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Abstract: Gestational diabetes mellitus (GDM) is the most common metabolic complication of pregnancy, with a continuously rising 
global prevalence. However, current diagnostic and therapeutic strategies are limited by delayed detection and insufficient targeting. 
Extracellular vesicles (EVs), as nanoscale messengers that mediate intercellular communication, have recently been implicated in 
GDM pathogenesis and exhibit dual potential as liquid biopsy biomarkers and drug delivery vehicles. This review systematically 
integrates research findings on EVs in GDM, constructs an EV-mediated multi-organ crosstalk network framework, and comparatively 
evaluates the diagnostic and therapeutic potential of EVs derived from the placenta, adipose tissue, blood, breast milk, and urine. And 
further discussed current challenges and future directions for clinical translation of EV-based strategies. It provides an integrative 
perspective on the pathogenesis, precision diagnosis, and treatment of GDM and offers critical guidance for advancing the clinical 
translation of EV-based strategies. 
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Introduction
Gestational diabetes mellitus (GDM) is defined as glucose intolerance that is first recognized during pregnancy. It is one 
of the most common metabolic complications of pregnancy.1 In recent years, the global prevalence of GDM has been 
rising consistently, affecting 5% to 17% of pregnancies, and this upward trend is expected to continue.2,3 GDM affects 
approximately 21 million live births annually. Prevalence estimates range from 5% to 25%, depending on diagnostic 
criteria, ethnic background, and socioeconomic factors.4–6 GDM not only increases the risk of maternal preeclampsia 
(PE), cesarean delivery, and future type 2 diabetes,7–9 but also significantly increases the incidence of fetal macrosomia, 
neonatal hypoglycemia, and long-term metabolic disorders.6,10

The diagnosis of GDM has traditionally relied on the oral glucose tolerance test (OGTT), which is typically performed 
between 24 and 28 weeks of gestation.11 However, this approach has several limitations. First, the diagnosis occurs late in 
pregnancy, and exposure to hyperglycemia in the first trimester may already have adverse effects on fetal development. 
Evidence suggests that early hyperglycemia is associated with severe neonatal complications.3,12 Second, diagnostic 
criteria are not fully standardized, leading to diagnostic heterogeneity. For example, the Diabetes in Pregnancy Study 
Group India (DIPSI) method widely used in India has lower sensitivity compared to the World Health Organization (WHO) 
criteria, which may result in many missed cases.13 Third, the OGTT is cumbersome, requiring overnight fasting and 
multiple blood draws, which reduces patient compliance. Although alternative markers such as glycated hemoglobin and 
fasting plasma glucose have been explored for first trimester screening, their limited sensitivity and risk of false negatives 
preclude their use as replacement for the OGTT as a standard diagnostic tool.3 Emerging technologies such as continuous 
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glucose monitoring, vibrational spectroscopy, and machine learning models show potential for early detection, but their 
high cost and insufficient clinical validation limit current clinical application.14–16 Therefore, developing early, non- 
invasive, and highly sensitive diagnostic tools remains a critical goal in GDM.

Current management of GDM is based primarily on lifestyle interventions, including medical nutrition therapy and regular 
physical activity. Approximately 70 to 85% of women achieve glycemic control through non-pharmacological interventions.3 

For women who do not meet glycemic targets, insulin is widely recognized as the first-line pharmacological treatment, with 
strong evidence supporting its safety during pregnancy.17 However, insulin therapy has limitations, such as the burden of 
injections and suboptimal patient acceptance, leading to suboptimal adherence in some patients.18 Furthermore, the safety of oral 
antidiabetic agents such as metformin and glyburide during pregnancy remains controversial. A network meta-analysis showed 
that metformin effectively controls blood glucose and reduces the risk of neonatal hypoglycemia and preeclampsia, but it may 
increase the risk of small-for-gestational-age infants.19 Glyburide is associated with a higher incidence of neonatal 
hypoglycemia.18 Thus, the development of novel, safe, and convenient therapeutic strategies represents a critical priority for 
GDM management.

Extracellular vesicles (EVs) are nanoscale membrane-bound vesicles released by cells, ranging from 30 to 1000 nm in 
diameter. They carry bioactive molecules such as proteins, lipids, mRNA, and microRNA (miRNA), and mediate intercellular 
communication.20,21 According to the MISEV 2023 guidelines from the International Society for Extracellular Vesicles, these 
vesicles are collectively referred to as small extracellular vesicles (sEVs) unless their endosomal origin is explicitly 
demonstrated.22 EVs derived from the maternal-fetal interface are involved in embryo implantation, placental development, 
and the establishment of maternal-fetal immune tolerance. Studies have shown that EVs from the fetal-placental unit deliver 
fetal antigens to maternal secondary lymphoid tissues, where they are recognized by maternal T cells, representing a key 
mechanism for maintaining maternal-fetal immune tolerance.23 Placenta-derived EVs enter the maternal circulation as early 
as six weeks of gestation, and their concentration increases with gestational age. Their molecular cargo reflects the state of the 
placental microenvironment.24 Recently, EVs have emerged as a focus in liquid biopsy research due to their stability in body 
fluids, disease-specific cargo, and ability to reflect the pathological state of cells.25 In GDM, the molecular signatures of EVs 
are closely associated with insulin resistance, inflammatory responses, and placental dysfunction, highlighting their potential 
as early diagnostic biomarkers.26 Furthermore, EVs from various sources offer promising therapeutic options for GDM, 
owing to their low immunogenicity, potential for engineering, and flexible routes of administration.25

This review systematically summarizes the role of EVs in the pathogenesis of GDM, recent advances in diagnostic 
biomarkers, and the therapeutic potential of EVs from different sources, and further discusses the path toward clinical 
translation. To systematically capture the research progress in this field, we searched the PubMed and Web of Science 
databases for literature published up to 2026. The search combined the terms “extracellular vesicles” or “exosomes” with 
“gestational diabetes mellitus” or “GDM”. Inclusion criteria were original research articles and high-quality reviews 
addressing EVs in GDM pathogenesis, diagnostic biomarkers, or therapeutic strategies. We prioritized studies that 
provided mechanistic insights or quantitative diagnostic performance, and studies that focused only on other pregnancy 
complications without addressing GDM were excluded.

In recent years, several reviews have summarized EV research in GDM. However, most have focused on placental 
mechanisms,27 other specific complications,28 or diagnostic applications.26 Compared with previously published reviews, 
our study offers the following contributions. (1) Systematic integration of a pathological framework of EV-mediated 
multi-organ crosstalk involving β-cells, placenta, liver, and adipose tissue. (2) Comprehensive coverage of both 
diagnostic and therapeutic applications, with a detailed discussion of the therapeutic strategies of EVs from various 
sources and their clinical translation prospects. (3) Emphasis on the key challenges in the clinical translation of EVs, 
including quality control, safety, and large-scale manufacturing. Through this synthesis, this review aims to provide 
a new perspective on the precise diagnosis and treatment of GDM.
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Biological Basis of EVs
Biogenesis and Characteristics of EVs
EVs are a general term for membrane-bound vesicles released by cells. They can be classified into different subtypes 
based on their biogenesis pathway, size, and release mechanism.29 In the MISEV 2023 guidelines, the International 
Society for Extracellular Vesicles recommends that vesicles smaller than 200 nm in diameter be referred to as sEVs 
unless their endosomal origin is clearly demonstrated, vesicles that originate from endosomal multivesicular bodies are 
traditionally termed exosomes.22

The size of EVs typically ranges from 30 to 1000 nm. Among these, sEVs are predominantly 30 to 150 nm in 
diameter and exhibit a characteristic cup-shaped morphology under transmission electron microscopy. Nanoparticle 
tracking analysis can be used to measure their size distribution and concentration.22,30 EVs carry a variety of bioactive 
molecules, including proteins, lipids, mRNA, miRNA, circular RNA (circRNA), and DNA.31 Their molecular cargo 
reflects the physiological or pathological state of the originating cell. EVs derived from different cell types have 
characteristic protein and nucleic acid compositions.32

EV biogenesis relies on two main pathways: the endosomal sorting complexes required for transport (ESCRT)- 
dependent pathway and the ESCRT-independent pathway.33 In the ESCRT-dependent pathway, the plasma membrane 
invaginates to form early endosomes. The endosomal membrane then buds inward to form intraluminal vesicles (ILVs), 
and the endosome matures into a multivesicular body (MVB). When MVBs fuse with the plasma membrane, ILVs are 
released into the extracellular space and become EVs.34 The ESCRT machinery consists of four subcomplexes, including 
ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. These subcomplexes cooperatively recognize and sort cargo proteins and 
mediate endosomal membrane budding and vesicle formation.35 The ESCRT-independent pathway involves lipid 
metabolism, particularly the synthesis of ceramides. Ceramides can induce membrane domains formation and curvature, 
promoting ILV generation.36 Tetraspanins (such as CD9, CD63, and CD81) also contribute to ESCRT-independent 
vesicle formation by interacting to form microdomains and participating in cargo sorting and vesicle biogenesis.37

Physiological Roles of EVs During Pregnancy
EVs play key roles in the physiological processes of pregnancy. They mediate maternal-fetal crosstalk, placental 
development, and the maintenance of immune tolerance (Figure 1).38,39 The maternal-fetal interface represents the 
most complex site of cellular communication during pregnancy. EVs serve as important information carriers, transmitting 
signals between the mother and the fetus.40

In maternal-fetal communication, placenta-derived exosomes enter the maternal circulation as early as the sixth week 
of gestation, and their concentration increases with gestational age.41 The molecular cargo of these exosomes reflects the 
status of the placental microenvironment and can be internalized by maternal immune cells, thereby modulating maternal 

Figure 1 Role of extracellular vesicles (EVs) in maternal-fetal crosstalk, placental development, and immune tolerance during pregnancy. Placenta-derived enter the maternal 
circulation and their concentration increases with advancing gestational age. By delivering fetal antigens to maternal secondary lymphoid tissues, these EVs initiate maternal– 
fetal crosstalk and promote immune tolerance. Syncytiotrophoblast-derived EVs carry specific miRNAs and proteins that regulate trophoblast cell fusion and syncytialization, 
thereby maintaining the placental barrier and facilitating placental angiogenesis. In immune tolerance, EVs express surface molecules including PD-L1 ligands. Engagement of 
PD-L1 with PD-1 on maternal T cells inhibits T cell activation and induces the differentiation of regulatory T cells. Together with EV-encapsulated miRNAs that modulate 
maternal immune cell functions, these mechanisms collectively establish a protective barrier against fetal immune rejection.
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adaptation to pregnancy.42,43 Studies have shown that exosomes from the fetoplacental unit deliver fetal antigens to 
maternal secondary lymphoid tissues, where they are recognized by maternal T cells. This mechanism is essential for 
establishing maternal immune tolerance to fetal antigens.44

In placental development, EVs regulate trophoblast proliferation, differentiation, and invasion. Syncytiotrophoblast- 
derived exosomes carry specific miRNAs and proteins that regulate trophoblast fusion and syncytialization, thereby 
maintaining the placental barrier function.45 Placenta-derived EVs also promote angiogenesis by carrying pro-angiogenic 
molecules. In normal pregnancy, placenta-derived EVs stimulate endothelial cell migration and tube formation, con
tributing to the formation and remodeling of placental vasculature. In pregnancy complications such as preeclampsia, the 
angiogenic balance of placenta-derived EVs is disrupted, resulting in vascular dysfunction.46

In the maintenance of immune tolerance, placenta-derived EVs play a central role. Syncytiotrophoblast-derived EVs 
carry a unique immunosuppressive protein signature, including NKG2D receptor ligands, apoptosis-inducing molecules, 
and programmed death ligand 1 (PD-L1).47 These molecules can inhibit the cytotoxicity of maternal natural killer cells, 
induce apoptosis of activated immune cells, and promote the differentiation of regulatory T cells, thereby protecting the 
fetus from maternal immune system attack.47 Studies have demonstrated that placenta-derived bEVs express PD-L1 on 
their surface. Upon interaction with maternal T cells, these PD-L1 molecules bind to programmed death receptor 1 (PD- 
1) expressed on T cells, leading to the inhibition of T cell activation and the promotion of regulatory T cell differentiation. 
This PD-L1/PD-1 signaling axis is critical for establishing and maintaining maternal-fetal immune tolerance.48,49 In 
addition, C19MC family miRNAs carried by placenta-derived EVs regulate maternal immune cell function, further 
reinforcing immune tolerance.50 Together, these mechanisms establish an immunological barrier that protects the fetus 
from immune rejection.

EVs Mediate the Pathogenesis of GDM
In normal pregnancy, EVs are involved in maternal-fetal crosstalk, placental development, and immune tolerance 
maintenance. However, in GDM, both the molecular cargo and function of EVs undergo characteristic alterations, 
mediating pathological processes across multiple organs (Figure 2).

EVs Mediate β-Cell Dysfunction and Islet Developmental Abnormalities
The compensatory function of pancreatic β-cells is a key mechanism for maintaining normal glucose homeostasis during 
pregnancy. In normal pregnancy, β-cells counteract physiological insulin resistance through enhanced proliferation and 
insulin secretion. Failure of this compensation leads to the development of GDM.3 β-cell dysfunction, characterized by 
impaired glucose-stimulated insulin secretion, increased apoptosis, and aberrant islet development, is commonly 
observed in patients with GDM.2

Functional studies have demonstrated that EVs directly participate in the regulation of glucose homeostasis during 
pregnancy. EVs derived from healthy pregnant women promote glucose-stimulated insulin secretion from islets and 
induce peripheral insulin resistance. In contrast, EVs from women with GDM fail to promote insulin secretion and 
instead exacerbate insulin resistance.51 Continuous infusion of GDM-derived EVs into pregnant mice via a mini-osmotic 
pump for four days successfully induced glucose intolerance, whereas EVs from healthy pregnant women stimulated 
glucose-stimulated insulin secretion from islets.52 EVs derived from GDM patients can directly impair β-cell function. 
Studies have shown that EVs isolated from umbilical cord blood of GDM patients induce glucose intolerance and 
hyperinsulinemia in healthy pregnant mice. The mechanism involves activation of the glucagon-like peptide-1 (GLP-1)/ 
GLP-1 receptor axis within the islets, stimulating premature functional maturation of β-cells through the Akt-mTORC1- 
pS6 pathway, thereby disrupting normal islet developmental timing.52 This finding provides a mechanistic explanation 
for the increased risk of diabetes in offspring of mothers with GDM. However, as this study is based on animal models, 
whether the same process occurs in humans remains to be verified.

Furthermore, specific miRNAs play critical roles in EV-mediated β-cell injury. In vitro and animal models have 
shown that placental exosomes from GDM patients are enriched in miR-320b, which increases β-cell apoptosis and 
reduces glucose-stimulated insulin secretion by targeting downstream genes.53 In early pregnancy, the expression of 
maternal serum-derived exosomal miR-149-3p and miR-455-3p is closely associated with pancreatic β-cell function, and 
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these miRNAs are involved in regulating insulin secretion and signaling pathways.54 Additionally, miR-7-19488 is 
significantly upregulated in GDM-derived EVs. This miRNA targets the mRNA of phosphoinositide-3-kinase regulatory 
subunit 2 (PIK3R2), thereby interfering with signaling pathways that regulate islet development and causing aberrant 
islet development in the offspring.55

EVs Mediate Placental Dysfunction
The placenta is a central organ for maintaining pregnancy, responsible for maternal-fetal substance exchange, hormone 
synthesis, and immune regulation. Normal placental development depends on the proliferation, migration, invasion, and 
angiogenesis of trophoblast cells.39 In GDM, the placenta exhibits pathological changes, including excessive villous 
vascularization, increased syncytial knot formation, and elevated release of inflammatory factors. These changes are 
closely associated with insulin resistance and maternal metabolic dysregulation.56,57

EVs from multiple sources can mediate placental dysfunction. Placenta-derived EVs participate in trophoblast 
proliferation, differentiation, and angiogenesis, maintaining placental barrier function. Dysregulation of these processes 
underlies placental dysfunction in GDM. miR-135a-5p expression is significantly increased in placenta-derived EVs from 
GDM patients. In vitro functional experiments demonstrate that this miRNA activates the phosphoinositide-3-kinase 
/protein kinase B (PI3K/AKT) signaling pathway by targeting sirtuin 1 (SIRT1), thereby promoting excessive prolifera
tion and migration of trophoblast cells and disrupting normal placental development.58 These findings suggest that miR- 
135a-5p may be contribute to placental dysfunction, but the causal relationship remains to be established through in vivo 
gene intervention experiments. Conversely, miR-140-3p and miR-574-3p are downregulated in placenta-derived EVs 
from GDM patients. These two miRNAs inhibit the proliferation, migration, and tube formation of human umbilical vein 

Figure 2 Extracellular vesicle-mediated multi-organ pathological network in gestational diabetes mellitus. (1) GDM-derived EVs carry specific miRNAs that activate the 
GLP-1/GLP-1R axis, leading to premature functional maturation of pancreatic β-cells and concurrently promoting β-cell apoptosis. Further results in impaired glucose-s
timulated insulin secretion (GSIS) and failure of islet compensation. (2) Upregulation of EV-associated miR-135a-5p activates the PI3K/AKT pathway, promoting trophoblast 
hyperproliferation, whereas downregulation of miR-140-3p and miR-574-3p impairs endothelial cell function. In addition, EVs carry LRG1 and ECM1 proteins that induce 
aberrant placental angiogenesis and disrupt placental barrier integrity. (3) Circulating EVs contain miRNAs that target the STAT3/FAM3A axis, suppressing insulin signaling, 
enhancing hepatic gluconeogenesis, and exacerbating hepatic insulin resistance. (4) Adipose tissue-derived EVs transport miRNAs that promote placental glucose uptake, 
while NOX4 induces placental oxidative stress and premature senescence, establishing a positive feedback loop of metabolic dysregulation between adipose tissue and the 
placenta. (5) serum EVs from GDM patients carry characteristic microbial components, with increased abundance of Actinobacteria and Firmicutes and decreased 
abundance of Proteobacteria and Bacteroidetes. Gut microbiota-derived EVs may participate in GDM pathogenesis via the gut–placenta axis. Collectively, EV-mediated 
aberrant inter-organ communication across these multiple sites forms the complex pathological network underlying GDM. The flat-ended black arrow represent inhibition.
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endothelial cells by targeting vascular endothelial growth factor.59 Chemerin induces placental inflammation by recruit
ing macrophages and promoting the release of interleukin-18 and interleukin-1β, thereby downregulating miR-140-3p 
and miR-574-3p expression and contributing to placental dysfunction in GDM.59

CircRNAs carried by exosomes also participate in placental dysfunction. circ-PNPT1 is highly expressed in placental tissues 
from GDM patients and in trophoblast cells exposed to high glucose. It inhibits trophoblast cell proliferation, migration, and 
invasion while promoting apoptosis by sponging miR-889-3p and upregulating PAK1 expression. This circRNA can be 
packaged into EVs and transferred to surrounding untreated cells, mediating the spread of pathological signals.60

Adipose tissue-derived EVs are also involved in placental function regulation. In pregnancies complicated by obesity, 
adipocytes-derived exosomes carry NADPH oxidase 4 (NOX4). When delivered to trophoblast cells, they induce DNA 
oxidative damage, cellular senescence, and impaired proliferation and invasion, ultimately leading to premature placental 
senescence and adverse pregnancy outcomes.61 miR-515-5p expression is upregulated in adipose tissue-derived EVs 
from GDM patients. This miRNA promotes glucose uptake in placental trophoblast cells and is associated with excessive 
fetal growth.62,63 Proteomic analysis revealed that 122 proteins are upregulated in adipose tissue-derived exosomes from 
GDM patients. These proteins are primarily enriched in pathways associated with mitochondrial dysfunction and 
oxidative phosphorylation, and they upregulate the expression of aldolase B, phosphoglycerate kinase 2, and glucokinase 
in placental cells, thereby affecting placental glucose metabolism.64

Umbilical cord blood-derived EVs also contribute to abnormal placental angiogenesis in GDM. Leucine-rich α-2- 
glycoprotein 1 (LRG1) and extracellular matrix protein 1 (ECM1) are significantly upregulated in umbilical cord blood 
exosomes from GDM patients. These two proteins promote endothelial cell proliferation and migration, thereby inducing 
abnormal placental vascularization and contributing to macrosomia in GDM.65,66

EVs Mediate Hepatic Insulin Resistance
The liver is a central organ for maintaining glucose homeostasis, regulating blood glucose levels through glycogen 
synthesis, gluconeogenesis, and glucose output.67 The hepatic insulin signaling pathway is impaired in patients with 
GDM, leading to increased gluconeogenesis and elevated hepatic glucose output, which exacerbate maternal 
hyperglycemia.68

Circulating EVs can directly induce hepatic insulin resistance. In vitro experiments revealed that when hepatocytes 
were co-cultured with EVs isolated from the plasma of GDM patients, they exhibited increased gluconeogenesis, reduced 
energy metabolism, and upregulated oxidative stress.69 Mechanistic studies identified miR-1299 as the predominant 
differentially expressed miRNA in circulating EVs from GDM patients. This miRNA directly targets the 3′ untranslated 
region of signal transducer and activator of transcription 3 (STAT3) and inhibits the insulin signaling pathway through 
regulation of the STAT3/ FAM3A (family with sequence similarity 3 member A) axis.69 Functional experiments 
confirmed that miR-1299 increases insulin resistance by modulating mitochondrial function and oxidative stress in 
hepatocytes. In animal experiments, mice injected with EVs from GDM patients developed glucose intolerance, insulin 
resistance, and downregulation of hepatic STAT3 and FAM3A expression, further validating the EV-mediated mechanism 
of hepatic insulin resistance.69

EVs Mediate Adipose-Placenta-Maternal Metabolism Axis
Metabolic regulation during pregnancy involves coordinated crosstalk among multiple organs, including adipose tissue, 
placenta, and liver. EVs serve as important mediators of inter-organ communication and play a critical role in GDM 
pathology.70

Adipose tissue-derived EVs participate in the regulation of placental glucose metabolism. The number of adipose 
tissue-derived exosomes is significantly increased in GDM patients, and this increase positively correlates with fetal birth 
weight.71 Proteomic analysis revealed altered expression of proteins involved in sirtuin signaling, oxidative phosphor
ylation, and mechanistic target of rapamycin (mTOR) signaling pathways in adipose tissue-derived exosomes from GDM 
patients. Functional experiments confirmed that, compared with exosomes from healthy pregnant women, exosomes from 
GDM patients increased the expression of genes related to glycolysis and gluconeogenesis in placental cells, suggesting 
that adipose tissue-derived exosomes contribute to GDM pathology by regulating placental metabolism.71
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Placenta-derived EVs also participate in maternal metabolic regulation. The number of syncytiotrophoblast-derived 
EVs released from the placenta is significantly increased in GDM patients, and these EVs carry active dipeptidyl peptidase 
IV (DPPIV) on their surface.72 DPPIV is a key enzyme that degrades GLP-1,73 which regulates glucose-dependent insulin 
secretion. DPPIV activity is increased eightfold in placenta-derived EVs from GDM patients compared with that in EVs 
from healthy pregnant women, and these EVs can degrade GLP-1 in vitro, suggesting that placenta-derived EVs may 
influence maternal insulin secretion through degradation of GLP-1, thereby contributing to insulin resistance in GDM.72 

Together, these findings establish an EV-mediated adipose-placenta-maternal metabolism regulatory network.

Bacterial EVs Participate in GDM Pathology
Gut microbiota dysbiosis is closely associated with the development and progression of GDM, and bacterial extracellular 
vesicles (bEVs) serve as important mediators of microbiota-host communication.74 bEVs are nanoscale vesicles secreted 
by both Gram-negative and Gram-positive bacteria. They carry active molecules such as lipopolysaccharides, flagellin, 
nucleic acids, and metabolites, and can cross the intestinal barrier to enter the circulation, affecting distal organ 
function.75 A recent clinical cohort study has revealed that maternal factors during pregnancy shape the taxonomic 
profiles of bEVs. The study found that antibiotic use during pregnancy was associated with reduced species diversity of 
bEVs. Furthermore, in women with overweight/obesity, GDM, or gestational weight gain exceeding 15 kg, bEVs in both 
amniotic fluid and feces were markedly altered, and numerous bEVs were depleted in these individuals.76 This work 
provides clinical evidence directly linking maternal factors to shifts in the bEV landscape, suggesting that bEVs represent 
a critical link between maternal metabolic dysregulation in pregnancy and host responses.

Key evidence indicates that bEVs can cross biological barriers and directly communicate with the fetus. bEVs can be 
detected in the amniotic fluid of healthy pregnant women, and their molecular characteristics resemble those of bEVs 
found in the maternal gut microbiota.77 In mouse experiments, bEVs derived from the maternal gut microbiota were 
found to reach the amniotic cavity, and these bEVs may play a critical role in priming the prenatal immune system.77

Furthermore, characteristic microbiota components are present in circulating EVs from GDM patients. 16S rRNA 
sequencing analysis of serum EVs from GDM patients and normal pregnant women revealed increased relative 
abundances of Actinobacteria and Firmicutes, decreased abundances of Proteobacteria and Bacteroidetes, and an 
elevated Firmicutes/Bacteroidetes ratio in the GDM group.78 Functional prediction analysis showed that the microbial 
functions in serum EVs from both groups were enriched in amino acid metabolism, carbohydrate metabolism, energy 
metabolism, and cofactor and vitamin metabolism pathways. This finding provides the first evidence that circulating EVs 
from GDM patients carry microbiota-derived components, suggesting that bEVs may participate in GDM pathology.78

In vitro experiments have further demonstrated that pathogenic bEVs can directly impair placental function. Outer 
membrane vesicles derived from Porphyromonas gingivalis are internalized by human trophoblast cells, where they 
inhibit trophoblast migration and invasion, and induce placental metabolic reprogramming.79,80 In animal experiments, 
treatment with P. gingivalis outer membrane vesicles resulted in reduced placental and fetal weights and decreased 
expression of the glucose transporter GLUT1 in the placenta.80 Additionally, probiotic-derived bEVs play protective 
roles in metabolic regulation. For instance, Akkermansia muciniphila-derived bEVs enhance intestinal tight junction 
function, reduce gut permeability, and improve glucose tolerance and insulin resistance in high-fat diet-induced diabetic 
mice.81,82 A recent study has further confirmed that A. muciniphila-derived bEVs significantly protect streptozotocin 
(STZ)-induced diabetic mice by regulating glucose homeostasis, attenuating oxidative stress, and inducing immune 
tolerance, thereby effectively reducing blood glucose levels and ameliorating insulin resistance.83 In a mouse model of 
PE, A. muciniphila-derived bEVs were transported from the gastrointestinal tract to the placenta and attenuated 
preeclamptic symptoms by promoting trophoblast invasion and spiral artery remodeling through activation of the EGFR- 
PI3K-AKT signaling pathway.84 However, no study to date has directly established a causal relationship between 
alterations in bEVs and the development of GDM. The specific mechanisms by which bEVs contribute to GDM, the 
key effector molecules involved, and their therapeutic potential remain to be further elucidated.

To integrate these mechanisms, we summarize the key molecules cargoes and pathological effects of EVs across 
multiple organs (Table 1). However, it should be noted that current evidence is largely based on correlational or 
preclinical exploratory studies. The causal relationship between EV cargo and disease progression remains to be 
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determined. Most studies rely on in vitro cell experiments or animal models. These models cannot fully recapitulate the 
complex metabolic environment of human GDM. For example, while EVs from GDM patients can induce glucose 
intolerance in pregnant mice,52 significant differences in placental structure and metabolic regulation between mice and 
humans limit the clinical translation of such findings. Research on placental dysfunction has been largely descriptive, 
cataloguing differential expression of EV-associated miRNAs or proteins.59,64–66 The mechanism by which these 
molecules lead to functional changes remains unclear. Moreover, investigations into bEVs have merely reported 
associations between microbial components in serum EVs and GDM,78 without functional experiments that demonstrate 
direct effects of bEVs on the placenta or pancreas. Although multiple EV molecules involved in GDM pathology have 
been identified (Table 1), it remains unclear whether EVs from different organs have synergistic or cascading effects, or 
how they dynamically participate in the onset and progression of GDM. In summary, large-scale prospective cohort 
studies, combined with gain- and loss-of-function approaches and mechanistic validation in human participants, are 
needed to establish causal links between specific EV cargo and GDM progression.

Emerging Roles of EVs in GDM Diagnosis and Therapy
Advantages of EVs as Liquid Biopsy Biomarkers
Liquid biopsy is a non-invasive technique for disease diagnosis and monitoring through the detection of circulating 
biomarkers in body fluids.85 EVs exhibit unique advantages as liquid biopsy biomarkers. First, EVs are widely and stably 
present in body fluids such as blood, urine, saliva, and breast milk.86 Their lipid bilayer membrane structure protects internal 
nucleic acids and proteins from degradation, making them suitable for long-term storage and transport.87 Second, the 
molecular cargo carried by EVs reflects the physiological and pathological state of their originating cells and exhibits tissue 
specificity. Placenta-derived EVs can be detected in the maternal circulation as early as six weeks of gestation, and their 
concentration increases with gestational age, providing a time window for early diagnosis of pregnancy-related disorders.26 

Third, changes in exosomal molecular profiles often precede the appearance of clinical symptoms, enabling early warning of 
disease.88 Additionally, detecting specific EV subpopulations from defined cellular origins allows precise localization of 
disease sites, overcoming the limited tissue specificity of traditional serum biomarkers.89 EVs hold considerable promise as 
liquid biopsy biomarkers in GDM, and multiple studies have identified characteristic changes in exosomal molecular cargo in 
patients with GDM.90,91 The concentration of placenta-derived EVs in the maternal circulation is significantly higher in 
patients with GDM than in normal pregnancies, with increases of approximately 2.2-fold, 1.5-fold, and 1.8-fold at 11– 

Table 1 Summary of Extracellular Vesicles -Mediated Pathological Mechanisms in GDM Across Multiple Organs

Organ/System EV-associated Molecules Pathological Effects References

β-cells/Islets miR-320b, miR-7-19488, miR-149- 
3p, miR-455-3p

Induce β-cell apoptosis, impair glucose-stimulated 
insulin secretion, stimulate premature functional 

maturation of β-cells, cause islet developmental 

abnormalities.

[53–55]

Placenta miR-135a-5p, miR-140-3p, miR-574- 

3p, miR-515-5p, circ-PNPT1, LRG1, 

ECM1, NOX4

Promote excessive trophoblast proliferation or inhibit 

invasion, induce endothelial dysfunction, cause 

abnormal placental angiogenesis and oxidative stress- 
induced senescence.

[58–63,65,66]

Liver miR-1299 Target the STAT3/FAM3A axis, inhibit insulin signaling, 

increase gluconeogenesis, exacerbate hepatic insulin 
resistance.

[69]

Adipose-placenta-maternal DPPIV, mitochondrial dysfunction- 

and oxidative phosphorylation- 
related proteins

Increase placental glucose uptake, promote excessive 

fetal growth, mediate abnormal metabolic crosstalk 
between adipose tissue and placenta.

[71,72]

Gut microbiota Extracellular vesicles (EVs) derived 
from microbiota that carry 

substances such as LPS and flagellin

Alter microbial composition in circulating EVs, 
potentially participate in GDM pathology via the gut- 

placenta axis.

[77,81,82]
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14 weeks, 22–24 weeks, and 32–36 weeks of gestation, respectively. These EVs induce endothelial cells to release pro- 
inflammatory cytokines, and changes in their concentration are closely associated with disease progression.70 However, most 
of these studies are based on small cohorts, and EV isolation and quantification methods have not yet been standardized, which 
limits the comparability of results across studies. Therefore, although the finding of an increased EV concentration holds 
clinical potential, it requires validation through large-scale multicenter studies.

Non-Coding RNA Based Molecular Markers
miRNAs are a class of non-coding RNAs approximately 22 nucleotides in length that participate in various physiological 
and pathological processes by regulating gene expression.92 miRNAs carried by EVs exhibit high stability and high 
abundance, making them ideal diagnostic biomarkers. Multiple studies have revealed characteristic alterations in miRNA 
expression profiles in circulating EVs from GDM patients. In plasma EVs from GDM patients, miR-423-5p expression is 
upregulated, while miR-122-5p, miR-148a-3p, miR-192-5p, and miR-99a-5p are downregulated. The combination of 
these five miRNAs achieved an area under the curve (AUC) of 0.82 for the early prediction of GDM. Further studies 
have shown that these miRNAs are involved in the regulation of the insulin and AMPK signaling pathways, which are 
closely associated with metabolic dysregulation in GDM.93

The miRNA expression profiles in circulating EVs from GDM patients exhibit dynamic changes across gestation. In 
the first trimester, 92% of the detected miRNAs in plasma exosomes from GDM patients were significantly elevated 
compared to those in normal pregnancies, while no significant differences were observed between the two groups in 
the second trimester, suggesting that the first trimester is the optimal time window for exosomal miRNA detection.90 Ten 
miRNAs (including miR-122-5p, miR-132-3p, miR-136-5p, miR-210-3p, and miR-29a-3p) in the first trimester serum 
EVs were significantly increased in GDM patients, and bioinformatics analysis indicated that these miRNAs are involved 
in trophoblast proliferation and differentiation as well as insulin secretion and glucose transport regulation.94

miRNAs in EVs from various body fluids have been found to have diagnostic value. In urine-derived placental EVs from 
GDM patients, the expression of miR-516-5p, miR-517-3p, miR-518-5p, miR-222-3p, and miR-16-5p was downregulated in 
the third trimester. These miRNAs are involved in the regulation of multiple metabolic pathways, suggesting that urinary EVs 
may serve as a non-invasive sample source for GDM diagnosis.95 The abundance of miR-148a, miR-30b, let-7a, and let-7d 
was reduced in breast milk exosomes from GDM patients, with miR-148a showing a negative correlation with infant body 
weight, body fat percentage, and fat mass, suggesting that breast milk EV miRNAs may serve as biomarkers for evaluating the 
impact of GDM on offspring.96 The expression of maternal serum-derived exosomal miR-149-3p and miR-455-3p in early 
pregnancy is closely associated with pancreatic β-cell function, and these miRNAs are involved in insulin secretion and 
signaling, lipolysis, and adipokine signaling pathways.54 Furthermore, placenta-derived exosomal miR-3665 and miR-6727- 
5p regulate genes involved in pregnancy immune tolerance and pathways associated with placental dysfunction.54 These 
findings suggest that early-pregnancy serum exosomal miRNA profiles can reflect pancreatic β-cell functional status and hold 
potential for the early prediction of GDM.

It is worth noting that the vast majority of the above studies lack external validation, and the reported AUC values 
only reflect diagnostic performance within a single cohort. Without independent cohort validation, the true predictive 
value of these biomarkers remains uncertain. Furthermore, differences in EV isolation methods, sequencing platforms, 
and data analysis workflows across studies have led to poor consistency in the lists of candidate miRNAs. There is an 
urgent need for multicenter, prospective validation studies using standardized protocols.

CircRNAs refer to non-coding RNAs with covalently closed loop structures that exhibit high stability and tissue 
specificity and are abundant in EVs.97 Jiang et al revealed that the expression of hsa_circRNA_0039480 and 
hsa_circRNA_0026497 is significantly upregulated in plasma exosomes from GDM patients and is positively correlated 
with oral glucose tolerance test levels The AUC of hsa_circRNA_0039480 for diagnosing GDM was 0.704 in the first 
trimester and reached 0.898 in the second trimester. The combination of these two circRNAs achieved an AUC of 0.754 
for diagnosis in the first trimester, demonstrating promising early diagnostic potential.98

CircRNA expression profiling in umbilical cord blood EVs revealed that 229 circRNAs were significantly upregulated 
and 278 circRNAs were downregulated in GDM patients. These differentially expressed circRNAs are involved in 
metabolic processes, growth, and developmental regulation pathways, and most circRNAs possess miRNA-binding sites, 
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suggesting their potential involvement in GDM pathology through miRNA sponging.99 circ-PNPT1 is highly expressed in 
placental tissues from GDM patients and in high-glucose-induced trophoblast cells. It can be packaged into EVs and 
transferred to surrounding cells. This circRNA inhibits trophoblast cell proliferation, migration, and invasion while 
promoting apoptosis by sponging miR-889-3p and upregulating PAK1 expression.60 The aberrant expression of circ- 
PNPT1 not only participates in GDM pathogenesis but also provides a theoretical basis for its use as a diagnostic biomarker. 
However, studies on these circRNA biomarkers also lack external validation and involve small sample sizes. Moreover, 
circRNA detection methods have not yet been standardized, which may affect the reproducibility of the results.

Long non-coding RNAs (lncRNAs) are non-coding RNAs longer than 200 nucleotides that are abundant in EVs and 
participate in various gene expression regulatory processes.100 The expression profiles of mRNAs and lncRNAs in 
umbilical cord blood exosomes from GDM patients are significantly altered, and these differentially expressed lncRNAs 
may participate in GDM development and fetal growth by regulating related gene expression.101 Although research on 
lncRNAs as diagnostic biomarkers for GDM is still in its early stages, their tissue specificity and disease-associated 
changes suggest potential diagnostic value.

Protein Based Clinical Markers
Proteomic analysis provides a rich resource for EV-based diagnostic biomarkers in GDM. Proteomic analyses of total plasma 
EVs and placenta-derived EVs from GDM patients have revealed that differentially expressed proteins are primarily involved 
in complement cascades, immune regulation, inflammation, and coagulation pathways. At 12–16 weeks of gestation, 36 
differentially expressed proteins were identified in total plasma EVs, and 34 were identified in placenta-derived sEVs.102 Hub 
proteins identified from these analyses hold significant value for GDM prediction and diagnosis.

Proteomic analysis of serum EV from GDM patients revealed significant changes in 78 proteins, primarily involving 
complement and coagulation cascades, platelet activation, prothrombotic factors, and cholesterol metabolism. 
Complement C3, C5, C4B, C4BPB, and C4BPA were downregulated, while C7, C9, and F12 were upregulated. These 
changes are consistent with the chronic low-grade inflammation and vascular dysfunction characteristic of GDM.103 

Proteomic analysis of syncytiotrophoblast-derived EVs showed that 56 proteins were differentially expressed in medium/ 
large EVs, with positive regulation of the cytoskeleton being the most significantly enriched biological process, 
suggesting that EV protein profiles may serve as potential biomarkers for GDM diagnosis.91

Nevertheless, there is significant inconsistency in the proteomic findings across different studies. For example, 
Kandzija et al91 used an ex vivo placental perfusion model and found no differentially expressed proteins in small 
syncytiotrophoblast-derived EVs but identified differences in medium/large sEVs. In contrast, other studies using plasma 
EVs reported a large number of differentially expressed proteins.103 These discrepancies may arise from differences in 
sample sources, isolation methods, and mass spectrometry analysis strategies. These contradictory findings indicate that 
reliable and reproducible protein biomarkers are currently lacking, and there is an urgent need for multicenter standar
dized studies.

Diagnostic Value of EVs from Different Sources
EVs derived from different tissues carry tissue-specific molecular cargoes, providing multidimensional information for 
GDM diagnosis (Table 2). Placenta-derived EVs serve as the most direct readout of placental function. Their presence in 
the maternal circulation as early as six weeks of gestation provides an opportunity for early assessment.26 Quantitative 
analysis has revealed a progressive increase in placenta-derived EV concentration across gestation, with GDM patients 
showing consistently higher levels than healthy controls in each trimester.70 Proteomic profiling of these EVs during 
early and mid-gestation has identified differentially expressed proteins enriched in complement cascades, immune 
regulation, inflammation, and coagulation pathways.102 Additionally, placenta-derived EVs carry C19MC family 
miRNAs, including miR-516-5p, miR-517-3p, and miR-518-5p, which exhibit altered expression patterns in GDM and 
are known to be involved in maternal-fetal immune tolerance and placental development.95

Adipose tissue-derived EVs capture information about maternal metabolic status. Their abundance is elevated 1.7- 
fold in GDM pregnancies compared to normal controls, and this increase correlates positively with birth weight Z- 
scores.71 Proteomic analysis has revealed that the upregulated proteins in these exosomes are predominantly associated 
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Table 2 Diagnostic Value of Extracellular Vesicles from Different Sources in Gestational Diabetes Mellitus

Source Detected Markers Detection 
Period

Sample 
Size of 
GDM

Validation 
Status

Sample Source 
Standardization

Clinical Application Potential References

Placenta 1. Complement, immune, 

inflammation, coagulation- 
related proteins; 

2. Syncytiotrophoblast-derived 

extracellular vesicle (EV) 
proteins.

First, second 

trimesters 
and at 

delivery

n < 20 No external 

validation

EV was isolated by 

ultracentrifugation or using kits, 
and characterized by TME, NTA, 

or WB.

1. Directly reflects placental function and 

microenvironment status; 
2. Allows distinction between EV subtypes, providing 

multidimensional information for placental function 

assessment.

[26,70,102]

Adipose 1. miRNAs: miR-515-5p and 

miR-222-3p; 
2. Mitochondrial dysfunction 

and oxidative phosphorylation- 

related proteins.

At delivery n = 

10~82

Some studies 

have internal 
cross- 

validation

EV was isolated by 

ultracentrifugation and 
characterized by TME, NTA, or 

WB.

1. Reflects maternal metabolic status; 

2. Closely associated with fetal birth weight and 
excessive fetal growth, and provides evidence for 

assessing insulin resistance and fetal growth.

[62–64,71]

Blood 1. miRNAs: miR-423-5p, miR- 

122-5p, etc.; 

2. circRNAs: 
hsa_circRNA_0039480 and 

hsa_circRNA_0026497; 

3. Proteins.

First 

and second 

trimesters

n < 30 Few studies 

have internal 

validation

EV was isolated by 

ultracentrifugation or using kits, 

and characterized by TME, NTA, 
or WB.

1. Most clinically established, convenient collection, 

high reproducibility; 

2. Combinations of multiple miRNAs and circRNAs 
enable early prediction (AUC up to 0.898); 

3. Suitable for large-scale screening.

[90,93,98]

Breast 

milk

miRNAs: miR-148a, miR-30b, 

miR-let-7a, and miR-let-7d.

One month 

postpartum

n < 50 No external 

validation

1. Reflects the impact of maternal metabolic status on 

early offspring development; 

2. Provides a unique window for assessing the effects 
of GDM on infant health.

[96,104]

Urine C19MC family miRNAs: miR- 

516-5p, miR-517-3p, miR-518- 
5p, miR-222-3p, miR-16-5p.

Third 

trimester

n = 34 No external 

validation

EV was isolated using kits, and 

characterized by TME, and WB.

1. Completely non-invasive, can be self-collected by 

patients; 
2. Suitable for repeated monitoring during pregnancy, 

offers the best patient acceptance.

[95]
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with mitochondrial dysfunction and oxidative phosphorylation pathways.64 Specific miRNA cargoes within adipose 
tissue-derived EVs, such as miR-515-5p, promote placental glucose uptake and correlate with excessive fetal growth,62,63 

while miR-222-3p has been linked to estrogen-mediated insulin resistance.105

Blood-derived exosomes represent the most extensively characterized diagnostic samples in clinical practice. Multiple 
molecular panels combining miRNAs, circRNAs, and proteins have demonstrated diagnostic value.90,93,98 While blood 
collection is convenient and allows repeated sampling, the heterogeneous nature of circulating EVs requires careful 
subpopulation analysis using tissue-specific markers to enhance diagnostic precision.26 Breast milk-derived EVs offer 
a unique perspective on the impact of maternal metabolic status on offspring development. Reduced abundance of 
specific miRNAs, including miR-148a, miR-30b, let-7a, and let-7d, has been observed in milk EVs from GDM mothers, 
with miR-148a levels correlating with infant body composition.96,104 Additionally, urine-derived EVs represent 
a completely non-invasive diagnostic approach. They contain placenta-derived EV populations, as evidenced by the 
detection of C19MC family miRNAs such as miR-516-5p and miR-517-3p in urine samples from pregnant women.95 

Urine collection is simple and patient-friendly, making it suitable for repeated monitoring throughout pregnancy, 
although standardized collection and preservation protocols remain to be established.

A comparison of diagnostic value across these sources reveals distinct strengths, placenta-derived EVs offer the 
highest specificity for placental function assessment, blood-derived EVs are the most clinically established, urine-derived 
EVs provide optimal patient compliance, and breast milk-derived EVs uniquely inform offspring health outcomes. 
Integrating molecular signatures from multiple EV sources may enable a multidimensional diagnostic approach 
for GDM.

Although the studies described above demonstrate the great potential of EVs as diagnostic biomarkers for GDM, 
multiple obstacles must be overcome for their clinical translation. First, most studies have small sample sizes and lack 
independent external validation cohorts, which may lead to overestimation of the reported AUC values. Second, EV 
isolation and characterization methods are not uniform, techniques such as ultracentrifugation, size exclusion chromato
graphy, and polymer precipitation differ significantly in EV yield, purity, and integrity, directly affecting the reliability of 
downstream analyses. Third, differences in detection platforms and data analysis workflows across studies make cross- 
validation of candidate biomarkers difficult. Finally, reference ranges and diagnostic thresholds based on EV biomarkers 
have not yet been established, preventing direct application in clinical decision-making. Therefore, future studies should 
adopt multicenter, prospective designs, follow standardized operating procedures recommended by the MISEV 2023 
guidelines, and perform rigorous independent validation.

Advantages of Therapeutic EVs
As novel drug delivery systems, therapeutic EVs offer several unique advantages. First, EVs have low immunogenicity, 
and their lipid bilayer membrane structure prevents rapid clearance by the immune system, thereby prolonging circula
tion time in vivo.106 Unlike live cell-based formulations, EVs carry no risk of replication and therefore exhibit a superior 
safety profile.22 EVs can also be derived from autologous cells, thereby avoiding the immune rejection often associated 
with allogeneic transplantation.107 EVs are easy to store and transport, and lyophilized EVs can be stored at room 
temperature for extended periods, facilitating clinical translation.22 Moreover, EVs can be engineered for targeted 
delivery through surface modification with targeting ligands or by loading therapeutic nucleic acids or drugs.108 

Finally, EVs offer flexible administration routes. They can be delivered intravenously for systemic distribution or 
administered orally, intranasally, or locally for targeted delivery. Notably, plant-derived EVs and bEVs exhibit good 
oral bioavailability.109

Therapeutic Strategies Using EVs from Different Sources
Stem Cell-Derived Exosomes
Stem cell-derived exosomes retain the therapeutic activity of stem cells while avoiding the risks associated with cell 
transplantation, making them important candidate strategies for GDM therapy. Human umbilical cord mesenchymal 
stromal cell-derived exosomes (hucMSC-Exos) have shown promising therapeutic effects in GDM. Intravenous injection 
of hucMSC-Exos in GDM mice significantly improved glucose metabolism abnormalities and insulin resistance. The 
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mechanism involves circ_0046060 carried by these exosomes upregulating G6PC2 expression by sponging miR-338-3p, 
thereby regulating glucose metabolism.110 In vitro experiments showed that hucMSC-Exos carrying miR-455-3p target 
calcium/calmodulin-dependent protein kinase 2 inhibitor 1 (CAMK2N1), protecting high glucose-induced trophoblast 
cell injury, promoting cell proliferation and migration, and inhibiting apoptosis.111

Applications of stem cell-derived exosomes in other pregnancy complications provide supporting evidence for GDM 
therapy. Human umbilical cord mesenchymal stem cell-derived exosomes alleviate antiphospholipid antibody-induced 
trophoblast injury and placental dysfunction by delivering miR-146a-5p to inhibit the TRAF6/ nuclear factor κB (NF-κB) 
axis.112 Amniotic fluid-derived mesenchymal stem cell EVs containing miR-146a-5p and miR-548e-5p reduce lipopo
lysaccharide-induced inflammatory responses in trophoblast cells by regulating NF-κB, AKT, and mitogen-activated 
protein kinase signaling pathways.113 These studies indicate that stem cell-derived exosomes exert protective effects in 
pregnancy-related disorders through mechanisms including anti-inflammation, anti-apoptosis, and the promotion of 
cellular functions. However, all of the above therapeutic evidence is derived from GDM animal models or in vitro cell 
experiments, and no clinical studies on stem cell-derived exosomes for GDM therapy have been reported to date.

Plant-Derived EVs
Plant-derived EVs have emerged as a novel therapeutic strategy in recent years, offering advantages such as high oral 
bioavailability, a favorable safety profile, and potential for large-scale production.109 It must be clearly emphasized that 
no direct studies on plant-derived EVs for GDM therapy have been published to date, all evidence for plant-derived EVs 
presented in this section is derived from type 2 diabetes. Although GDM shares some pathophysiological similarities 
with type 2 diabetes, including insulin resistance and β-cell dysfunction,114,115 the pregnancy-specific placental factors 
and hormonal environment cannot be overlooked. Therefore, the following evidence serves only as mechanistic insights 
and future hypotheses, and does not represent proven efficacy for GDM.

In type 2 diabetes animal models, a biomimetic hydrogen nanogenerator coated with ginger-derived EVs significantly 
improved insulin resistance and hepatic steatosis in mice, inhibited pancreatic β-cell dedifferentiation, and increased the 
proportion of pancreatic β-cells. Mechanistic studies revealed that this nanoplatform increased the abundance 
of Lactobacillus and levels of tryptophan metabolites, activating the aryl hydrocarbon receptor/interleukin-22 pathway and 
improving intestinal barrier function.116 Garlic-derived exosome-like nanoparticles can “train” intestinal A. muciniphila to 
release functional outer membrane vesicles, reversing high-fat diet-induced type 2 diabetes. The mechanism involves 
increased levels of Amuc-1100 and P9 proteins in outer membrane vesicles, promoting glucagon-like peptide-1 secretion, 
while also increasing phosphatidylcholine levels and inhibiting cGas/STING-mediated inflammatory responses.117

In GDM, Lycium barbarum polysaccharide has been shown to improve symptoms in GDM mice by modulating 
miRNA expression profiles in plasma EVs.118 Although this study did not directly use plant-derived EVs, it provides 
mechanistic evidence that plant active ingredients may exert effects through exosomal pathways. Overall, the application 
of plant-derived EVs in GDM therapy is still at the hypothesis stage. Future studies must first directly evaluate the 
efficacy and safety of plant-derived EVs in animal models of GDM, and clarify whether they exert their effects through 
the same gut-placenta axis mechanism. In addition, standardized preparation, quality control, and pharmacokinetic 
studies of plant-derived EVs are urgently needed.

Conclusion
Nowadays, substantial progress has been made in elucidating the role of EVs in GDM. They have been shown to participate 
in β-cell dysfunction, placental dysfunction, hepatic insulin resistance, and multi-organ crosstalk involving adipose tissue, 
the placenta, and the liver. These findings have deepened the understanding of GDM pathophysiology.119,120 Currently, 
multiple studies have identified differentially expressed miRNAs, circRNAs, and protein cargoes in circulating EVs from 
GDM patients, underscoring their potential for early diagnosis.26 In addition, stem cell-derived exosomes have shown 
efficacy in improving glucose metabolism and insulin resistance in animal models, while plant-derived EVs have garnered 
significant attention owing to their high oral bioavailability and favorable safety profile.106 However, despite these 
advances in basic research, the clinical translation of EVs faces numerous challenges.
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The clinical translation of EVs must overcome challenges in quality control and standardization. Methods for EV 
isolation, purification, and characterization remain unstandardized. Different laboratories use various techniques such as 
ultracentrifugation, size exclusion chromatography, polymer precipitation, or immunoaffinity capture. These methods 
differ significantly in EV yield, purity, size distribution, and contaminant residues.22,121 The MISEV 2023 guidelines 
published by the International Society for Extracellular Vesicles provide foundational standards for EV research. These 
guidelines emphasize the importance of selecting appropriate isolation methods based on the research purpose and 
performing thorough characterization of EV size, concentration, and marker expression.122 However, the implementation 
of these guidelines varies across studies, limiting the comparability and reproducibility of research results. Furthermore, 
EV source, extraction method, and storage conditions all affect batch consistency. The establishment of standardized 
operating procedures is a prerequisite for clinical translation.22

Safety assessment poses a critical barrier to the clinical translation of EVs. This is particularly important for 
pregnancy-related applications, given more stringent safety requirements. GDM treatment involves both the mother 
and the fetus, and any therapeutic intervention must consider potential effects on both individuals. Although stem cell- 
derived exosomes avoid the risks associated with live cell transplantation, their long-term safety still necessitates 
systematic evaluation.119 Plant-derived EVs have garnered interest because of their natural origin and good biocompat
ibility. Existing studies have shown no overt toxicity of plant EVs in animal models, but systematic toxicological 
evaluation, including acute toxicity, subchronic toxicity, and genotoxicity studies, is still needed.123 Safety profiles may 
vary among EVs from different sources, warranting further evaluation.

In addition, current EV production relies primarily on cell culture, which yields low quantities at high cost, thereby 
limiting the ability to meet clinical demands.124 Plant-derived EVs hold promise for large-scale production because of 
their natural abundance, but optimizing of extraction processes and improving purification efficiency remain urgent 
challenges.109,123 Good manufacturing practice (GMP)-compliant production processes for EVs have not yet been fully 
established. This includes standardization of upstream cell or plant material culture, scale-up of downstream purification 
processes, establishment of quality control systems, and development of final formulation methods.108,124 Moreover, the 
stability and storage conditions of EV formulations influence their clinical applicability. Lyophilization can improve EV 
storage stability, but the effects of the lyophilization process on EV structure and function require systematic 
investigation.125

Future Perspectives
Based on current research progress and technical bottlenecks, the following strategies, prioritized according to their 
clinical translational feasibility, are expected to drive future development.

(1) Advance the development of oral formulations for plant-derived EVs. Plant-derived EVs represent the most 
promising strategy for GDM therapy owing to their natural origin, high safety profile, suitability for oral administration, 
and potential for large-scale extraction, rendering them highly feasible for clinical translation. Research should focus on 
the stability of plant-derived EVs in the gastrointestinal tract, elucidating the mechanisms underlying they resistance to 
degradation by gastric acid and digestive enzymes. Meanwhile, oral delivery systems such as enteric coatings or 
hydrogels should be developed for plant-derived EVs to improve their intestinal targeting and bioavailability.

(2) Optimize the targeting efficiency of engineered exosomes. Although engineered stem cell-derived exosomes entail 
higher costs, their strong targeting capability and clear efficacy make them uniquely valuable for precision therapy. 
Placenta-specific targeting ligands, such as antibodies or peptides against surface markers on syncytiotrophoblasts, 
should be further screened and optimized, and efficient surface modification methods should also be established to 
enable targeted delivery. However, given the complex engineering steps and high production costs, clinical translation of 
this strategy may proceed more slowly.

(3) Explore the application of bEVs as postbiotic formulations. bEVs represent an emerging research direction. As 
postbiotic formulations, they offer advantages including suitability for oral administration and the ability to target the gut 
microbiota. Although no direct studies on probiotic EVs for GDM therapy have been conducted, the discovery of microbiota 
components in serum EVs from GDM patients provides a theoretical foundation for this approach. Methods for isolating and 
purifying bEVs should first be established, and the molecular composition and functional characteristics of bEVs from 
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different probiotic strains should be characterized. Oral delivery strategies suitable for bEVs should be developed to protect 
their active components from degradation in the digestive tract. Given that this field remains in the proof-of-concept stage and 
lacks direct evidence for GDM, its clinical translation represents a long-term exploratory direction.

Although clinical translation still faces obstacles related to quality control, safety assessment, and large-scale 
production, the establishment of standardized production systems and comprehensive safety evaluation is expected to 
enable EVs to become new tools for the precision diagnosis and treatment of GDM.
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