia and
respiratory distress in the newborn infant which in turn is
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associated with increased incidence of neonatal ICU
admission.9 Post-delivery, children born to mothers af-
fected by GDM have increased lifetime risk of obesity,
metabolic syndrome and cardiovascular disease.10

Although the prevalence of GDM is increasing,11 our
understanding of the underlying cellular mechanisms re-
sponsible for its development remain incompletely un-
derstood and are a matter of active investigation. Recent
studies have shown that extracellular vesicles (EVs) can
provide novel insights into GDM. Extracellular vehicles
(EVs) are membrane-encapsulated particles released by
cells into their extracellular environment during physio-
logical conditions as well as stress, injury, or death.12,13

Once released, EVs can accumulate in biological fluids
including blood, cerebrospinal fluid, tears, urine, and as-
cites fluid.13 In the context of pregnancy, EVs from both
mother and fetus can be found in maternal plasma. Indeed,
EVs released from placenta are seen in maternal circulation
as early as 6 weeks and their concentration increase as
gestation advances.14

Historically, EVs have been subclassified based on
cellular origin, function and size with the most prominent
subclasses being exosomes, apoptotic bodies and micro-
particles (MPs).12 Exosomes, which range from 40 to
100 nm in size, exist possibly in all biological fluids.12,15

They are characterized by the presence of tumor suscep-
tibility gene 101 (TSG101), endosomal sorting proteins,
membrane transport and fusion proteins and tetraspanins

(CD63, CD81, and CD9).16 They do not appear to contain
nuclear material and play a crucial role in intracellular
communication12,17 By contrast, apoptotic bodies are the end
product of cell shrinkage and fragmentation during apoptotic
cell death.12,18 Cell organelles, nuclear material, and protein
are all present in apoptotic bodies which are rapidly removed
by phagocytosis after their release in vivo12,18. They are
greater than 1000 nm in size and appear to exert anti-
inflammatory effects.12,18 Microparticles/microvesicles are
intermediate sized EVs (∼100–1000 nm) that are released
from stressed cells and contain miRNA, mRNA and
membrane and cytosolic protein but appear to lack nuclear
material.12,18 Figure 1 shows the biogenesis of major EV
subtypes.While the various EV subpopulations differ in both
size and biogenesis, there is considerable overlap, and most
isolates are heterogeneous in nature. Thus, the International
Society of Extracellular Vesicles advocates for more in-
clusive nomenclature with ∼100–1000 nm vesicles termed
“medium/large EVs” (L-EVs) and ∼40–100 nm vesicles
termed “small EVs” (S-EVs).19 We will therefore use these
terms throughout the remainder of this review.

Evidence from our laboratory and several others sug-
gests that the diabetic environment can alter the formation
of EVs. For example, high glucose stimulates release of L-
EVs from endothelial cells,20 podocytes21 and platelets.22

In vivo, levels of circulating23,24 and urinary21,25 EV levels
are increased in animal and human diabetes and may have
prognostic value. In this regard, we recently reported that

Figure 1. Biogenesis of extracellular vesicle (EV) subtypes.
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high levels of circulating endothelial-derived EVs are as-
sociated with adverse pregnancy outcomes in type 1 dia-
betes.26 Diabetes also appears to impact on the molecular
composition of EVs. Jansen et al. showed that the miRNA
species incorporated into L-EVs are altered in diabetic
subjects and in endothelial cells exposed to high glucose.27

Similarly, we have shown that the proteomic composition
of L-EVs is altered when formed under high glucose
conditions.20

Given the growing interest in the impact of GDM on
EVs during and after pregnancy we conducted a scoping
review to examine the effect of GDM on EV formation as
well as miRNA and protein composition. We discuss the
relationship between changes to EV formation/
composition and maternal and fetal outcomes along with
recommendations for future research.

Search strategy, design and eligibility

A structured search strategy was developed to identify
publications assessing extracellular vesicles in GDM.
Publications included had to meet the following require-
ments: (1) involve the study of EVs (or microparticles/
ectosomes/microvesicles as defined in the introduction),
(2) involve the study of human or animal models of GDM.
Narrative reviews, conferences abstracts, studies not re-
lated to pregnancy or diseases other than diabetes were also
excluded.

Electronic searches of Ovid MEDLINE <1946-December
04 2020>, and Embase Classic+Embase <1947-2020 De-
cember 07>, were conducted using the search strategy pre-
sented in Appendix S1. The initial search identified a total of
169 citations (Medline andEmbase). After removing duplicate
citations and limiting to studies in English, 168 citations were
selected for further investigations. After evaluation of abstract
and removing review and conference papers, 64 citations were
selected for full review. Two independent reviewers (TB and
AA) reviewed the 64 publications to identify those that met the
inclusion criteria. In cases where there were discrepancies, a
final consensus (for inclusion) was reached with the assistance
of a third independent reviewer (DB). In total, 18 publications
were included for this review

Results

Changes in EV levels and physicochemical
properties in GDM

Changes in EV formation are commonly seen in cardio-
vascular conditions including diabetes and this can be
reflected in altered levels in various biofluids.28 Depending
on the source of the EVs studied (i.e., plasma vs urine or
other biofluids), such changes may be reflective of diabetic
complications including endothelial injury, kidney

damage, or, in the context of pregnancy, placental stress.29

Our search identified eight studies that describe changes to
the quantity of EVs in the context of GDM.

Salomon et al.30 examined the concentration of circu-
lating S-EVs from maternal circulation and placental ori-
gins in GDM as compared to normal pregnancy. They
assessed both CD63 (total EVs) and placental alkaline
phosphatase (PLAP, placental S-EVs) by an ELISA-based
approach and showed that the plasma concentration of both
populations increased in pregnancy and with advancing
gestation. Interestingly, the concentration of total S-EVs in
early gestation was two-fold higher in women who sub-
sequently developed GDM as compared to normoglycae-
mic pregnancy. When assessing placental EVs, the amount
of PLAP per S-EV was found to be lower in GDM as
compared to normal pregnancy in early gestation, even
though both total S-EVs and placental S-EVs were higher.
This might be due to an increased secretion of S-EVs from
non-placental sources. Functionally, EVs in maternal
plasma from GDM exerted pro-inflammatory effects on
endothelial cells by releasing cytokines30 which may in-
fluence maternal and fetoplacental homeostasis.

The above findings are supported by Arias et al.31 who
also showed that circulating EV levels increased signifi-
cantly with the progression of pregnancy with levels 1.8
and 2.3 times higher in second and third trimester re-
spectively as compared to first trimester. They isolated S-
EVs using the ExoQuick reagent and concentration was
determined by nanoparticle tracking analysis. Pregnant
women who subsequently developed GDM exhibited
higher levels of EVs in the first trimester.

James-Allan et al.32 also showed that the plasma con-
centration of S-EVs was significantly higher in pregnant
individuals as compared to non-pregnant group and that
levels were further elevated in the GDM cohort. In par-
ticular, they found that levels of placenta derived S-EVs
were significantly higher in GDM as compared to normal
pregnancy group.

Franzago et al.33 performed a comprehensive assess-
ment of circulating EV levels using flow cytometry fo-
cusing on leukocyte-derived (IEVs), endothelial derived
(eEVs), platelet derived EVs (pEVs) and circulating adi-
pocyte derived EVs (aEVs). In contrast to the above
studies, they did not observe numeric differences in levels
of EV subpopulations between GDM and normal preg-
nancy. However, flow cytometry-based approaches to EV
quantification are generally focused on lEVs given limi-
tations in sensitivities of the instrument. Thus, there may be
differences in the formation of EV subtypes in GDM.
Interestingly, the authors observed that aEV levels ex-
pressed as percentage of total EVs was higher in controls as
compared to GDM.

There is some debate as to the effect of GDM on the
physical properties of EVs. On the one hand, Arias et al.31
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reported no significant differences in the size distribution of
circulating EVs between GDM and normal glucose tol-
erance. Conversely, James-Allan et al.32 showed that the
mean size of total circulating S-EVs was higher in the non-
pregnant group as compared to normal glucose tolerant and
GDM group. This difference could be attributed to the fact
that James-Allan et al.32 compared the size between GDM
and normal pregnancy while Arias et al.31 compared it with
a non-pregnant group. Indeed, both reported no difference
in sizes between GDM and normal pregnancy group.

Particle size has also been assessed in EVs isolated from
umbilical cord blood by Cao et al.34 with both size of EVs
and concentration of EVs significantly higher in GDM
compared with normoglycemia. However, while both Arias
et al.31 and James-Allan et al.32 measured EV size in
different trimesters, Cao et al.34 measured in umbilical
blood after delivery, which might explain the divergence.

Impact of GDM on properties of EV from other sources. While
plasma is the most commonly studied source of EVs, EVs
from other sources may also provide insights into the
impact of GDM. In this regard, Monteiro et al.35 isolated L-
EVs from gingival crevicular fluid at 11–14 weeks of
gestation from GDM and normal pregnancies using Exo-
Quick. Nanoparticle tracking analysis demonstrated that
the mean concentration of L-EVs was significantly higher
in GCF obtained from pre-symptomatic GDM women as
compared to normal pregnancies. These data support the
trend seen with the circulating S-EVs discussed previously.
The authors postulated that in GDM, a hyperglycemic and
pro-inflammatory state stimulates the release of EVs in oral
fluids in early pregnancy. The increase in EV release in
GDM is also found in isolated omental adipose tissue.
Jayabalan et al.36 found that the concentration of S-EVs
isolated from human omental adipose tissue was signifi-
cantly higher in GDM as compared to normal pregnancies.

Finally, Saez et al.37 used high glucose treatment of
HUVEC (Human umbilical vein endothelial cells) to model
GDM. They postulated that high glucose enhanced the
release of S-EVs, though there was no change in their size
as compared to normal glucose concentration S-EVs. This
is consistent with our work which also showed increases in
EV release from cultured endothelial cells following high
glucose exposure, although we also observed increases in
the size of these EVs.20

Changes in EV miRNA IN GDM

EVs contain a large variety of molecules including pro-
teins, lipids, and nucleic acids that are generally reflective
of their cell of origin. miRNAs are of particular interest in
EV analysis. For one thing, their small size (∼20–25 nu-
cleotides in their mature form) is compatible with incor-
poration into submicron vesicles. In fact, there is evidence

of intracellular machinery which mediates insertion of
miRNA into EVs.38 Moreover, miRNA play a significant
role in regulation of gene expression (estimates suggest that
miRNA controls about 60% of all protein-coding genes)
and thus may provide insights into the health status of the
cell of origin. In the context of GDM, changes to the
miRNA composition in EVs may be indicative of maternal
or placental alterations and are therefore of significant
interest for advancing understanding of disease patho-
genesis. In our review, we identified five reports that ex-
amined miRNA in the context of GDM (Figure 2).

Gillet et al.39 studied difference in expression of cir-
culating EV- miRNA and “placenta specific” miRNAs in
EVs from GDM and normal pregnancies They collected
blood samples at 6 and 15 weeks of gestation using a
candidate-based approach they examined levels of 17
miRNAs found to be associated with adverse outcomes in
pregnancy. They examined this miRNA panel in serum
EVs from pregnant women who later developed GDM
compared with women with normal pregnancies. They
observed increases in levels of 10/17 candidate miRNAs in
the GDM group compared with their matched controls
(Figure 2). Using Ingenuity pathway analysis, the authors
examined involvement of differentially expressed miRNA
in molecular processes. They reported that five upregulated
miRNAs (miR‒122-5p, 132-3p, 29b-3p, 182-3p, and 29a-
3p) were involved in regulation of glucose homeostasis and
insulin secretion. Finally, to determine whether expression
of EV miRNA species was associated with placental al-
terations they examined associations betweenmiRNA level
and placental ultrasonography measurements at 11–
13 weeks of gestation. They found weak associations
between miR-517-5P with placental height and miR-136-
5p with placental height and estimated placental volume.
The main strengths of this study are selection approach thus
reducing confounding bias, fair rationale for the candidate
miRNA selected, association with clinical variables and
their attempt to link miRNA to molecular pathways in-
volved in GDM. However, there are certain weaknesses.
For example, the candidate-based approach to miRNA
analysis is biased and might have missed some important
miRNA that are altered. It is also unclear whether EVs were
from placental or maternal circulation and there was no
validation of molecular targets.

miRNA alterations may also be seen in urinary EVs. A
recent study by Herrera-Van Oostdam40 examined the
expression of S-EVs miRNA purified from urine in the 1st,
2nd, and 3rd trimester of pregnancy. Using a candidate-
based approach they assessed differences in between GDM
and healthy pregnancy. They focused on five miRNA
species: miR-222-3p and 16-5p and the “trophoblastic
miRs” 516-5p, 517-3p, 518-5p. These miRNAs had pre-
viously been implicated in diabetic injury. There were no
significant differences in urinary EV expression of the five
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analyzed miRNAs between healthy pregnancy and GDM
in the 1st trimester. However, the expression of miR-222-
3p in the placental S-EVs from healthy women increased
significantly as the pregnancy progressed. In GDM, the
pattern was more complex with modest increases from 1st
to 2nd trimester but significant decreases in the 3rd tri-
mester. Similarly, when examining the “trophomiRs” they
reported an increase in healthy women as the pregnancy
progressed, from the first to the third trimester. In the GDM
group, the expression increased from the 1st to the 2nd
trimester, but a marked decrease was observed in the 3rd
trimester and the expression levels of the three miRNAs
were significantly downregulated as compared to the
healthy pregnancy group. In case of miR-16-5p, the authors
found that its expression was only detectable in S-EVs
purified from patients with GDM in second trimester,
whereas it was undetectable in the healthy population.
Using target prediction and bioinformatic tools the authors
reported that these five miRNAs could together regulate

more than 100 genes linked to a variety of biological
processes including biosynthesis of fatty acids and insulin
signaling.

Nair et al.41 conducted an unbiased screen of miRNA in
chorionic villi explants and their released S-EVs by next
generation sequencing. They found distinct miRNAs pro-
files in GDM chorionic villi as compared to normal preg-
nancy. When examining miRNA in explant-derived S-EVs
nine miRNAs were found to be significantly up-regulated
and fourteen miRNAs were significantly down-regulated
(Figure 2). The authors also noted several differences in
miRNA abundance between EV miRNA levels compared
with their cell of origin suggesting selective packaging of
certain miRNA into EVs. Interestingly, five candidate
miRNAs (miR-125a-3p, 99b-5p, 197-3p, 22-3p, and
224-5p) were also up-regulated in skeletal muscle tissue
from GDM pregnancies. The authors concluded that this is
due to specific targeting of chorionic villi EVs to skeletal
muscle and delivery of miRNA content. In support of this

Figure 2. EV-miRNA species alterations in GDM. Shown are miRNA species that are increased (green) or decreased (red) in the
context of GDM. White circles indicate the reference number for individual studies. Created with BioRender.com.
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they showed that villi-derived EVs modulate the response of
skeletal muscle cells to insulin in culture.

EV miRNA profiling has also been used to assess
molecular alterations associated with GDM intervention.
Xiao et al.42 treated mice with a polysaccharide from
Lycium barbarum, a Chinese herb that has been shown to
improve lipid metabolism in diabetes. They examined the
miRNA expression in circulating EVs from pregnant mice
fed a control diet, high fat diet (HFD, a model for GDM) or
HFD with lycium barbarum polysaccharide. As compared
to control group, 18 miRNAs were found to be differen-
tially expressed in the HFD group (11 upregulated and 7
downregulated). In comparison with HFD group, 16
miRNAs were found to be differentially expressed in the
HFD+LBP group (6 downregulated and 10 upregulated).
Notably, treatment with LBP was shown to return the
expression of 6 miRNAs increased in GDM to normal
levels. These changes were seen concurrent with improved
glucose tolerance.

Finally, circular RNAs (circRNAs) have also emerged
as endogenous non-coding RNA that are enriched in EVs
and may also provide insights into molecular signaling.
Cao et al.34 analyzed circRNAs in EVs isolated from
umbilical cord blood of GDM and control patients by
microarray. From the differentially expressed circRNA
they validated differential expression of 12 circDNA (7
increased, 5 decreased, see Table 2). Using bioinformatic
tools they suggested that the differentially expressed
circRNAs were involved in galactose metabolism, pentose
phosphate pathway, glycan biosynthesis, cholesterol
metabolism, DNA replication, and RNA transport, which
are responsible for metabolic process, growth and devel-
opment and play role in pathogenesis of GDM.

The above studies show a similar pattern of differential
increase in EV miRNA in GDM, though the precise
changes reported differ between studies. Although they
reported different set of upregulated miRNAs, both Gillet
et al.39 and Nair et al.41 found that the upregulated miRNAs
are involved in mainly phosphatidylinositol 3-kinase-AKT
pathway, which plays an important role in insulin and
glucose secretion and development of placenta and fetal
growth. These studies support the use of placenta derived
S-EVs as a screening strategy for early diagnosis of GDM
though they differ in type of sample studied and timing of
sample taken. Further analyses are required to validate
these findings and apply to a larger population and to
evaluate their diagnostic or prognostic value in GDM.

Changes in EV protein content in GDM

While RNA can influence cellular homeostasis in diabetes,
high glucose conditions may directly affect protein ex-
pression and activity. It has long been appreciated that EVs
contain protein that are reflective of their cell of origin.12

With advancements in proteomics, numerous studies have
conducted large-scale assessment of protein composition of
EVs. We and others have shown that changes in EV protein
composition can indicate underlying metabolic stress and
emerging evidence suggests that EV protein content is
altered in GDM.12,16 Our search identified four reports that
undertook studies on EV protein content in GDM (Figure
3).

Jayabalan et al.36 assessed the production and pro-
teomic content of S-EVs isolated from omental adipose
tissue of pregnant women with GDM or normal glucose
tolerance (NGT). Omental adipose tissue was obtained
and cultured ex vivo and S-EVs were isolated from
omental AT-conditioned media. The proteomic profile of
AT-derived S-EVs (exo-AT) was analyzed using mass
spectrometry. The pathway analysis from S-EVs ob-
tained from GDM participants showed enrichment in
proteins with the key pathways involved in mitochon-
drial dysfunction, sirtuin signaling pathway, mechanistic
target of rapamycin signaling pathway and oxidative
phosphorylation. These alterations may, in turn, regulate
fetoplacental metabolism since the expression of genes
related to gluconeogenesis and glycolysis in placental
cells that were treated with S-EVs from GDM but not
NGT adipose tissue.

In another study that was conducted by Jayabalan and
colleagues,43 the authors looked at circulating EVs in
plasma samples from women with GDM and those with
normal glucose tolerance. The authors observed changes in
the expression of circulating S-EVs proteins in plasma at
the onset of GDM. A total of 78 proteins showed signif-
icantly altered expression in GDM. These proteins were
associated with inflammation, metabolism and energy
production. The data elucidate the underlying physiolog-
ical mechanisms that are possibly linked to insulin resistant
in GDM.

Kandzija and colleagues44 investigated the expression
of the protein DPP-IV in placental EVs in GDM versus
normal glucose tolerance. Using syncytiotrophoblast-
derived extracellular vesicles (STB-EVs) from control
and GDM, they show that DPPIV-positive STB-EVs re-
leased from normal human placenta that were higher in
uterine than paired peripheral blood, suggesting placental
origin. The authors reported an eightfold increase of
DPPIV-bound STB-EVs in the circulation of participants
with GDM. Importantly, the authors confirmed that the
enzyme retains its functional activity in the EVs. This study
is the first to confirm the presence of a biologically active
molecule in STB-EVs that may regulate maternal insulin
secretion.

Finally, Ramachandrarao et al. reported that urinary S-
EVs may be a promising biomarker of diabetes in
pregnancy.45 In this study, the S-EVs protein content of
24 h urine samples from individuals with GDM and pre-
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gestational type 2 diabetes and normal glucose tolerance
samples collected at 20 weeks gestation were compared.
Using liquid chromatography/mass spectrometry the
differences in S-EVs protein load between the groups
were detected. The authors identified unique protein
signatures in EVs from GDM versus normal glucose
tolerance. They identified 646 (CTRL), and 734 (GDM)
and 856 (PGD) proteins in S-EVs at 20 weeks of preg-
nancy. A key observation was that S100 calcium binding
protein A9 (damage associated molecular pattern
(DAMP) signal) was significantly increased in women
with PGD and GDM with similar levels between the two
diabetic groups. The peptide counts for S100A9 protein
were independently correlated with macrosomia and
maternal obesity.

Relationship between EVs and outcomes in GDM

It is clear that exposure to diabetes in utero has short- and
long-term effects on the mother and offspring that are
reflected in alterations in EV formation, their physical
properties, and their molecular composition. A logical
extension from this is that changes to EVs may provide
insights into the molecular pathogenesis of GDM.

In this regard, Shah et al.46 examined associations be-
tween EV miRNA levels in HUVEC cells and pregnancy
outcomes. In particular, they observed a correlation be-
tween birth weight and expression of several miRNA
species. They observed a negative relationship between
birth weight andmiR-130-3b-3p in circulating S-EVs.
Similarly they observed negative associations with miR-

Figure 3. EV-associated proteins that are altered in GDM. Shown are proteins that are increased (fuchsia) or down-regulated (violet) in
the context of GDM. White circles indicate the reference number for individual studies. Created with BioRender.com.
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126-3p, miR-148-3p and miR-let-7a-5p in cultured HU-
VECs and miR-130b-3p, miR-29a-3p, and miR-let-7a-5p
in placenta. The authors interpreted the above changes as a
protective mechanism against macrosomia by attenuation
of glucose metabolism and insulin action as these miRNAs
target different enzymes in glucose metabolism. There
were also significant differences in the expression of
miRNA between the infant sex with males having higher
expression of miR-126-3p by 35% in S-EVs and higher
expression of miR-148-3p and miR-29a-3p in HUVEC.
However, it is worth noting that maternal factors like
physical activity, diet, weight gain during pregnancy which
affect miRNA expression as well as outcomes, were not
taken into consideration.

As discussed previously, Ramachandrarao et al.45 ex-
amined the relationships among urinary S-EVs protein
concentrations from non-diabetic women and those with
GDM or pregestational diabetes. They found that neonate
head circumference was similar between GDM and PGD
group. However, in PGD group, none of the neonates were
macrosomic, whereas in the GDM group, 3 out of 6 were
macrosomic. They found that the peptide S100 A9 inde-
pendently correlated with macrosomia in newborn infants.

Interestingly, Jayabalan et al.36 in their study of omental
adipose tissue S-EVs found a positive correlation between
the concentration of S-EVs from adipose tissue explants
and infant birthweight Z scores, further strengthening the
relationship between S-EVs released from adipose tissue
and modulating transplacental nutrient transport leading to
fetal overgrowth.

Finally Cao et al.34 found positive association between
S-EV concentration in umbilical cord blood and neonatal
birth weight.

Future Directions

The study of EVs in GDM offers promise for gaining a
better understanding of disease pathogenesis and as di-
agnostic tools. However, work in this area is at its infancy.
As detailed above, EV levels, physicochemical properties,
and molecular composition may all be altered in GDM.
Assessment of such changes may ultimately help identify
patients at risk of complications or in monitoring response
to interventions as suggested by Xiao et al. It is notable that
the focus to date has largely been on placental alterations to
date, however maternal changes are also evident, partic-
ularly in studies involving urine EVs.

Nevertheless, significant challenges remain before EVs
can graduate from research item to clinical diagnostic tool.
As evident from the present review, studies examining EVs
in GDM have employed distinct sources of EVs (plasma,
urine, media from cultured explants…) and distinct ap-
proaches to EV isolation and characterization EVs. Ex-
ternal validation is lacking for key observations and should

be a priority going forward. This is particularly important
because many studies have employed a candidate-based
approach to assessing EV content rather than a compre-
hensive unbiased screen.

In addition, while a handful of studies have explored
links between EV changes in GDM and clinical variables,
these have largely been small cohorts and selected pop-
ulations. As such, assessing relationships less common
outcomes (i.e. preeclampsia, pregnancy loss, NICU ad-
mission etc…) may not have been possible. Future studies
should focus on larger, more representative study pop-
ulations to identify strong, reproducible changes that
correlate with clinical outcomes.

We also note that studies on EVs in GDM have focused
on changes seen during pregnancy. However, it is in-
creasingly apparent that this is a long-term condition that
contributes to cardiometabolic disorders in both mother
and offspring later in life. Given this, one wonders whether
GDM-mediated changes to EV levels persist after preg-
nancy and return to normal glucose tolerance. It is possible
that EVs may show evidence of legacy effects responsible
for the long-term effects of GDM.

Finally, one must also consider the fact that EV release is
a physiological process that is merely dysregulated under
certain conditions. Thus, it is entirely possible that EVs
may act in a protective manner under appropriate condi-
tions. Indeed, administration of exogenous EVs (particu-
larly the small “exosome” population) has been shown to
be protective in animal models of diabetes.47–50 To the best
of our knowledge, this has yet to be explored in the context
of GDM; however, it may represent a novel therapeutic
approach.
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Appendix S1: Search Strategy

Database: Embase Classic+Embase <1947 to 2020 De-
cember 07>, Ovid MEDLINE(R) ALL <1946 to 04 De-
cember 2020>

Search Strategy:

1. extracellular vesicles/or cell-derived
microparticles/or exosomes/ (47,352)

2. (extracellular vesicle* or Ectosome* or Exosome*
or microparticle* or microvesicle*or sevs).tw,kf.
(89,467)

3. 1 or 2 (96,357)

4. exp Diabetes, Gestational/ (52,045)
5. exp Pregnancy in Diabetics/ (51,985)
6. ((pregnan* or gestat* or maternal) adj5 dia-

bet*).tw,kf. (66,917)
7. ((Fetus or foetus or feti or feotuses or Fetal or

Foetal or placenta*) adj5 diabet*).tw,kf. (7892)
8. (Pregnancy/or placenta/or fetus/) and exp Diabetes

Mellitus/ (57,918)
9. 4 or 5 or 6 or 7 or 8 (100,456)

10. 3 and 9 (180)
11. 10 use medall (56) Medline
12. exosome/ (30,612)
13. membrane microparticle/(5571)
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14. (microparticle* or ectosome* or exosome* or
microvesicle* or extracellular vesicle* or sevs).tw.
(94,027)

15. 12 or 13 or 14 (98,155)
16. pregnancy diabetes mellitus/or maternal diabetes

mellitus/ (39,061)
17. ((pregnan* or gestat* or maternal) adj5 dia-

bet*).tw. (66,205)
18. ((Fetus or foetus or feti or feotuses or Fetal or

Foetal or placenta*) adj5 diabet*).tw. (7846)

19. (pregnancy/or placenta*.mp. or fetus/) and (dia-
betes mellitus/or non insulin dependent diabetes
mellitus/) (28,861)

20. 16 or 17 or 18 or 19 (92,870)
21. 15 and 20 (178)
22. 21 use emczd (130) Embase
23. 11 or 22 (186)
24. remove duplicates from 23 (138)
25. 24 use medall (56) Medline
26. 24 use emczd (82) Embase
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