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Summary

Micro-RNAs have emerged as important actors in the onset of metabolic disorders

including obesity or type 2 diabetes. Particularly, several micro-RNAs are known to

be key modulators of lipid metabolism, glucose homeostasis, or feeding behavior.

Interestingly, the role of extracellular vesicles containing micro-RNAs, especially

adipose-derived extracellular vesicles, are well-documented endocrine signals and

disease biomarkers. However, the role of adipose-derived extracellular vesicles on

the different tissues is different and highly related to the micro-RNA content. This

review provides recent data about the potential involvement of adipose-derived

extracellular vesicle-containing micro-RNAs in metabolic diseases.
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1 | INTRODUCTION

Since the first observation by Wolf in 1967,1 the interest for extracel-

lular vesicles (EVs) has widely increased. For a long time, they were

only considered as extracellular debris but nowadays they are charac-

terized as vectors of biological information in intercellular communica-

tion. Indeed, their capacity to contain proteins, lipids, and nucleic

acids allows them to be considered as vectors of biological informa-

tion.2 Among the biological signals, it has been shown that micro-

RNAs (miRNAs) are loaded into various EVs that convey miRNAs from

their donor cells to the target cells in order to regulate gene expres-

sion.3 Interestingly, intercellular communication via EV-associated

miRNAs is dysregulated in some pathologies such as metabolic disor-

ders involving various tissues including liver or adipose tissue (AT).4–7

In the present review, we have focused our attention on the functions

of adipose tissue EV (ADEV)-derived miRNAs in different aspects of

metabolic disorders such as type 2 diabetes (T2D) and obesity.

2 | EVS

2.1 | Generalities on EVs

EVs are spherical particles constituted by a phospholipid bilayer

released by cells constitutively or after stimulation. It appears that

every cell type can release EVs and this process has been highly con-

served across the evolution from prokaryotes to eukaryotes.8 Based on

their origin and size, the International Society of Extracellular Vesicles

(ISEV) classically divides those EVs into two groups, including exosomes

(50–150 nm) mostly generated by endosomal compartment and micro-

vesicles (150 nm to 1 μm) that come from the plasma membrane. To

distinguish both EVs subtypes, the ISEV recommended using pragmatic
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measurable characteristics such as size to separate both small (sEVs)

and large EVs (lEVs), respectively, corresponding to exosomes and

microvesicles. Furthermore, ISEV emphasizes the differences in the

composition and content of EVs that could help in categorizing them.9

Indeed, the EVs transport biological material including lipids, proteins,

and nucleic acids and are involved in the communication between cells.

The circulation of EVs is allowed by many biological fluids including

blood, urine, cerebrospinal fluid, and sperm.10–12

2.2 | Biogenesis

2.2.1 | sEVs

The sEVs were first identified by Trams et al in 1981 who observed

vesicles secreted in an extracellular environment by different cell lines

in culture.13 Those vesicles maintained a 50nucleotidase activity out of

their donor cell and were distinguished from cell debris. The

endosomal origin of cells has been confirmed by observation of vesi-

cles from the reticulocytes of sheep by electronic microscopy.14 The

endosomal system is a dynamic network of compartments involved in

various functions from recycling elements of the plasma membrane to

signalization.15 The sEVs are generated into intraluminal vesicles

(ILVs) within late endosomes, which are also called multivesicular bod-

ies (MVB). More precisely, their biogenesis involves two steps. First,

early endosomes originate from regulated or constitutive endocytosis

of the plasma membrane. In the second step, ILVs emerge from mem-

brane invagination of early endosomes consequently called MVB. This

last step begins either independently through membrane micro-

domains or with the interaction of the Endosomal Sorting Complex

Required for Transport (ESCRT) with the endosomal membrane with

its four subunits ESCRT-0, I, II, and III.16,17 Then, the MVB will either

follow lysosomal pathway or interact with the plasma membrane

through cytoskeleton to release ILVs, which are then called sEVs

(Figure 1). This secretion is constitutive but could also be activated by

calcium-dependent mechanisms.18

F IGURE 1 Biosynthesis of small (sEVs) and large EVs (lEVs). The sEVs are generated into intraluminal vesicles (ILV) within late endosomes

and then they are called multivesicular bodies (MVB). More precisely, exosome biogenesis involves two steps. First, early endosomes originate
from regulated or constitutive endocytosis of the plasma membrane. In the second step, ILVs emerge from membrane invagination of early
endosomes consequently called MVB. This last step begins either independently through membrane micro-domains or with the interaction of the
Endosomal Sorting Complex Required for Transport (ESCRT) with the endosomal membrane. The biogenesis of lEVs occurs only at the plasma
membrane (PM). In the first step, the asymmetry of PM is maintained by enzymes like flippase or floppase (1). After stimulation of PM, some lipids
like phosphatidylserine (PS) are shifted to the outer leaflet of PM and allow a little curvature of PM (2). Finally, actin network is used for the
blebbing of the vesicle and the release of lEVs in the extracellular space (3).
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2.2.2 | lEVs

The lEVs are produced by the blebbing of the plasma membrane with

a size range between 150 nm and 1 μm (Figure 1).19 The formation of

lEVs is calcium-dependent and requires the loss of the stability of the

membrane bilayer and a reorganization of the cytoskeleton. In basal

conditions, the membrane stability is maintained by an asymmetric

distribution of phospholipid between the two layers of the membrane

with an outer membranous layer enriched in phosphatidylcholine

(PC) and sphingomyelin and the inner membranous layer enriched in

phosphatidylserine (PS) and phosphatidylethanolamine (PE) (Figure 1).

This lipid repartition is allowed by an active process involving trans-

porters controlling internal (flip) and external (flop) translocation of

the lipids within the bilayer membrane (Figure 1). Those transporters

include flippases, floppases, and scramblases. The flippases maintain

the membranous asymmetry by transporting PS from the outer layer

to the inner layer. In the opposite way, floppase transport actively and

specifically PS from the inner layer to the outer layer. Finally, scram-

blase transports non-specifically lipids between the two layers

(Figure 1).

After membrane stimulation by different signals as inflamma-

tion, calcium influx inhibits flippase and activates floppase and

scramblase. This process results in a loss of membrane asymmetry

and an accumulation of PS and PE on the outer layer allowing a

positive curvature of the membrane and lEVs biogenesis.19 In

addition, calcium influx activates calpain and gelsolin, enzymes

involved in cytoskeleton disruption that led to the release of the

lEVs.20

2.3 | Adipose tissue-derived EVs

The AT including adipocytes can release both EV subtypes.21,22 It is

interesting to notice that the adipocyte-derived EVs constitute a small

proportion of the total EVs in the circulation23; nevertheless, they can

modulate the metabolism of various tissues involved in energy

homeostasis.7 Interestingly, it has been shown that ADEVs trans-

ported adipocyte markers such as adiponectin or fatty acid

(FA) binding protein (Fabp4/aP2) and their expression differed in both

EV subtypes based on metabolic state.21,24 Indeed, it was observed

that ADEVs from diet-induced obese (DIO) mice expressed more pro-

tein involved in FA transport, lipogenesis, and inflammation.24 It has

also been shown that ADEVs modulated macrophage polarization and

adipocytes insulin sensitivity through cytokines.25,26 They also con-

veyed neutral lipids to target cells in order to modulate their metabo-

lism27 but also carried miRNAs that target insulin signaling in

pancreatic β-cells.24,28

3 | INTERACTION WITH TARGET CELL
AND CONTENT OF EVS

3.1 | Interaction with target cells

After release, EVs interact with target cells by means of the proteins

and lipids expressed at the membrane surface. This process involves

integrins, tetraspanins, lactadherins, and membrane phospholipids

such as PS.29–32 These molecules are essential since the expression

profile of integrin on the vesicle is correlated with its tissue organo-

tropism.29 Then, each EV exhibits a specific membrane signature,

allowing it to interact with a specific target cell.33 However, as dem-

onstrated by Morelli et al, EV internalization is a necessary step for

the transmission of information,30 which was confirmed by other

studies indicating that the internalized vesicles were localized in the

endosomal compartment.30,33,34 Despite studies highlighting passive

mechanisms for the EVs to enter the target cell,35–37 active mecha-

nisms, like pinocytosis, remain the most described and accepted.33,38

Particularly, the use of cytoskeleton inhibitors reduced vesicle uptake

which is strongly in accordance with this hypothesis.30 In addition,

vesicles were also found completely intact after internalization and

F IGURE 2 Interaction of EVs with
target cells. EVs can interact with target
cells with clathrin/caveolin-independent
mechanisms, clathrin-mediated, or
caveolin-mediated endocytosis or through
macropinocytosis.
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colocalized with endosomes suggesting the importance of endocytosis

mechanisms.34,39

Pinocytosis includes two different mechanisms named micropino-

cytosis and macropinocytosis (Figure 2). The micropinocytosis can be

subdivided into clathrin-mediated, caveolin-mediated, and clathrin/

caveolin-independent endocytosis and will differ from macropinocyto-

sis in terms of the size of EVs internalized, that is, sEVs for micro and

both EVs for macro.40,41 However, macropinocytosis is non-specific

because bigger components than EVs can be internalized and micropi-

nocytosis is more specific for EVs.42 During micropinocytosis and

before internalization, EVs need to interact mostly through surface

proteins like tetraspanins or integrins.43–45 Several studies showed

that EVs could be internalized through clathrin-mediated vesicles.46

Clathrin is a protein that allows the beginning of membrane curvature

and cooperates with a large range of other proteins to produce endo-

somal vesicles.47 The clathrin mechanism is the most common process

involved in the continuous uptake of essential nutrients such as low-

density lipoprotein cholesterol, as well as regulating the number of cell

surface receptors and recycling membrane proteins of synaptic vesi-

cles.40 In addition, the importance of clathrin in sEV uptake has been

confirmed using a cationic amphipathic drug that can deplete clathrin

at the membrane.48 However, other mechanisms take part in EV

uptake as caveolin-mediated endocytosis that are similar to clathrin-

mediated endocytosis. Caveolin is a protein that covers the inner layer

of the plasma membrane and that induces a negative curvature of the

membrane.38 Interestingly, it has been shown that a decrease in

caveolin expression reduced the internalization of sEVs.49 Finally,

other mechanisms as RhoA-dependent endocytosis or via lipid raft are

also involved in pinocytosis45 (Figure 2).

Each uptake mechanism appears to be cell-dependent and also

EV-dependent. For example, it has been shown that EVs were

mainly packed into cells through clathrin in PC12 and caveolin in

neurons.38,50 More interestingly, after the release, EVs exhibit a

specific tropism toward their donor cells, indicating that the protein

and lipid composition of the EV may influence its docking.51

3.2 | EV cargo

Apart from their membrane composition, EVs also contain proteins in

their core, such as cytoskeleton-related proteins, enzymes, and chap-

erones.21 Despite variations in EV composition,52 certain groups of

proteins are commonly found, including those involved in fusion and

membrane transport (annexin and Rab GTPases), cell adhesion (integ-

rins and tetraspanins), and antigen presentation, as well as compo-

nents of the cytoskeleton (actin and tubulin).20 The content of EVs is

linked to their origin and the stimulus leading to their formation. For

example, it has been evidenced that during obesity, ADEVs

expressed a lower concentration of adiponectin.53 In addition, EVs

also transport bioactive lipids and miRNAs as described below.54

Taken together, the differences in protein, lipid, and miRNA content

can confer specific roles in the transmission of biological signals in

the organism.

4 | MICRO-RNAS AND EVS

4.1 | Generalities

Extracellular RNAs were first described in 1978, but their function

became understood after the description of the presence of extracel-

lular ribonucleases (RNases).55 Then, it was demonstrated that EVs

derived from embryonic stem cells contained mRNAs and miRNAs.56

These RNAs encapsulated into vesicles are protected from extracellu-

lar RNases, which improve their transport in the extracellular space.56

Interestingly, it has been shown that miRNAs contained in EVs main-

tained their activity and modulated gene expression in target cells.3,57

4.2 | Biogenesis and action

The miRNAs are small non-coding RNAs of 21–26 nucleotides long

that modulate target gene expression by increasing mRNA degrada-

tion or inhibiting gene translation.58 They are produced from specific

genes contained in clusters throughout the genome59 (Figure 3). The

transcription of these genes by RNA polymerase II leads to the forma-

tion of the precursor pri-miRNA. This pri-miRNA is then cleaved in

the nucleus by a complex formed by Drosha and DiGeorge syndrome

Chromosomal Region 8 (DGCR8).60 This cleavage produced a pre-

miRNA averaging 70 nucleotides with a stem-loop structure. Then,

pre-miRNA interacts with exportin-5 to be transported to the cyto-

solic compartment. In the cytoplasm, the loop of the pre-miRNA is

cleaved by an enzyme from the DICER family to obtain a double-

strand miRNA.61 Finally, the miRNA interacts with a protein Argonaut

(Ago1 to 4) and Transactivation Response element RNA Binding Pro-

tein (TRBP) to form the complex RNA-induced silencing complex

(RISC).62 During the RISC complex formation, the miRNA double-

strand becomes a single-strand. This mature form of miRNA interacts

with the RISC complex to be guided to mRNA. RISC complex is

involved in the interaction between mRNA and miRNA by recognizing

a specific site of two to eight nucleotides located mainly in the 30UTR

(untranslated region) of mRNA. Finally, the mRNA can be degraded if

miRNA-mRNA pairing is complete, or the translation will be repressed

if miRNA-mRNA pairing is partial (Figure 3).63

4.3 | Loading of microRNAs in vesicles

Different studies have revealed that EVs exhibit a specific miRNA sig-

nature, suggesting that their incorporation into EVs is modulated.64

This mechanism has not been fully clarified, but some ribonucleopro-

teins seem to be involved in the loading of miRNAs into vesicles

(Figure 3). For instance, heterogeneous nuclear ribonucleoprotein A

(hnRNPA) binds to miRNA through specific motifs named EXOmo-

tifs.65 In addition, deletion of the Y-Box protein-1 (YBX-1) gene

reduced secretion of vesicular miR-223.66 The knockdown of gene

encoding AGO decreased miRNA expression into MVB and this incor-

poration was specific for let-7a but not miR-320a.67 In another
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example, major vault protein (MVP) controlled the loading of miR-

193a in sEVs of tumor cells.68 Many other RNA-binding proteins

(RBPs) are involved in the incorporation of miRNAs in EVs like La pro-

tein, Mex-3 RNA binding family member C (MEX3C), or neutral sphin-

gomyelinase (NSMASE) (Figure 3).69

Thus, EVs exhibit a specific membrane signature and miRNA con-

tent depending on the donor cells and RBP expression. Interestingly,

EV characteristics can be modulated in some pathologies such as obe-

sity. In this context, miRNAs contained in EVs derived from the AT,

which appears to be a major provider of those miRNA-enriched

EVs,11 are described as new actors in the metabolic disorders.70

5 | ROLE OF EV-CONTAINING MIRNAS IN
OBESITY AND METABOLIC SYNDROME

5.1 | Obesity and metabolic syndrome

Obesity is characterized as a body fat mass excess resulting in an

imbalance between energy intake and expenditure. Obesity is a

multifactorial pathology with genetic and/or environmental factors

like physical inactivity, increased energy intake, chronic stress, dysre-

gulation of microbiota, or endocrine disruptors.71 This pathology is

associated with metabolic syndrome (MS), which is a group of various

metabolic disorders including T2D, hypertriglyceridemia, low levels of

high-density lipoprotein cholesterol, or arterial hypertension.72 MS is

defined as a combination of at least three of these metabolic disorders

and is linked to a sedentary lifestyle but also genetic predispositions.

Currently, overweight and obesity affect more than 38% of the world

population with a high geographic disparity.73 In addition, MS can be

associated with metabolic inflammation in various organs such as AT,

brain, gut barrier, or blood vessels. This inflammation state is involved

in many diseases such as atherosclerosis.74 Generally, metabolic disor-

ders increase the risk of cardiovascular disease (CVD) and cancer.75 In

addition, it has been highlighted that miRNA expression in plasma is a

potential biomarker for obesity.76,77 However, since AT, especially

the white AT (WAT), has a major role in obesity, it is important to

better understand its role in extracellular crosstalk with other tissues.

Particularly, it could be evidenced that ADEVs were involved in the

development of metabolic pathologies or in the low-grade

F IGURE 3 The miRNA synthesis and loading in EVs. The miRNA synthesis begins in the nucleus by the transcription of a pri-miRNA. Then,
the pri-miRNA is cleaved for the production of pre-miRNA by the enzymatic complex DGCR8/DROSHA, and the pre-miRNA will be transported
to the cytoplasm by Exportin-5. Then, pre-miRNA is cleaved in a double-strand RNA by the Dicer enzyme, and then, a mature miRNA will be
formed. The complex RISC (result of the interaction of TBRP and Ago2) interacts with the mature miRNA and leads to the regulation of gene
expression. The degradation of mRNA is induced if the interaction miRNA-mRNA is complete (1) or the translation of mRNA is repressed if the
interaction is incomplete (2). Likewise, the mature miRNAs can be incorporated in EVs by means of different mechanisms but the main one
involves RNA-binding proteins (RBPs) (3).
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inflammation-associated mechanisms.78 Interestingly, the content of

ADEVs appears to be modified in these pathological conditions includ-

ing an enrichment of triacylglycerol content,79 a modification of protein

expression at the membrane surface, and a disruption of their miRNA

content as described above.24,80

5.2 | Effects of EV-containing miRNAs from AT on
target organs

5.2.1 | AT

As presented previously, EVs interact in a specific manner with their

donor cell.51 Thus, AT communicates with its own cells through

ADEVs in order to modulate its activity and tissue homeostasis. Stud-

ies have revealed the involvement of both intracellular and extracellu-

lar miRNAs in the metabolism of this tissue.81 For instance, miR-122,

miR-192, and miR-27a/b modulated AT metabolism and inflammation

by targeting genes involved in FA synthesis as Peroxisome

proliferator-activated receptor-alpha (Pparα).82 Interestingly, the

effects described for miR-29a on Pparδ were also observed for AT as

well as in muscles.83 In addition, da Silva Nunes et al concluded that

miR-26b transported by EVs could promote triglyceride accumulation

in adipocytes by targeting F-box and leucine-rich repeat protein

19 (Fbxl19).84,85 However, the absence of AT-specific markers could

not rely on this result with an AT origin. Another study highlighted

that ADEV-miR-450a-5p induced adipogenesis through the downre-

gulation of Wisp2 (WNT1 inducible signaling pathway protein-2).86

Interestingly, this miRNA appeared to be reduced during obesity sup-

porting its implication in the modulation of AT metabolism.87 Another

study suggested that miR-210 could be involved in the browning of

AT, a mechanism that can be used as a tool for treating obesity.88,89

In addition, it was shown that miR-155 and miR-130b were enhanced

in the plasma of subjects with obesity.90 This observation was sup-

ported by the murine model developed by the group of Olefsky, in

which those two miRNAs derived from AT macrophages (ATMs), tar-

geted adipocytes and muscles, and reduced Pparγ and Glut4 (glucose

transporter type 4) expression to consequently impair insulin sensitiv-

ity.91 In the work of Ferrante et al, it was shown that 88 miRNAs had

a different expression profile in sEVs from visceral AT of patients with

obesity compared to lean subjects.92 Among these, some miRNAs

such as miR-182 or miR-23b are involved in adipogenesis regulation

and energy expenditure respectively.93,94 Therefore, miRNAs con-

tained in ADEVs are able to modulate AT metabolism as well as other

organs such as muscles. More specifically, these miRNAs can modu-

late insulin sensitivity and lipid metabolism and promote the develop-

ment of obesity or related diseases.

5.2.2 | Liver

During obesity, circulating EVs from AT can modulate different

aspects of liver metabolism.95 For instance, AT macrophage-derived

EV-containing miR-155 reduced the insulin sensitivity of liver in

mice.91 The decrease in ADEVs miR-141-3p quantity impaired glucose

uptake in hepatocytes by modulating insulin sensitivity.96 In addition,

elevated levels of exosomal miR-29a in mice on a high-fat diet (HFD)

increased insulin resistance (IR) by targeting Pparδ in hepatocytes83

and could also modulate lipid metabolism through Sirtuin-1 (Sirt1).97

Various studies also revealed that miR-15b decreased the expression

of insulin receptors, which promote IR.98 Other miRNAs, such as

miR-34a, reduced macrophages M2 polarization through Kruppel-like

factor 4 (Klf4) inhibition.99 Interestingly, the phenotype of adipocyte-

specific miR-34a-KO mice suggested the involvement of this miRNA

in non-alcoholic fatty liver disease (NAFLD).99 Another study showed

that miR-223, reduced during obesity,100 decreased lipid accumulation

and liver fibrosis by targeting E2F transcription factor 1 (E2f1).101

Moreover, previous studies by Castaño et al revealed that four miR-

NAs overexpressed in WAT-derived-EVs (miR-192, miR-122, miR-

27a-3p, and miR-27b-3p) were associated with glucose intolerance,

hepatic steatosis, and metabolic impairment in the WAT.82 Some cir-

culating miRNAs could also be related to human NAFLD and compli-

cations such as cancer. For instance, plasmatic miR-221 and 222 by

targeting DNA damage-inducible transcript 4 (Ddit4), promoted diet-

induced obesity or hepatic IR. In addition, miR-222 could also be

related to liver cancer and a dual effect of ADEV-containing miR-222

on liver physiopathology during obesity has been described.102–105

Furthermore, ADEV-containing miR-27a promoted liver cancer by tar-

geting forkhead box protein O1 (Foxo1) and extracellular miR-23a/b

also amplified cancer progression by targeting the tumor suppressor

Von Hippel–Lindau (VHL).106,107 Interestingly, miR-23a was also

involved in IR, by targeting phosphatase and tensin homolog (Pten)

and S6 kinase (S6k),108 which could also support a correlation

between cancer development and obesity-related disease.

Conversely, while many studies have focused on the effect of

ADEVs in the crosstalk between AT and the liver, it appears that the

liver also talks with AT in response to metabolic changes. For instance,

a recent study highlights that HFD enhances the expression of miR-

210-3p, miR-31-5p, and let-7e-5p in hepatic EVs to control AT remo-

deling by increasing lipogenesis and adipocyte differentiation.109

More interestingly, another study explained that hepatic miR-130a

regulates the fat synthesis and IR in adipocytes in response to this

HFD.110 Thus, AT and liver crosstalk involves EV-containing miRNAs

and potentiates the development of obesity. While AT sends inflam-

matory and metabolic signals to the liver to modulate lipid metabolism

or insulin sensitivity, it appears that the signals sent by the liver act

more like a sensor to promote AT plasticity and adaptation in inflam-

matory conditions.

5.2.3 | Pancreas

Several studies have shown that ADEVs produced in the context of

obesity can modulate inflammation in pancreatic beta cells by means

of miR-298-5p, miR-296-5p, miR-125a-5p, and miR-351-5p that are

known to target tumor necrosis factor-alpha (Tnfα) and interferon-
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gamma (Ifnγ).111 Gao et al also revealed that miR-155 could impair

insulin secretion by targeting MAF BZIP transcription factor B (Mafb),

an important protein for glucose-stimulated insulin secretion through

glucose transporter 2 (GLUT2).112 Finally, three miRNAs enriched in

the circulation of children with obesity (miR-486, miR-146b, and miR-

15b) were associated with a higher risk of developing T2D, and more

interestingly, their levels were also elevated in adulthood.113 How-

ever, there is no direct proof that these circulating miRNAs are

derived from AT, given the absence of specific markers for the identi-

fication of ADEVs, as mentioned before.

5.2.4 | Muscles

Muscles are also closely related to metabolic organs as they are involved

in glucose consumption and, particularly, energy expenditure. For

instance, different studies have demonstrated the role of miR-27a and

miR-155 derived from adipocytes during inflammation in the develop-

ment of IR through Pparγ in skeletal muscle.91,114 It has also been

highlighted that miR-130b, contained in adipocyte-derived EVs, could

regulate the oxidative capacity of muscle through Pgc1α (peroxisome

proliferator-activated receptor gamma coactivator 1-alpha).115 However,

other miRNAs could play a role in the regulation of glucose homeostasis

regulation. Indeed, Katayama et al demonstrated that miR-20b-5p was

enhanced in EVs and impaired glucose and insulin signaling of skeletal

muscles through signal transducer and activator of transcription 3 (Stat3)

and AKT interacting protein (Aktip) in the serum of patients with

T2D.116 However, the adipose origin of those EV-containing miR-20b

needs to be confirmed. Additionally, a recent study showed that AT was

the main source of circulating miR-222 in HFD mice that was involved

in IR in muscle through repression of insulin receptor substrate

1 (IRS1).104 Then, the muscles are also targeted by ADEV-containing

miRNAs, which modulate predominantly insulin sensitivity. Interestingly,

it has been observed that some miRNAs, such as miR-155, could modu-

late the metabolism of the liver as well as the pancreas or muscles. In

addition to the pleiotropic effects of ADEVs on metabolism, further

studies are needed to understand their organotropism, providing a bet-

ter comprehension of their involvement during obesity.

F IGURE 4 Role of ADEV-containing miRNAs in metabolic disorders.
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TABLE 1 Effect of miRNAs up-regulated in ADEVs on target cells/tissues in metabolic disease.

ADEVs

miRNAs Target cell/tissue Target gene Effects Reference

miR-122 Systemic Not determined Glucose intolerance, lipid accumulation Castano et al, 2018

miR-130b 3T3-L1 murine adipocytes Pparγ, Glut4 Insulin resistance Tryggestad et al, 2019

miR-130b Mice heart Ampkα1/α2 Enhanced ischemia/reperfusion injuries,

cardiac hypertrophy

Gan et al, 2020

miR-132 Mice stroma vascular fraction Not determined Lipid accumulation da Silva Nunes et al, 2022

miR-133a Rat heart Tgf-β Decrease collagen content and atrial

remodeling

Shaihiv-Teper et al, 2021

miR-144 R13 rat hypothalamus cells mTOR Decreased POMC expression and

appetite disruption

Gao et al, 2020

miR-146b Systemic ND Enhanced risk of T2D Cui et al, 2018

miR-146b Rat heart Timp4 Heart fibrosis Shaihiv-Teper et al, 2021

miR-155 L6 rat skeletal myoblasts Pparγ Reduced insulin-stimulated glucose

uptake and Glut4 translocation

Ying et al, 2017

miR-155 Primary murine hepatocytes Pparγ Reduced insulin-stimulated glucose

uptake and Glut4 translocation

Ying et al, 2017

miR-155 Min6 murine Beta cell Mafb Reduced glucose-stimulated insulin

secretion

Gao et al, 2021

miR-155 Human internal mammary arteries eNOS Endothelial dysfunction Sun et al, 2012

miR-15b HepG2 human hepatocytes Insulin receptor Insulin resistance Yang et al, 2019

miR-15b Systemic Not determined Enhanced risk of T2D Cui et al, 2018

miR-181b R13 rat hypothalamus cells mTOR, P70s6k Decreased POMC expression and

appetite disruption

Gao et al, 2020

miR-192 Systemic Not determined Glucose intolerance, lipid accumulation Castano et al, 2018

miR-200a Murine primary neonatal

cardiomyocytes

Pparγ Enhanced ischemia/reperfusion injuries,

cardiac hypertrophy

Fang et al, 2016

miR-20b-5p Primary human skeletal muscle Stat3, Aktip Impaired glucose and insulin signaling Katayama et al, 2019

miR-210 3T3-L1 murine adipocytes Ndufa4 Reduced glucose uptake Tian et al, 2020

miR-221 3T3-L1 murine adipocytes Ddit4 Insulin resistance, diet-induced obesity Yamaguchi et al, 2022

miR-221-3p Mouse aortic smooth muscle cell Contractile

gene, Pgc1α
Enhanced atherosclerotic risk Li et al, 2019

miR-222 Hepa1-6 murine hepatocytes Ddit4, Irs1,

Bbc3

Insulin resistance, diet-induced obesity Li et al, 2020;

Yamaguchi et al, 2022

miR-222 HepG2, HCC-LM3, SMCC7721

hepatocytes

Bbc3 Liver defect Liu et al, 2018

miR-23a BEL-7402, BEL-7402/5-Fu,

Hepa1–6 hepatocytes

VHL tumor

suppressor

Liver defect Liu et al, 2019

miR-23b BEL-7402, BEL-7402/5-Fu,

Hepa1–6 hepatocytes

VHL tumor

suppressor

Liver defect Liu et al, 2019

miR-26b Mice stroma vascular fraction Fbxl19 Lipid accumulation da Silva Nunes et al, 2022;

Acharya et al, 2019

miR-27a HepG2 human hepatocytes Foxo1 Liver defect Sun et al, 2015

miR-27a C2C12 murine myoblasts Pparγ Insulin resistance Yu et al, 2018

miR-27a-3p Systemic Not determined Glucose intolerance, adipocyte function Castano et al, 2018

miR-27b-3p Systemic Not determined Glucose intolerance, adipocyte function Castano et al, 2018

miR-29a Primary murine hepatocytes, liver,

muscles, and AT

Pparδ, Sirt1 Insulin resistance, increased lipogenesis,

and circulating triglycerides

Liu et al, 2019;

Hung et al, 2019

miR-34a Murine BMDMs Klf4 Reduced M2 polarization Pan et al, 2019

miR-486 Systemic Not determined Enhanced risk of T2D Cui et al, 2018

miR-802-5p Neonatal rat ventricular myocytes Hsp60 Cardiac insulin resistance Wen et al, 2020

miR-130b C2C12 murine myoblasts Pgc1α Reduced muscle oxidative capacity Wang et al, 2013
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5.2.5 | Cardiovascular system

Inflammation-linked obesity has a significant impact on vessels and

the heart, promoting CVDs. Interestingly, EV-containing miRNAs

showed a high correlation with those CVDs. For instance, perivascular

AT expresses miR-221-3p in EVs, which suppresses contractile gene

expression in vascular muscle cells but also targets Pgc1α and

enhances atherosclerotic risks.117 In addition, studies focused on car-

diac function during obesity have suggested a role of miR-802-5p

produced by hypertrophic adipocytes in the development of IR in ven-

tricular myocytes.118 A more recent study showed that in patients

with atrial fibrillation, epicardial AT expressed EV-containing

enhanced miR-146b and reduced miR-29a, which induced heart

fibrosis.119 The enrichment of miR-130b and miR-200a in ADEVs

exacerbated ischemia/reperfusion injuries in diabetic hearts of adult

mice and enhanced cardiac hypertrophy through Ampkα1/α2 and

Pparγ, respectively.120,121 Different studies have shown that perivas-

cular AT released EV-containing miR-221-3p, which mediate vascular

inflammation.117 Interestingly, miR-155, as described previously,

inhibits eNOS and consequently affects cardiovascular function.122

Finally, it was evidenced that during maternal obesity, visceral AT-

derived EVs contribute to cardiac deficiency through the reduction of

the levels of miR-19b, which is known to reduce inflammation.123

Since the dialogue between AT and the cardiovascular system is

altered during obesity, the role of ADEV-containing miRNAs appears

central in this context. Further studies would contribute to a better

understanding of the role of AT on the cardiovascular system

during obesity.

5.2.6 | Brain

Crosstalk between AT and the brain is well known for the regulation

of feeding behavior and energy expenditure.124 Particularly, leptin, an

adipokine released by AT, can modulate the activity of the anorexi-

genic proopiomelanocortin (POMC) neurons located in the hypothala-

mus.125,126 Recently, the importance of miRNAs in the central effects

of leptin, particularly in the regulation of POMC neurons, has been

reported. For instance, it has been observed that miR-200a/b, miR-

429, and miR-488 were correlated with leptin levels in ob/ob mice,

and it was also found that miRNA expression was altered in the hypo-

thalamus of HFD mice.62,127,128 Interestingly, EVs are known to cross

the blood–brain barrier after stimulation with TNF or LPS.129–131 In

addition, these EVs contained inflammatory miRNAs such as miR-

155.132 Altogether, these different studies strongly suggest an

important role of ADEV-containing miRNAs in the communication

between AT and hypothalamic neurons. In accordance with this

hypothesis, Gao et al suggested that the long non-coding RNA

metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)

could modulate appetite through miR-181b and miR-144 in POMC

neurons activity in mice with obesity.133 However, the communica-

tion of pro-/anti-inflammatory signals or modulations of metabolic

pathways through EV-containing miRNAs in the brain are still to be

clarified.

6 | CONCLUSION AND PERSPECTIVES

Several recent studies have highlighted the importance of the miRNAs

contained in ADEVs in the onset of metabolic disorders (Figure 4).

These miRNAs have been listed in Tables 1 and 2. Particularly, ADEV-

containing miRNAs act on insulin sensitivity and pathway, glucose

uptake, energy expenditure, and lipid accumulation. The expression of

miRNAs is modified within EVs in obese or inflammatory conditions

and consequently has an effect on many tissues and organ physiology

involved in the control of energy homeostasis. In our opinion, the

most relevant finding will be the characterization of specific markers

for ADEVs to improve their detection in fluids. This technical point is

TABLE 2 Effects of miRNAs down-regulated in ADEVs on target cells/tissues in metabolic diseases.

ADEVs

miRNAs Target cell/tissue Target gene Effects Reference

miR-125a-5p Human EndoC-βH3 Beta cell Ifn-γ Inflammation and β cell disruption Gesmundo et al, 2021

miR-141-3p AML12 murine hepatocytes Pten Reduced insulin-stimulated glucose

uptake

Dang et al, 2019

miR-182 3T3-L1 murine adipocytes C/ebpα Lipid accumulation Dong et al, 2020

miR-19b JAR human syncytiotrophoblast-like

cells

Cytokines (Il-6,

Tnfα)
Cardiac development deficiency Liu et al, 2021

miR-223 NCTC1469 murine hepatocytes E2f1 Enhanced lipid accumulation and liver

fibrosis

Niu et al, 2022

miR-296-5p Human EndoC-βH3 Beta cell Tnfα Inflammation and β cell disruption Gesmundo et al, 2021

miR-298-5p Human EndoC-βH3 Beta cell Tnfα Inflammation and β cell disruption Gesmundo et al, 2021

miR-29a Rat heart Not determined Heart fibrosis Shaihiv-Teper et al,

2021

miR-351-5p Human EndoC-βH3 Beta cell Tnfα Inflammation and β cell disruption Gesmundo et al, 2021

miR-450a-5p Rat ADSCs Wisp2 Reduced adipogenesis Zhang et al, 2017
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essential for the association of ADEV-derived miRNAs with different

aspects of metabolic disorders.
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