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derived sEVs act as stable conveyors of
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Adoptive transfer of adiponectin-

enriched sEVs in mice prevents animals

from high-fat-diet weight gain, insulin

resistance, and tissue inflammation,

highlighting sEVs as delivery platforms of

adiponectin active forms.
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SUMMARY
Recent evidence supporting that adipose tissue (AT)-derived extracellular vesicles (EVs) carry an important
part of the AT secretome led us to characterize the EV-adipokine profile. In addition to evidencing a high
AT-derived EV secretion ability that is further increased by obesity, we identify enrichment of oligomeric forms
of adiponectin in small EVs (sEVs). This adipokine is mainly distributed at the EV external surface as a result of
nonspecific adsorption of soluble adiponectin. EVs also constitute stable conveyors of adiponectin in the
blood circulation. Adiponectin-enriched sEVs display in vitro insulin-sensitizing effects by binding to regular
adiponectin receptors. Adoptive transfer of adiponectin-enriched sEVs in high-fat-diet-fed mice prevents an-
imals from gaining weight and ameliorated insulin resistance and tissue inflammation, with major effects
observed in theATand liver.Our results thereforeprovide information regardingadiponectin-relatedmetabolic
responses by highlighting EVs as delivery platforms of metabolically active forms of adiponectin molecules.
INTRODUCTION

More than 25 years ago, the discovery of leptin and adiponectin

highlighted adipose tissue (AT) as a key player in the interorgan

regulation of energetic metabolism through endocrine signaling.1

Epidemiological studies concordantly supported that plasma adi-

ponectin levels were inversely correlated with insulin resistance,

arguing in favor of an insulin-sensitizing action of this adipokine.2

Consistently, early experiments demonstrated that recombinant

adiponectin improves insulin action in various mouse models of

severe insulin resistance.3 A large body ofwork has demonstrated

that adiponectin exerts beneficial effects on several target tissues,

including AT, liver, muscle, heart, kidney, and pancreas.4 Howev-

er, despite multiple studies showing that increasing adiponectin

action has therapeutic potential for the treatment of type 2 dia-

betes (T2D), the complexity of the adiponectin structure strongly
This is an open access article under the CC BY-N
hampers the development of recombinant adiponectin as a thera-

peutic strategy for T2D.5

In addition to hormonal communication, extracellular vesicles

(EVs) are mediators of cell-to-cell communication that partici-

pate in the development of various pathologies.6 Adipocyte-

derived EVs have recently emerged as important mediators of

obesity-associated metabolic dysfunctions.7 EVs are mem-

brane-derived vesicle subtypes that differ in size, origin, and

composition.8 EVs encompass exosomes (with a diameter be-

tween 30 and 150 mm), formed as intraluminal vesicles of internal

multivesicular compartments of the endocytic pathway (MVB)

and plasma membrane-derived microvesicles/ectosomes of

larger sizes (over 100 mm and up to 1 mm). Nonetheless, the

absence of specific EV subtype markers renders it difficult to

firmly establish the respective biogenesis pathway of small

EVs (sEVs) or large EVs (lEVs).9 All EVs are secreted in the
Cell Reports 42, 112866, August 29, 2023 ª 2023 The Author(s). 1
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Figure 1. Adiponectin is the most enriched adipokine in VAT-derived EVs

(A andB) Lean (Ctrl) and obese (Ob) VAT-derived lEV and sEVmode size comparison. Size-distribution curves (A) andmeanmode size (B). Ctrl andOb EV subtype

size-distribution curves (A) are represented by plain or dashed lines, respectively, and are presented as themean ±SEM (n = 4–6 independent EV preparations for

each condition).

(C and D) EV marker analysis from lean (Ctrl) or ob/ob (Ob) VAT explant-derived EV subpopulations. A significant enrichment in CD63 was observed for obese

VAT-derived sEVs (D).

(E) lEV and sEV secretion from VAT, SAT, and BAT explants. EV number secreted per gram of AT per 24 h is presented.

(F) Increased lEV and sEV secretion from mouse VAT with obesity. EV secreted by total mouse VAT is presented.

(G) EV secretion of human omental, mesenteric (Mesent.), and subcutaneous (Subcut.) AT collected from obese subjects. Secretion of EVs is presented as the

number of EVs secreted per gram of human AT.

(legend continued on next page)
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extracellular space and circulate via biofluids, allowing EVs to

exert paracrine or endocrine effects. Circulating EV levels were

found to be increased in obese people in comparison with lean

healthy subjects.10–12 Moreover, EV plasma levels were corre-

lated with body mass index (BMI) and homeostatic model

assessment of insulin resistance, suggesting a potential role of

EVs in the pathogenesis of T2D.11–14

We previously documented the ability of adipocytes to secrete

high quantities of lEVs and sEVs, which display specific protein

and lipid signatures.15 Adipocyte-derivedEV secretion is induced

by lipid and inflammatory signals, two metabolic traits of

obesity.15–17 Accordingly, sEV secretion by AT is enhanced in

different preclinical models of obesity.18,19 Blood injections of

obese AT-derived sEVs into lean mice promoted whole-body in-

sulin resistance when compared to injections of lean AT-derived

sEVs.18 The metabolic effects of adipocyte-derived sEVs rely on

the intercellular transferof EVcargoes, includinggeneticmaterial,

proteins, lipids, or evenorganelles.AT-derivedsEVsserveascar-

riers of microRNA (miRNA),20,21 adipokines,22 proteins,23 neutral

lipid carriers,24 ormitochondria,25 illustrating a versatile andcom-

plex mode of communication that participates in the develop-

ment of obesity-associated metabolic complications.

Recent evidence supports that AT-derived EVs play an impor-

tant role in the AT secretome and itsmetabolic effects, leading us

to characterize the adipokine profiles of lean and obese adipo-

cyte-derived EV subtypes. We identified that adiponectin is

one of the most enriched adipokines in AT-derived EVs, that it

is preferentially associated with the sEV subtype, and that its

content was mainly driven by nonspecific adsorption of this

hormone to these nanovesicles. EVs nonetheless provide

stable carriers for adiponectin delivery and maintain its insulin-

sensitizing properties in vitro and in vivo. Moreover, adiponec-

tin-associated EVs demonstrate anti-inflammatory properties

that can limit macrophage tissue infiltration and are likely to

participate in metabolic health improvement. Our results there-

fore provide a new understanding of adiponectin-related meta-

bolic responses by highlighting EVs as delivery platforms for

metabolically active forms of adiponectin molecules.

RESULTS

Obesity increases EV subtype secretion from fat depots
EV isolation was performed from cultured visceral adipose tissue

(VAT) conditioned media using differential ultracentrifugation,
(H) Quantification of adipokine arrays incubated with EV subpopulations isolated

VAT cultured for 48 h. Representative blotted adipokine arrays are presented in

(I and J) The EV-associated adiponectin content is enriched in sEVs and is decreas

mice were analyzed by western blotting for the presence of adiponectin in reduce

EV subtypes (J) reveals a particular enrichment of adiponectin in sEVs. Each color

from the same VAT. n = 6, mean ± SEM, *p % 0.05 (t test for matched pairs).

(K) Adiponectin forms detected in lean VAT-derived EVs. R andNR represent redu

represent high, middle, and low molecular weight, respectively. One representat

(L) ELISA quantification of the adiponectin content of VAT-derived sEVs isolated f

ob/ob (Ob) or HFDmice, are depleted of adiponectin (Adpn) compared to sEVs pro

The results are presented as box and whisker plots with the mean from four sEV

Data are presented as themean ±SEM for (A) to (J), dot plots representing indepen

D, F), multiple t tests (E, G), or the Mann-Whitney test (L).

Statistical significancy is indicated for each panel as follows : *p % 0.05, **p % 0
namely, 13,000 3 g for lEVs and 100,000 3 g for sEVs. The sig-

nificant EV size-distribution profiles (Figure 1A) and mean size

differences (Figure 1B) observed between lEVs and sEVs were

still maintained when EV subtypes were isolated from obese

VAT. Higher EV concentrations, for both lEVs and sEVs, were

measured when EVs were isolated from obese (ob/ob) VAT

explant conditioned media compared to those with lean condi-

tions (Figure 1A). A specific enrichment of flotillin-2 membranous

protein was observed in lEVs, reflecting an ectosome-enriched

EV subpopulation, whereas sEVs were enriched in tetraspanins

(Alix, CD9, and CD63), illustrating their endolysosomal biogen-

esis pathway (Figure 1C). Obese VAT-derived sEVs displayed a

strong enrichment in CD63 (Figures 1C and 1D). Comparison

of EV secretion according to fat location revealed the common

ability of VAT, subcutaneous adipose tissue (SAT), and brown

adipose tissue (BAT) to secrete lEVs and sEVs, although VAT ap-

peared to be the highest producer of EV subtypes over the other

fat depots (Figure 1E). Obesity was associated with increased

adipose EV secretion from VAT (Figure 1F) and SAT (Figure S1A),

whereas similar EV production was measured from lean and

obese BAT (Figure S1B). Measurement of EV secretion origi-

nating from human fat biopsies from obese patients confirmed

the ability of VAT (i.e., omental and mesenteric fat depots) to

secretemore sEVs per gram of fat in comparison to that secreted

by subcutaneous AT (Figure 1G).

Adipocyte-derived EV-adipokine profiling identifies
adiponectin as an EV-abundant protein
Quantifying EVs derived from adipocytes in the circulation would

require the identification of adipocyte-specific proteins specif-

ically sorted by EVs, among which adipokines represent the

main candidates. By blotting EV subpopulations isolated from

conditioned media of 48-h cultured isolated adipocytes from

collagenase-digested lean VAT with adipokine arrays, we found

similar adipokine patterns for lEVs and sEVs and identified adipo-

nectin and resistin as the most EV-enriched adipokines

(Figures 1H and S1C). In addition, detectable amounts of dipep-

tidyl peptidase 4, fibroblast growth factor 1, endocan, lipocalin,

intercellular adhesionmolecule 1 (ICAM-1), retinol bindingprotein

4 (RBP4), and plasminogen activator inhibitor 1were also present

in isolated lean adipocyte-derived lEV and sEV preparations

(Figures1HandS1C).Similar adipokineEVprofileswereobtained

when arrays were blotted with VAT-derived EV subtypes from

lean or obese (ob/ob) mice, confirming that a selective subset
from conditioned media of adipocytes isolated from collagenase-digested lean

Figure S1C.

ed with obesity. VAT-derived lEVs and sEVs (8 mg each) from lean or ob/ob (Ob)

d conditions (I). Blot quantification of the adiponectin signal in lean VAT-derived

represents an independent experiment, with lEV and sEV preparations derived

cing or nonreducing unheated conditions, respectively. HMW,MMW, and LMW

ive blot out of two independent experiments is shown.

rom lean or obese VAT explants. Obese VAT-derived sEVs, isolated from either

duced from VAT collected from their respective lean control mice (Ctrl and SD).

independent samples measured for each condition (Ctrl, Ob, SD, and HFD).

dent samples. Statistical differenceswere assessed using one-way ANOVA (B,

.01, ***p % 0.01,****p % 0.0001.
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Figure 2. Adiponectin-associated EVs pref-

erentially distribute at the EV outer surface

(A) The proteinase K (PK) protection assay reveals

the adiponectin-associated sEV-surface pool.

The transmembrane protein CD9 and internal

syntenin-1 were used as positive controls for PK

activity and PK/Tx100 combined activities,

respectively. Blot quantification for the Adpn

signal is presented on the right of the panel. n = 3,

mean ± SEM, **p % 0.01, ***p % 0.001 (one-way

ANOVA).

(B) EV adiponectin surface pool adsorption de-

pends on sEV-surface proteins. One representa-

tive blot is shown out of n = 3 for Ob sEVs and out

of n = 2 for HEK sEVs. Syntenin is presented as a

loading control. ND, not determined.

(C) Adiponectin adsorption on obese VAT-derived

sEVs recapitulates the adiponectin EV content of

lean VAT-derived sEVs. ELISA measurement of

adiponectin in sEVs isolated from lean VAT (Ctrl)

and obese VAT prior to (Ob) or after incubation

with EV-depleted VAT conditioned medium

(Adpn-Ob) that leads to sEV adiponectin adsorp-

tion (as presented in B). Data are presented as

the mean ± SEM from four sEV independent

samples measured for each condition (Ctrl, Ob, and Adpn-Ob), *p % 0.05 (one-way ANOVA test corrected with Sidák’s multiple comparisons test); ns, not

significant.
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of adiposesecretedmolecules (among those tested) areusing the

EV secretion pathway (Figures S1D and S1E).

Since adiponectin is one of themost abundantly expressed adi-

pokines of AT-derived EVs and its expression is restricted to adi-

pocytes, we next focused on the association of adiponectin with

VAT-derived EV subtypes. We demonstrated its specific enrich-

ment within sEVs in comparison to lEVs under lean conditions

(Figures 1I and 1J). Under nonreducing conditions, high- and

middle-molecular-weight forms of adiponectin, recognized as

metabolically active forms, were particularly enriched in the

sEV population (Figure 1K). When submitted to a density gradient,

lEV-associated adiponectin colocalized with the lEV markers

flotillin-2 and b-actin (FigureS1F), whereas sEV-associated adipo-

nectin floated in fraction3 enriched inCD9andCD63 (FigureS1G).

Soluble adiponectin (still present in EV-free VAT conditioned

media) and sEV-associated adiponectin were retrieved in

different fractions,excludinganycontaminationof sEV-associated

adiponectin bynonvesicular adiponectin (FigureS1H). Byusing an

immunocapture technique allowing the isolation of CD9+CD63+

CD81+-enriched sEVs, we further confirmed the presence of

adiponectin in immunoprecipitated sEVs (Figure S1I).

EV-associated adiponectin levels dropped in obese

conditions (Figures S1D and S1E), reaching undetectable levels

of adiponectin protein in obese VAT-derived EVs (Figure 1I).

ELISA quantification of EV-associated adiponectin demon-

strated a 40-fold enrichment of lean VAT sEV adiponectin con-

tent (�1,000 pg adiponectin/mg EV protein) compared to that

measured in ob/ob (obese) VAT-derived sEVs (Figure 1L). Obese

or high-fat diet (HFD) VAT-derived sEVs were equally depleted of

adiponectin compared to sEVs derived from their respective lean

control mice (control [Ctrl] or standard diet [SD]), therefore

excluding any confounding effect of leptin deficiency on the

decreased adiponectin content of sEVs (Figure 1L).
4 Cell Reports 42, 112866, August 29, 2023
Adiponectin-associated EVs are mainly distributed on
the EV external face
To characterize the vesicular adiponectin association, we sub-

jected VAT-derived sEVs to a proteinase K (PK) protection assay.

The majority of the sEV-associated adiponectin signal disap-

peared following PK treatment, illustrating the distribution of adi-

ponectin mainly on the EV external surface (Figure 2A). We next

tested theabilityofEVs tostick tononvesicularsecretedadiponec-

tin by incubating sEVs derived either from obese VAT or HEK cells

(whichdisplayed lowornoadiponectinprotein signal, respectively)

with EV-free VAT conditionedmedia as a source of soluble adipo-

nectin.We observed important adsorption of adiponectin to sEVs.

This association was completely abolished when sEVs were pre-

treated with trypsin, highlighting the involvement of EV extracel-

lular proteins in adiponectin binding to the EV surface, irrespective

of the sEV cellular source (Figure 2B). Adiponectin levels adsorbed

to obese VAT-derived sEVs did not exceed the adiponectin

content of lean VAT-derived sEVs, suggesting a limitation of the

number of adiponectin molecules that could stick to sEVs, likely

due to steric hindrance caused by the sEV size (Figure 2C).

EVs constitute stable conveyors of adiponectin in the
blood circulation
We next tracked fluorescent VAT-derived EVs isolated from mice

expressing the fluorescent protein ZsGreen specifically in adipo-

cytes (Figures S2A and S2B). Flow-cytometry analysis identified

approximately 2% ZsGreen+ EVs in mouse plasma (Figure 3A), a

percentage that might be underestimated, since the laser beam

of the flowcytometer useddoes not resolve light scattered by par-

ticles smaller than 500 nm, therefore excluding sEV quantification.

Total EV depletion frommouse plasma led to a nearly 20%drop in

adiponectinemia, identifying plasmaEVs as effective conveyors of

adiponectin (Figure 3B). We confirmed the presence of oligomeric



Figure 3. Plasma EVs represent stable carriers of adiponectin

(A) VAT-derived EVs are retrieved in the blood circulation, as illustrated by flow-cytometry detection of ZsGreen+ EVs in platelet-free plasma (PFP). Ctrl, control;

AdipoZS1, Cre� AdipoZs1 mice; AdipoZS1, Cre+ AdipoZs1 mice.

(B) Adiponectinemia significantly decreases upon plasma EV removal in lean mice.

(C) The presence of adiponectin was confirmed in mouse plasma circulating EVs. Plasma EV subtypes were isolated from lean and obese mice. Ten micrograms

of each EV subtype was resolved by SDS-PAGE under reducing conditions (R) or nonreducing unheated conditions (NR). One representative blot (out of two

experiments performed) is presented.

(D) Adiponectin clearance measurement following the injection of serum or EV-depleted serum in adiponectin KO mice. n = 6 mice injected per group.

(E) Western blot of human plasma sEVs confirms the decreased amount of adiponectin in sEVs isolated from obese patients compared to control patients. A

representative blot (out of three independent experiments performed) is presented with quantification of the Adpn blot signal intensity.

(legend continued on next page)
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adiponectin forms in plasma EVs, mostly enriched in the sEV sub-

population, whose content dropped in obese mice following

plasma adiponectin levels (Figure 3C). Similar to VAT-derived

EVs, plasma EV-associated adiponectin was distributed at the

external faceof lEVsandsEVs, asprovenby theadiponectin signal

disappearance following PK treatment (Figure S2C). We next

measured the clearance rate of plasma adiponectin following in-

jection of wild-type serum (depleted or not of EVs) into the tail

vein of adiponectin knockout (KO) mice. We demonstrated a

drastic reduction in blood adiponectin stability in the absence of

EVs, suggesting that EVs act as stable scaffolds of metabolically

active forms of adiponectin in the circulation (Figure 3D).

Lastly, we explored the clinical relevance of adiponectin EV

trafficking in human blood samples collected from healthy, over-

weight, or obese patients (Table S1). For mice, the adiponectin

content detected in plasma-derived sEVs was drastically

reduced in patients with obesity compared to healthy controls

(Figure 3E). Adiponectin was also distributed at the external

face of human plasma sEVs, although we identified a significant

intravesicular pool that was degraded after Triton X-100 sEV

membrane permeabilization (Figure S2D). Flow-cytometry anal-

ysis of patient platelet-free plasma demonstrated an elevation of

plasma lEV concentrations in obese patients (Figure S2E). We

previously reported that this elevation of circulating lEVs in obese

patients was associated with a significant increase in platelet

and endothelial cell-derived lEVs and a trend toward an increase

in the procoagulant activity of lEVs.11 In the absence of saponin

membrane permeabilization, we identified a small portion

(�2.5%) of adiponectin+ plasma lEVs in control healthy patients

that dropped and was close to background in overweight and

obese patients (Figure 3F, white bars), therefore paralleling the

drop in plasma adiponectin levels during obesity (Table S1).

Accordingly, adiponectin+ lEV levels measured in the absence

of saponin strongly correlated with plasma adiponectinemia

measured in the same patients (Figure 3G). In addition, saponin

treatment significantly increased the adiponectin positivity of

lEVs in all patient groups, revealing a second pool of adiponectin

enclosed within the vesicles (Figure 3F, gray bars) that was not

associated with plasma adiponectin levels (Figure 3H). Despite

evidence that large plasma EVs (over 500 nm in diameter accord-

ing to the flow cytometer lower detection limit) display both

external and intravesicular adiponectin-associated EV pools,

we cannot exclude the possibility that saponin treatment may

also favor unfolding and/or unmasking of adiponectin antigens,

thereby contributing to increased adiponectin-positive EV sig-

nals and overestimating the adiponectin intravesicular pool.

Altogether, our results demonstrate that EVs definitely convey

adiponectin, but the unspecific adsorption, which is closely

related to patient adiponectinemia, precludes their use for the

quantification of adipocyte-derived EVs.
(F) Analysis of adiponectin positivity of human plasma lEVs by flow-cytometry an

(white bars) and after (gray bars) saponin permeabilization is presented for contr

(G and H) Linear regression between adiponectinemia and adiponectin+ lEV rate

Data are presented as themean ±SEM, dot plots representing independent exper

depletion (for B) or saponin treatment (for F). Statistical differences were assesse

matched-pairs signed rank test (F).

Statistical significancy is indicated for each panel as follows : *p % 0.05, **p % 0
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Adiponectin-associated sEVs mediate insulin-
sensitizing effects in target cells
Adiponectin is recognized as an insulin-sensitizing hormone

that signals on target tissues, such as the liver and skeletal

muscle, mainly via the adiponectin receptors AdipoR1 and

AdipoR2. Treatment of hepatocytes rendered insulin resistant

following palmitate exposure with 5 mg/mL lean VAT-derived

sEVs was sufficient to fully restore insulin-induced AKT phos-

phorylation, suggesting that the high adiponectin content of

these sEVs mediates these insulin-sensitizing effects (Fig-

ure 4A). In contrast, obese VAT-derived sEVs failed to restore

palmitate-treated HepG2 insulin sensitivity, whereas in vitro

enrichment of these obese sEVs with adiponectin fully coun-

teracted insulin resistance (Figure 4B). We next questioned

whether adiponectin-associated sEV insulin-sensitizing ef-

fects involved the two canonical receptors by knocking

down AdipoR1 and AdipoR2 in HepG2 cells (Figure S3A).

Silencing of both these receptors abolished the reversal of

HepG2 insulin resistance by lean VAT-derived sEVs, further

demonstrating that the insulin-sensitizing properties of adi-

pose sEVs are linked to the presence of adiponectin on these

vesicles and identifying vesicular adiponectin binding to Adi-

poR as a critical step in sEV-induced insulin-sensitizing action

(Figure 4C). Adiponectin is likely not the sole molecule that

varies in VAT-secreted EVs according to lean or obese status.

Moreover, the adipose origin of sEVs will determine the innate

EV biocorona (containing membrane integral and peripheral

constituents), which is emerging as a critical mediator of EV

functions.26 To study the impact of the cellular origin of EVs

on adiponectin-enriched sEV beneficial effects, we switched

to naive HEK293 cells that do not express endogenous adipo-

nectin, in which we overexpressed either a fluorescent-tagged

adiponectin-Venus (Adpn-Venus) or the Venus tag alone

(Figures S3B and S3C). Small EVs carrying either the Venus

tag or Adpn-Venus were further isolated from the respective

stable HEK293 cell line conditioned media (Figure S3D).

HEK293-derived Adpn-Venus sEVs can readily and efficiently

target HepG2 cells, as demonstrated by their rapid and time-

dependent hepatocyte internalization (Figure 4D). Adpn-Venus

sEVs reversed the insulin resistance of palmitate-treated he-

patocytes, firmly establishing the critical role of vesicular adi-

ponectin in the insulin-sensitizing effects of lean VAT-derived

sEVs, independent of the sEV cellular origin (Figure 4E). The

insulin-sensitizing effects of Adpn-Venus were strongly

reduced by the silencing of both AdipoR1 and AdipoR2

(Figure 4E).

Collectively, our results demonstrate that adiponectin-

associated EVs display the same insulin-sensitizing proper-

ties as those described for soluble adiponectin (for review,

see Straub and Scherer4), which occur through binding to
alysis. Percentage of adiponectin+ lEVs retrieved in plasma in patients before

ol (BMI % 27), overweight (27 < BMI % 30), and obese (BMI >30) patients.

s measured for patients in the absence (G) or presence of (H) saponin.

iments. The connected lines identify the same sample analyzed before/after EV

d using the Mann-Whitney test (A, B, E), multiple t tests (D), and the Wilcoxon

.01, ***p % 0.01,****p % 0.0001.
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Figure 4. EV-associated adiponectin maintains insulin sensitivity in target cells

(A and B) Adiponectin-enriched sEVs reverse insulin resistance in hepatocytes. Ctrl sEVs and Ob sEVs correspond to VAT-derived sEVs isolated from either lean

or obese VAT, respectively. Adpn-Ob sEVs refer to the enrichment of Ob sEVs with adiponectin (following their preincubation with EV-free conditioned media).

Ins, insulin; Palm, palmitate.

(C) Silencing of both AdipoR1 and AdipoR2 significantly reduces the VAT-derived sEV insulin-sensitizing effects. Scr, Scramble; R1, AdipoR1; R2, AdipoR2.

(D) Rapid and time-dependent internalization of fluorescent adiponectin-Venus (Adpn-Venus) internalization in hepatocytes. Scale bars, 50 mm.

(E) Adiponectin enrichment in sEVs is responsible for their insulin-sensitizing effects, independent of their sEV cellular origin.

Dot plots represent independent experiments. Data are presented as the mean ± SEM. Statistical differences were assessed using one-way ANOVA. Statistical

significancy is indicated for each panel as follows : *p % 0.05, **p % 0.01, ***p % 0.01,****p % 0.0001.
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Figure 5. EV-associated adiponectin reverses HFD-induced insulin resistance in mice

(A) NHS ester-labeled VAT-derived sEV organ biodistribution. Licor fluorescent tissue imaging is presented in Figure S4A.

(B) Adoptive transfer of sEV-associated adiponectin limits weight gain induced by a high-fat diet (HFD). A standard diet (SD) is presented as a control to

demonstrate HFD-induced weight gain compared to body weight on a regular chow diet. Number of animals per group: SD, n = 3; NaCl, n = 15; Ctrl sEVs, n = 13;

AdpnKO sEVs, n = 11.

(C) Tissue weights at sacrifice of mice that received i.p. injections of Ctrl sEVs, AdpnKO sEVs, or NaCl (vehicle) over the course of 5 weeks of HFD compared to

mice maintained on an SD.

(legend continued on next page)
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regular adiponectin receptors and downstream signaling

cascades.

Adiponectin-associated sEVs improve mouse glucose
homeostasis in vivo by exerting insulin-sensitizing
effects on VAT and liver
We next questioned the ability of adiponectin-enriched sEVs to

mediate insulin-sensitizing effects in vivo. The biodistribution of

N-hydroxysuccinimide (NHS) ester covalently labeled sEVs identi-

fied vascularized tissues suchas the lungs, liver, kidney, pancreas,

and spleen as the sEV main targets, as is commonly reported for

theEVbiodistribution regardlessof theEVadministration.27 Impor-

tantly, we also detected significant fluorescent sEV signals in VAT

depots (Figures 5A andS4A). Nonetheless, we cannot exclude the

possibility that the sEV labeling, involving the reaction of the NHS

ester amine-reactive group with the primary amines of proteins,

impacts the sEV protein structure and, thereby, sEV targeting.

We then performed adoptive transfer of lean VAT through re-

petitive intraperitoneal (i.p.) EV injections in mice fed an HFD

over 5 weeks to mimic physiological VAT-derived EV diffusion.

We first highlighted the specific ability of lean VAT-derived

sEVs to significantly improve the glucose tolerance of obese

mice in comparison to lean VAT-derived lEV or NaCl (vehicle) in-

jections, arguing favorably for a role of adiponectin specifically

enriched in sEVs in these beneficial effects (Figures S4B and

S4C). To delineate the role of adiponectin-associated sEVs in

the insulin-sensitizing effects, we next compared the effects of

adoptive transfer of lean VAT-derived sEVs (Ctrl) that are

enriched in adiponectin with those of VAT-derived sEVs from

adiponectin KO (AdpnKO) mice or vehicle (NaCl)-treated mice

during the course of HFD feeding. Ctrl sEV-injected mice

were protected against HFD-induced weight gain compared to

NaCl or AdpnKO sEV injections and overlapped with the body-

weight-gain curve of the SD-fed mouse group (Figure 5B).

Consequently, control sEV-treated animals were leaner (Fig-

ure S4D) and displayed lower adiposity (Figure S4E). A signifi-

cant decrease in both visceral and subcutaneous AT depots

was measured in adiponectin-enriched sEV-injected animals,

whereas the BAT, muscle, and liver total weights remained un-

changed (Figure 5C). This reduced fat storage capacity was

associated with a significant shift in the adipocyte size-distribu-

tion curve toward smaller adipocyte diameters specifically

observed for adiponectin-enriched (Ctrl) sEV-treated mice in

both VAT and SAT (Figures S4F and S4G). All mouse groups dis-

played similar food intake as well as unchanged mRNA expres-
(D) Glycemia was measured following a 4-h fast performed prior to EV injection.

n = 11.

(E–H) Metabolic tolerance tests were performed to assess glucose homeostas

tolerance tests (ITTs) (H) are presented where blood glucose was quantified at th

under the curve (AUC) for the GTT is presented in (F). Circulating insulin (G) was m

group: SD, n = 6; NaCl, n = 15; Ctrl sEVs, n = 13; AdpnKO sEVs, n = 11.

(I and J)Western blot analysis of AKT phosphorylation (Ser473) levels in VAT after m

(pAKT/AKT) in VAT, liver, and muscle tissues after mouse insulin injection is pres

(K) mRNA expression of key metabolic genes known to be transcriptionally regu

Dot plots represent the number of independent animals analyzed. Data are presen

HFD +NaCl group using one-way ANOVA followed by the Kruskal-Wallis test (A, C

multiple comparisons (B, D, E, H).

Statistical significancy is indicated for each panel as follows : *p % 0.05, **p % 0
sion of key thermogenic genes in BAT and SAT (Figures S4H and

S4I). Moreover, control sEV treatment was associated with

whole-body glucose improvement, as illustrated by significantly

reduced fasting glycemia over the course of HFD compared to

NaCl-injected or AdpnKO sEV-injected mice (Figure 5D).

Accordingly, adiponectin-associated sEVs specifically improved

glucose tolerance compared to NaCl or AdpnKO sEV injections

(Figures 5E and 5F). A better insulin sensitivity of adiponectin-en-

riched sEV-treated mice was also observed as measured by the

insulin tolerance test (Figures 5G and 5H). This improvement in

glucose homeostasis was accompanied by enhanced insulin-

stimulated AKT phosphorylation specifically in VAT (Figures 5I

and 5J), whereas no significant changes in the phospho-AKT/

AKT ratio in response to insulin were measured in liver or muscle

(Figure 5J). We measured the mRNA levels of well-known insulin

targets in the VAT and reported a specific increase in the mRNA

expression of acetyl-coenzyme A carboxylase and elongation of

long-chain fatty acid family member 6 in Ctrl sEV-injected mice

(Figure 5K). In the liver, we observed a significant downregulation

of the mRNA levels of the gluconeogenic gene phosphoenolpyr-

uvate carboxykinase (PEPCK) following Ctrl sEV injections

(Figure 5K).

We next performed histological examinations of muscle and

liver samples to evaluate ectopic fat tissue deposition under

HFD challenge. Skeletal muscle cross-section staining did not

reveal either muscle fiber injury or aberrant lipid deposition under

HFD conditions within each group (Figure S4J). Conversely, sEV

injections prevented the development of hepatic steatosis,

which was observed in both vehicle (NaCl)- and AdpnKO sEV-

treated mice fed an HFD (Figure S4J). Accordingly, a significant

reduction in hepatic peroxisome proliferator-activated receptor

g (PPARg) mRNA expression was observed in adiponectin-asso-

ciated sEV-treated animals (Figure S4K). Finally, we investigated

liver function by measuring circulating markers of liver function

such as the serum concentrations of hepatic transaminases

(Table 1). We observed that AdpnKO sEVs induced a significant

increase in the serum aspartate aminotransferase concentration,

highlighting the induction of hepatic damage by sEVs devoid of

adiponectin (Table 1), thereby further underlining the protective

role played by adiponectin-associated sEVs against liver injury.

Altogether, we demonstrated significant improvement in

glucose homeostasis following the injection of adiponectin-en-

riched sEVs, with major effects occurring in the VAT and liver,

illustrating the conserved insulin-sensitizing properties of vesic-

ular forms of adiponectin in vivo.
Number of animals per group: NaCl, n = 15; Ctrl sEVs, n = 13; AdpnKO sEVs,

is metabolism. Intraperitoneal glucose tolerance tests (GTTs) (E) and insulin

e indicated time points after glucose or insulin injection, respectively. The area

easured 15 min post glucose injection during the GTT. Number of animals per

ouse insulin injection (I). Quantification of the phospho-AKT (Ser473)/AKT ratio

ented in (J).

lated by insulin in VAT or liver.

ted as themean ±SEM. Statistical differences were calculated compared to the

, F, G, J, K) and repeated-measures ANOVA followed by the Holm-Sidák test for

.01, ***p % 0.01,****p % 0.0001.
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Table 1. Serum liver metabolic parameters in mice

SD

HFD

NaCl Ctrl sEVs AdpnKO sEVs

Mean SEM n p Mean SEM n p Mean SEM n p Mean SEM n p

Total cholesterol

(mg/dL)

110.7 8.5 3.0 0.064 232.2 48.7 7.0 165.1 23.4 7.0 227.4 13.6 7.0

Total protein (g/dL) 4.8 0.3 3.0 5.8 1.0 7.0 5.6 0.7 7.0 6.2 0.4 7.0

Albumin (g/dL) 2.7 0.1 3.0 3.2 0.5 7.0 2.9 0.3 7.0 3.1 0.2 7.0

Globulin (g/dL) 2.1 0.2 3.0 2.6 0.4 7.0 2.7 0.4 7.0 3.1 0.3 7.0

ALT (U/L) 94.0 16.0 3.0 576.3 224.1 6.0 324.3 114.5 7.0 811.1 329.2 7.0

AST (U/L) 222.0 55.2 3.0 333.4 74.4 7.0 450.3 146.3 7.0 1,020.2* 295.2 7.0 0.048

ALP (U/L) 128.0 19.1 3.0 96.9 7.5 7.0 70.0 4.3 7.0 71.2 13.4 6.0

Bilirubin (mg/dL) 0.2 0.0 3.0 0.4 0.2 7.0 1.0 0.3 7.0 0.6 0.3 7.0

Data are presented as the mean ± SEM. Statistical differences were assessed using one-way ANOVA. *p % 0.05 indicates a statistical significance

between HFD NaCl and HFD AdpnKO sEVs condittions. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase.
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Adiponectin-associated sEVs reduce HFD-induced
tissue inflammation
In addition to the well-documented insulin-sensitizing potential

of adiponectin, experimental evidence has also demonstrated

the anti-inflammatory effects of this adipokine (for review, see

Fantuzzi28). Since inflammation is recognized as a major

contributor to insulin resistance in the context of obesity, we

aimed to investigate the effects of adiponectin-associated

sEVs on inflammation markers in EV-metabolism-targeted tis-

sues. By first focusing on adipose depots, we demonstrated

histological hallmarks of adipose macrophage infiltration in

both the SAT and VAT of HFD animals treated with NaCl or

AdpnKO sEV injections, as illustrated by the presence of macro-

phage (Mac2+) crown-like structures (Figure 6A). Of note, such

structures were absent in AT depots from control sEV-injected

mice (Figure 6A). The anti-inflammatory action of adiponectin-

associated sEVs was further confirmed by a significant reduc-

tion in the mRNA expression of the proinflammatory factors

interleukin-6 (IL-6) and monocyte chemoattractant protein 1

(MCP-1) in the VAT of Ctrl sEV-injected mice (Figure 6B).

Conversely, AdpnKO sEV injections further enhanced HFD-

associated VAT inflammation compared to NaCl injections, as

illustrated by the significant increase in IL-1b and tumor necro-

sis factor a (TNF-a) mRNA expression, two proinflammatory cy-

tokines known to be largely produced by macrophages (Fig-

ure 6B). Similar to what was observed in VAT, control sEVs

also resolved liver inflammation, likely by limiting macrophage

infiltration, as illustrated by the significant reduction in the che-

moattractant cytokine MCP-1 mRNA expression compared to

that in NaCl conditions (Figure 6C). Alternatively, sEVs devoid

of adiponectin injections contributed to enhanced liver inflam-

mation, as revealed by the significant increase in hepatic IL-

1b and TNF-a mRNA expression over NaCl conditions (Fig-

ure 6C). These results suggest that the presence of adiponectin

in sEVs controls tissue macrophage recruitment in both VAT

and liver (Figures 6B and 6C).

Thus, the presence of adiponectin in sEVs displays potent

anti-inflammatory properties that likely contribute to mediating

its insulin-sensitizing effect.
10 Cell Reports 42, 112866, August 29, 2023
DISCUSSION

We identified adiponectin as one of the most enriched adipo-

kines in adipocyte-derived EVs, whose content was mainly

driven by its nonspecific adsorption to these nanovesicles. EVs

nonetheless serve as stable carriers for adiponectin delivery

that display both insulin-sensitizing and anti-inflammatory

properties.

We confirmed the AT capacity to secrete both lEVs and sEVs,

whose secretion was enhanced in the obesity context, as previ-

ously demonstrated for sEVs.18,19 Whereas obesity did not

impact EV subtype size, we revealed CD63 enrichment in obese

VAT-derived sEVs, in agreement with previous data reporting

high levels of CD63 in HFD mature adipocyte-derived sEVs.29

CD63 has been shown to be abundantly enriched in exosomes

(even if not exclusively) in comparison to other tetraspanins,

such as CD9 or CD81, and to traffic via acidic compartments.30

Different studies have noted altered expression of lysosomal

membrane proteins (such as cathepsins) in obese AT that

consequently reduces lysosomal acidity.31 Such lysosomal

dysfunction may explain the selective enhancement of the

sEV-dependent CD63 secretion pathway derived from endoly-

sosomal compartments in obese conditions. A recent study

also demonstrated that EV surface CD63 expression is

associated with obesity-related traits such as waist circumfer-

ence, in agreement with a close relationship between EVCD63+

and obesity.32

We moreover highlighted VAT, in both mice and humans, as

providing a greater abundance of EVs than subcutaneous AT

depots. This higher secretion ability may be linked to adipocyte

size, since VAT adipocytes are more hypertrophied than subcu-

taneous adipocytes. VAT is also known to be more susceptible

to metabolic alterations associated with chronic obesity,

including hypoxia, inflammation, or lipotoxic lipid influx, which

are stimuli that have all been described to induce adipocyte EV

secretion.15–17 A recent study demonstrated distinct protein

contents between sEVs isolated from human obese VAT or

SAT, characterized by a particular enrichment of proteins impli-

cated in inflammation or insulin resistance in sEVs from VAT.33



Figure 6. EV-associated adiponectin dis-

plays anti-inflammatory properties

(A) Macrophage (Mac2) staining in SAT (upper

panels) and VAT (lower panels) depots from

sEV-injected mice reveal the anti-inflammatory

properties of Ctrl sEVs treatment. HFD-induced

adipocyte hypertrophy and HFD-related macro-

phage infiltration are observed in both SAT and

VAT compared to SD-fed conditions. Scale bars,

50 mm.

(B and C) qPCRmRNA expression of inflammatory

markers in VAT (B) and liver (C) tissues. Dot plots

represent the number of independent animals

analyzed. Data are presented as the mean ± SEM.

Statistical differences were calculated compared

to the HFD + NaCl group using one-way ANOVA

followed by the Kruskal-Wallis test.

Statistical significancy is indicated for each

panel as follows : *p % 0.05, **p % 0.01, ***p %

0.01,****p % 0.0001.
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Altogether, these data reinforce the idea that adipose VAT-

derived sEVs could actively participate in visceral obesity-asso-

ciated cardiometabolic complications.

In this regard, the identification of a specific marker of adipo-

cyte-derived EVs to trace and quantify them in the blood

would be of particular interest. Among the adipokine signatures

retrieved from VAT-derived EVs, adiponectin is the sole hormone

to be recognized as being specifically secreted by adipocytes.

We detected neither leptin nor IL-6 or TNF-a in adipocyte-

derived EVs, suggesting that adipokine EV sorting is controlled

by specific mechanisms. We also identified traces of RBP4, a

protein previously retrieved from obese AT-derived sEVs that

has been suggested to participate in the induction of macro-

phage activation-induced insulin resistance.18 We confirmed

the adiponectin association with VAT-derived EVs and circu-

lating EVs, mainly distributed at the EV outer membrane, as

also demonstrated by others for serum adiponectin-associated

sEVs.34,35 Such adiponectin EV adsorption is in line with the

recent interest gained by the EV (protein) corona, which ap-

peared to be highly dependent on the biological environment

and emerged as a crucial mediator of EV functions and mecha-

nisms of cellular uptake.36,37 Although in the minority, an intrave-
C

sicular pool of adiponectin was still

detectable following EV external enzy-

matic treatment. Recent data have shown

the ability of adiponectin to stimulate,

through T-cadherin binding, endothelial

sEV production and resecretion of adipo-

nectin as an exosomal cargo, contributing

to a significant increase in the adiponectin

circulating pool.38 Such selective adipo-

nectin EV sorting could account for the in-

travesicular presence of the adipokine.

Moreover, we demonstrated that external

adiponectin-associated EVs occur by

nonspecific adhesion. Notably, sEVs are

specifically enriched in extracellular ma-
trix proteins when compared to the lEV subpopulation,

which may explain their higher capacity to bind adiponectin.15,39

In agreement with adiponectin adsorption on EVs, the adiponec-

tin content in EVs fully parallels adiponectinemia. Since vesicular

adiponectin adsorption is not restricted to EVs of adipocyte

origin, any conclusions based on identifying circulating adipo-

cyte-derived EVs with quantitative assays of this adipokine will

lack reliability and robustness. Moreover, the external and intra-

vesicular adiponectin pools are likely to be dependent on patient

adiponectinemia and sex, since females are known to present

higher circulating adiponectin levels than males.40 This aspect

will require dedicated studies to fully quantify the vesicular adi-

ponectin pool distribution.

Previous reports have demonstrated that lean AT macro-

phage-derived sEV transfer into HFD recipient mice improved

insulin sensitivity, an ability that was linked to macrophage-

derived EV miRNA produced in the lean state.20,41 Similarly,

we demonstrated the beneficial effects of lean VAT-derived

sEV injections on glucose homeostasis in HFD recipient mice,

which were dependent on the presence of adiponectin-associ-

ated sEVs and were characterized by improved animal insulin

sensitivity. Our EV biodistribution experiments of VAT-derived
ell Reports 42, 112866, August 29, 2023 11
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sEVs, in agreement with a recent fluorescence adipocyte-

derived sEV tracing study,42 highlighted an important accumula-

tion of EVs in the liver and VAT 24 h after i.p. EV injection

(together with the gallbladder, pancreas, spleen, and kidney).

This is consistent with the beneficial effect of adiponectin-en-

riched sEV injection reported in VAT and in the liver. In VAT, we

reported an improvement in AKT phosphorylation upon insulin

treatment and the restoration of lipogenic genes that are well

known to be insulin targets. This result is of particular interest,

as recent inducible deletion of adiponectin demonstrated its

fundamental autocrine protective effect on AT properties and

homeostasis.43 In the liver, despite no improvement in AKT

phosphorylation, we observed a decrease in the mRNA levels

of PEPCK, suggesting an improvement in the ability of insulin

to repress gluconeogenesis. In addition, sEV injection largely

suppressed liver steatosis. Finally, adipocyte/adipose sEVs

display pancreatic tropism (our results and Kulaj et al.42), which

might also improve pancreatic b cell function. These findings are

evenmore interesting, since adipocyte sEVs have been shown to

modulate the secretion of insulin through the transport of insuli-

notropic cargoes42 and because adiponectin can protect against

pancreatic b cell apoptosis and increase insulin gene expression

and secretion.44 Further experiments will, however, be needed to

determine the contribution of the improvement in b cell function

in the global adiponectin-enriched sEV beneficial metabolism

observed in treated mice.

In addition to metabolic tissues, patrolling macrophages have

also been shown to be the main target cells of circulating EVs

based on live tracking EV imaging.45,46 Moreover, AT macro-

phages (CD11b+/F4/80+), among other AT SVF cells, take up

important quantities of adipocyte-derived sEVs.23 We demon-

strated that adiponectin-enriched sEV treatment protects

AT and liver from HFD-induced macrophage infiltration and

thereby counteracts the massive expression of IL-1b and

TNF-a, two cytokines that are considered major drivers of

obesity-related insulin resistance, induced by AdpnKO sEV in-

jections.47,48 Our results are thus in line with a recent report

demonstrating a critical role of adiponectin in preventing inflam-

mation andmacrophage infiltration in the liver.49While there is no

conclusive information regarding whether inflammation is a

cause or a consequence of insulin resistance, it is commonly

accepted that both mechanisms are intrinsically linked and

exacerbate each other. Therefore, the anti-inflammatory proper-

ties of adiponectin-associated sEVs are likely involved in the

improvement in glucose homeostasis and global metabolic

health in treated mice. Although we demonstrated the require-

ment of AdipoR receptors in the insulin-sensitizing effects of

Ctrl sEVs on insulin-resistant hepatocytes in vitro, their involve-

ment in the beneficial effects observed in vivo needs to be firmly

established. Regarding the diversity of downstream effectors

relaying adiponectin pleiotropic effects that include sphingolipid

targets, AMPK, PPARa, PPARg, and additional components (for

review, see Ruan and Dong50), further dedicated studies are

needed to decipher to what extent the adiponectin-associated

sEV-induced molecular mechanisms would parallel those

mediated by (soluble) adiponectin.

EVs have recently appeared as novel candidates for drug-deliv-

ery systemswith high bioavailability, exceptional biocompatibility,
12 Cell Reports 42, 112866, August 29, 2023
and low immunogenicity.51 EV-based delivery of bioactive natural

adiponectin forms therefore represents an innovative therapeutic

perspective to counteract both the difficulties encountered in the

bioproduction of adiponectin native oligomerized forms with

post-translational modifications and the short half-life of soluble

adiponectin.52 In addition to their natural abilities to cross biolog-

ical barriers and interact with cells, thereby modulating target cell

responses, EVs have shown some immunomodulatory and regen-

erative activities, holding exciting promise as therapeutic

vectors.51

Engineered EVs displaying traceable adiponectin, targeted

either inside or outside EVs, would constitute excellent tools to

delineate the metabolic properties of EV-associated adiponectin

with respect to adiponectin localization. Such a perspective is

even more appealing in light of recent studies that formerly

demonstrated the ability of EVs to deliver a protein to the cytosol

of recipient cells.53,54 Of note, such EV-based intercellular

protein exchange has been evidenced within the AT, as illus-

trated by the ability of caveolin-1 (Cav-1)-enriched endothelial

cell-derived EVs to replenish Cav-1-KO adipocytes.23 Future

studies will be needed to finely control the EV adiponectin con-

tent and compare adiponectin-associated EV biological modal-

ities with soluble adiponectin or adiponectin receptor agonists

to fully define the therapeutic potential of EV-based adiponectin

therapeutic approaches.

Altogether, our results therefore provide an understanding of

adiponectin-related metabolic responses by highlighting EVs

as stable scaffolds of molecular active forms of adiponectin.

Our results provide EV-based therapeutic perspectives for adi-

ponectin delivery, which might be promising for the treatment

of diabetes developed by lipodystrophic or obese patients.

Limitations of the study
Our experiments demonstrating the beneficial properties of adi-

ponectin-enriched sEVs do not allow us to fully assess either the

relative quantity of adiponectin distributed between the intrave-

sicular or the external-associated EV pool or their respective

related biological effects. Moreover, we did not compare the ef-

fects of (soluble) recombinant adiponectin with those displayed

by (vesicular) adiponectin-associated sEVs.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Adiponectin (murine) Thermofisher Scientific #PA1-054, RRID:AB_325789

Adiponectin (human) Abeomics #10-7597, RRID:AB_2943077

AKT pan (40D4) Cell signaling Cat #2920, RRID:AB_1147620

AKT pan polyclonal (in vivo studies) Cell signaling Cat #4691, RRID:AB_915783

Phospho-AKT (pAKT, Ser 473) Cell signaling Cat #4060S, RRID:AB_2315049

Alix BD Biosciences Cat #611620, RRID:AB_399062

Murine CD9 BD Pharmingen Cat #553758, RRID:AB_395032

human CD9 Santa Cruz Cat #SC-13118, RRID:AB_627213

Murine CD63 MBL Cat #D263-3, RRID:AB_1278815

Flotillin-2 BD Pharmingen Cat #610383, RRID:AB_397766

Mac2 Cedarlane Cat #CL8942AP, RRID:AB_10060357

MIF (human) R&D systems Cat #mab289, RRID:AB_2281975

Syntenin-1 Abcam Cat #ab19903, RRID:AB_445200

Zs-Green Clontech Cat #632598, RRID:AB_2943078

Goat anti-rat IgG2a Secondary

antibody HRP conjugate (used

for MaC2 staining)

Invitrogen Cat# PA1-84709, RRID:AB_933942

Anti-adiponectin FITC coupled antibody Assay-Pro Cat #10361-05041, RRID:AB_2943079

IRDye� 800CW and 680RD secondary

antibody (anti-mouse and anti-rabbit)

LI-COR Biosciences Cat #926–32211, RRID:AB_621843;

Cat #926–32210,RRID:AB_621842;

Cat #926–68071, RRID:AB_10956166;

Cat #926-68070, RRID:AB_10956588

Chemicals, peptides, and recombinant proteins

Bovine serum albumin (BSA) FFA free Sigma Cat #A7030

Collagenase A Roche Cat #10103586001

DAB OB Super Sensitive detection kit ImPath Cat #46538

DAB Quanto Thermofischer Scientific Cat #TA-125-QHDX

Wash buffer for IHC ImPath Cat #45002

Antigen retrieval solution pH6.0 ImPath Cat #44998

Ultravision Hydrogen Peroxyde block Thermofisher Scientific Cat #TS-12-H2O2Q

Goat serum Immunoreagents Cat #SP-004-VX10

IHC mounting medium CellPath Cat #SEA-1604-00A

Qiazol Lysis reagent Qiagen Cat #79306

RNeasy mini kit Qiagen Cat #74104

SuperScriptII reverse Transcriptase Invitrogen Cat #18064-014

dNTP set 100mM Invitrogen Cat #10297-018

Random hexamers Invitrogen Cat #48190-011

QIAquick PCR purification kit Qiagen Cat #28106

RNaseOut Ribonuclease inhibitor Invitrogen Cat #10777-019

Maxima SYBR Green qPCR master mix 2X Thermofisher Scientific Cat #K0253

96-Well PCR plates Thermofisher Scientific Cat #AB0700

DMEM 4.5 g/L glucose Gibco Cat #41966-029

DMEM 1 g/L glucose Gibco Cat #31885-023

Elisa mouse Adiponectin/Acrp30 R&DSystems Cat #DY1119 and #DY008

(Continued on next page)
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Exosome isolation kit Pan, mouse Miltenyi Biotec Cat #120-041-065

Fetal Calf serum (FCS) Eurobio Cat #CVFSVF00-01

Insulin 100UI/mL Lilly Cat #HI0210

Zeocin Thermofisher Scientific Cat #R25001

Palmitate Sigma Cat #P-0500

Proteinase K Sigma Aldrich Cat #P2308

PMSF Santa Cruz Cat #SC24948

ECBM PromoCell Cat #C22210

Fetal Bovine serum Gibco BRL Cat #10270-106, Lot 42G2078K

Fluoromount-G Invitrogen Cat #00-4958-02

Glutaraldehyde 25% solution Electron microscopy

Sciences

Cat #16220

IRDye� 800CW NHS ester LICOR Cat #92970021

Mini-Protean TGX gels Bio-Rad Cat #4568083, #4568086,

Mowiol Calbiochem Cat #475904

OptiprepTM density gradient medium Sigma Aldrich Cat #D1556

Odyssey blocking buffer (TBS) LI-COR Biosciences Cat #927-50010

Paraformaldehyde 32% Electron microscopy

Sciences

Cat #15714

Running buffer Interchim Cat #91495E

4X Laemmli sample buffer Bio-Rad Cat #161-0747

Triton X-100 Sigma Cat #T8787

Trans-blot Turbo transfer reagents Bio-Rad Cat #10026938, #1704158, #1704271

Trypsin 0.05% Corning Cat #25-051-CI

RNAiMax Lipofectamine Invitrogen Cat #12323563

High-fat diet (HFD) 61% of the

energy from fat (D12492 Premix AIN)

Safe diet Cat# SAFE� 233 HF

Critical commercial assays

DC-protein assay BioRad Cat #5000111

Mouse adipokine array kit R&D systems Cat #ARY013

Mouse and human adiponectin/

Acrp30 DuoSet ELISA

R&D systems Cat #DY1119 and DY1065

Human magnetic Luminex

set for adiponectin

Bio-Rad Cat #171A7002M

Ultrasensitive mouse Elisa kit Crystal Chem Cat #90080

Element RC liver rotor Scil animal care

company

Cat #AW00199

Glucometer strips for glucometer

AccuCheck Guide

Roche Cat #08721106001

Clinicells 25cm3 GEDTECH Cat #00108

Experimental models: Cell lines

HEK 293 ATCC Cat #CRL-1573

HepG2 cells ATCC Cat #HB-8065

Phoenix-AMPHO cells ATCC Cat #CRL-3213

Experimental models: Organisms/strains

Ob/Ob mice Charles River B6.Cg-Lepob/J, stock N� 000632,
JAXTM mice strain

RCL-ZsGreen The Jackson Laboratory B6.Cg-Gt(ROSA)26Sortm6(CAG�ZsGreen1)Hze/J,

stock N�007906, JAXTM mice strain

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Adipoq- Cre-ERT2 The Jackson Laboratory C57BL/6-Tg(Adipoq-cre/ERT2)1Soff/J,

stock N�025124, JAXTM mice strain

Adiponectin KO mice (Adpn KO) The Jackson Laboratory B6; 129-Adipoqtm1Chan/J, stock N� 008195

Oligonucleotides

ON-TARGETplus Non-targeting

pool, 5 nmol

Horizon Discoveries Cat #J-007800-10-0005

ON-TARGETplus human ADIPOR1

(51094) siRNA individual, 5 nmol

Horizon Discoveries Cat #J-007800-10-0005

ON-TARGETplus human ADIPOR2

(79602) siRNA individual, 5 nmol

Horizon Discoveries Cat # D-001810-10-05

Recombinant DNA

Venus-adiponectin

lentiviral plasmid

Kind gift from Weiping Han Laboratory of metabolic Medicine,

Singapore Bioimaging Consortium

Software and algorithms

Image Studio software LI-COR Biosciences Biosciences https://www.licor.com/

bio/products/software/image_studio/

ImageJ Downloaded from https:/

/imagej.nih.gov/ij/

https://imagej.nih.gov/ij/

Nanosight NTA software

(version 3.1)

Malvern Panalytical https://www.malvernpanalytical.com/

en/support/product-support/software/

NanoSight-NTA-software-update-v3-10-I2

Bioplex manager software

(version 4.1.1)

Bio Rad http://www.bio-rad.com/fr-fr/product/

bio-plex-manager-software-standard-

edition?ID=5846e84e-03a7-4599-

a8ae-7ba5dd2c7684

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Soazig le

Lay (soazig.lelay@inserm.fr).

Materials availability
This study did not generate new unique reagents.

All key resources and product references used in this study are presented as supplemental material in a key resource table (KRT).

Data and code availability
d Data are available on request by email to soazig.lelay@inserm.fr.

d This paper do not contain original code.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human studies
The institutional ethics committee approved the study, and consent was obtained from each patient. Patients with metabolic syn-

drome (MS) were included from the NUMEVOX cohort (NCT00997165) at the Department of Endocrinology and Nutrition of Angers

University Hospital according to eligibility criteria previously described.11 Twenty-seven patients withMS (11 females/16males) were

stratified into two groups according to their BMI (in kg.m�2), namely, 10 overweight patients (27<BMI<30) and 17 obese patients

(BMI>30), and were compared to 8 control patients (4 females/4 males, BMI <27). Clinical parameters of the patients included in

the study were measured as previously described11 and are presented in Table S1. A BMI of 27 kg/m2 was used to distinguish be-

tween lean and moderately overweight subjects to mirror the cut off retained for pharmacotherapy adjunction in patients with
18 Cell Reports 42, 112866, August 29, 2023
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concomitant obesity-related risk factors, as is the case for people with metabolic syndrome. Plasma adiponectin levels were also

measured in a limited number of samples (control, n = 3 (1 female/2 males); overweight, n = 5 (1 female/4 males); obese, n = 5

(4 females/1 male)) and were further correlated with plasma adiponectin+ EVs detected by flow cytometry in the same patients.

Human adipose tissue explants were collected from three fat depots (mesenteric, omental and subcutaneous) from patients un-

dergoing bariatric surgery and were included in the prospective monocentric METABOSE cohort (Nutrition Department, CHU Tours)

following patient written consent and after local ethics committee agreement (CNIL no. 18254562). The clinical parameters of the

patients included in the study are presented in Table S2.

Animal experimentation and in vivo EV treatment
Adult mice heterozygous (ob/+) for the leptin spontaneousmutation Lepob were initially obtained fromCharles River (B6.Cg-Lep ob/J,

Stock No. 000632, JAX mice strain) and were interbred to obtain a colony. Regular backcross with commercial Lepob/+ was

performed to avoid any background drift. Three-to five-month-old lean (ob/+ or +/+) or obese (ob/ob) mice were used for plasma

collection following intracardiac puncture and adipose tissue dissection.

Mice specifically expressing Zs-Green in adipocytes (AdipoZS1) were obtained following the crossing of RCL-ZsGreen

(B6.Cg-Gt(ROSA)26Sortm6(CAG�ZsGreen1)Hze/J, Stock No. 007906, JAX mice strain) with mice expressing a tamoxifen-inducible cre

recombinase, Cre-ERT2, under the control of the adiponectin gene promoter (C57BL/6-Tg(Adipoq-cre/ERT2)1Soff/J, Stock No.

025124, JAX mice strain).

Adipocyte-specific Adiponectin KO (Adpn-KO) mice were obtained from the Jackson Laboratory (B6; 129-Adipoqtm1Chan/J, Stock

No. 008195) and were interbred to obtain a colony.

Male C57BL/6 (B6) mice were fed a high-fat diet (HFD) (61% of calories from fat, 20% of calories from protein, and 20% of calories

from carbohydrate, #D12492, Safe Diets) or a normal chow diet ad libitum directly after weaning (at 4–5 weeks of age) for a period of

5 weeks. During this HFD feeding period, visceral adipose tissue (VAT)-derived EVs were adoptively transferred into recipient mice

twice a week by intraperitoneal injection (i.p.). Each injection contained 5 mg of EV proteins resuspended in 100 mL of 0.9% NaCl, a

quantity that was chosen since it corresponds to the EV protein mean quantity secreted by 500 mg of VAT (which corresponds to the

mean VAT weight of lean mice) over 48 h. In the control groups, 100 mL of sterile 0.9% NaCl was injected as the vehicle.

All mice had ad libitum access to food andwater andwere housed in the same openmouse facility on a 12/12-h light/dark day/night

cycle. Animal care and study protocols were approved by the French Ministry of Education and Research and the ethics committee

N�6 in animal experimentation and were in accordance with the EUDirective 2010/63/EU for animal experiments. At sacrifice, mouse

tissues were collected and used as explants for EV production or were fixed in 10% formalin for immunohistochemistry or frozen in

liquid nitrogen and stored at �80�C for protein lysates.

METHOD DETAILS

Measurement of serum liver metabolic parameters
We used the chemistry analyzer Element RC (Scil Animal Care Company) with Element RC liver rotors to determine the concentra-

tions of total proteins, albumin, total cholesterol, and bilirubin and aminotransferase (alanine aminotransferase [ALT], aspartate

aminotransferase [AST] and alkaline aminotransferase [ALP]) activities in mouse serum. The reagent rotor sample chamber was

loadedwith 50–100 mL of serum according to available samples and the rotor inserted. Sample values were compared with standard-

izedmouse ranges, with internal quality control (QC)monitors on the analyzer, rotor, and sample before and during analysis to ensure

reliable, consistent results. Each of the individual rotors used for analysis passed all QC parameters as indicated when the test was

complete.

Metabolic tolerance test
The glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed in the 4th week of sEV injections. Food was removed

6 h before the initiation of the tolerance tests. For the GTT, a single dose of glucose (2 g/kg) was administered by intraperitoneal (i.p.)

injection at time 0. For ITT, mice were injected i.p. with 0.5 IU/kg body weight insulin at time 0. Blood glucose levels were monitored

using glucometer strips at 0, 15, 30, 45, 60, 90 and 120 min on 2.5-mL samples collected from the tail. GTT and ITT were also per-

formed on standard diet (SD)-fed mice as a control for normal glucose and insulin tolerance responses.

Insulin-stimulated AKT phosphorylation assay
EV-associated adiponectin insulin-sensitizing effects were evaluated bymeasuring insulin-stimulated AKT phosphorylation on serine

473 in insulin cells/target tissues.

For in vitro experiments, palmitate-treated hepatocytes incubated or not with sEVs (as described in the cell culture section) were

treated for 5 min with insulin (100 nM) prior to protein lysate preparation. One representative blot together with the quantification of

the p-Akt/Akt ratio as a fold increase over basal conditions (NaCl) are presented.

For in vivo experiments, the phosphorylation of AKT in response to 0.5 U/kg body weight insulin injection in the vena cava of 6-h-

fasted mice was studied in tissue lysates collected at different time points following insulin stimulation: liver at 3 min, skeletal muscle

at 7 min and VAT at 10 min. One animal of each group (NaCl, Lean sEVs, and AdpnKO sEVs) was sequentially sacrificed. Paired
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animal trios were further analyzed with the pAKT/AKT ratio for NaCl conditions (within each trio) set to 1 and the pAKT/AKT ratio for

sEV-treated animals expressed as the fold increase over NaCl.

Primary adipocytes and adipose tissue explant culture
Three to four grams of mouse AT was used for collagenase adipocyte isolation as previously described15 or minced into small pieces

for VAT, subcutaneous AT (SAT) or brown adipose tissue (BAT) explants. Adipocyte or AT explant cultures were placed into a Clinicell

25 cassette filled with 10mL of ECBM/HEPES 10mM/0.1% FFA-free BSA pH 7.4 as previously described.55 Serum-free conditioned

medium (CM) after 48 h of culture was collected, filtered through a 100-mm cell strainer and used for EV isolation.

AT-derived EV isolation
CMwas first spun at 1,500xg for 20min to remove cells and cell debris. lEVs were recovered from cell-cleared supernatants (1,500xg

for 20 min) by centrifugation for 60 min at 13,000xg, followed by two washing steps in NaCl and resuspension in sterile 0.9%

NaCl. sEVs were further isolated from lEV-depleted supernatants following a 100,000xg ultracentrifugation step for 1 h at 4�C (rotor

MLA-50, Beckman Coulter Optima MAX-XP Ultracentrifuge) and two washes in NaCl. The EV protein content was estimated by a

DC-protein assay kit by using BSA as a standard. The purity of isolated EVs was checked on density gradients by loading

20–45 mg of each EV subtype at the bottom of an iodixanol density gradient as previously described39 with adaptations to fit the

gradient in tubes required for the MLS-50 rotor. Briefly, EVs were resuspended in 1.35 mL of buffer containing 0.25 M sucrose,

10 mM Tris (pH 8.0), and 1 mM EDTA (pH 7.4) and mixed 1:1 with a 60% (w/v) stock solution of iodixanol/Optiprep. Next, 1.2 mL

and 1.1 mL of 20% and 10% iodixanol solutions were successively layered on top of the vesicles, and the tubes were centrifuged

for 2.5 h at 268,000xg at 4�C in MLS-50. Ten fractions of 500 mL were collected from the top of the tube. Density fractions were as-

sessedwith a refractometer (R-5000, Atago). Fractions collected were then diluted with 500 mL of PBS and ultracentrifuged for 30min

at 100,000xg in an MLA-130 rotor. Concentrated fractions were resuspended in 22.5 mL of PBS and loaded on Western blot gels.

AT-derived EVs were measured by NTA and expressed per gram of source AT. Since AT cellularity between lean and obese mice

differs because of obesity-associated adipocyte hypertrophy, we normalized the expression of adipose EV secretion by total mouse

AT (calculated by multiplying the EVs secreted per gram of AT by the mean AT weight of lean or obese mice, respectively) when the

two phenotypes were compared.

Plasma/serum EV isolation
Mouse and human peripheral blood were collected in EDTA-coated tubes as previously described.11 Platelet-free plasma (PFP)

was subjected to two series of centrifugations, each at 21,000xg for 45 min to pellet lEVs. The lEV-depleted PFP was further

ultracentrifuged two times at 100,000xg for 1 h to isolate sEVs. PFP adiponectin concentrations were measured using 2 mL of

PFP and total EV-depleted PFP samples according to the adiponectin ELISA kit manufacturer’s protocol (R&D systems). Mouse

serum was collected in heparinized capillary tubes, and EV-free serum was prepared following the ultracentrifugation protocol

described for EV-depleted PFP.

ELISA adiponectin measurement
The adiponectin concentration wasmeasured using commercial ELISA kits (R&D systems) designed tomeasure full-length human or

mouse adiponectin (Adpn) levels according to the manufacturer’s protocol. One hundred microliters of diluted PFP or EV samples

(final dilution 1/1000 to 1/10,000 for PFP samples and 1/50 to 1/500 for EV samples using the 1X diluent reagent provided in the

kit) was used. The capture and HRP-conjugated detection antibodies as well as the calibrator provided in the total adiponectin

ELISA kit were used. After substrate solution incubation, the optical density at 450 nm was read with a CLARIOstar Plus plate reader

and corrected by the optical density read at 570 nm. Adpn concentrations were calculated from a four-parameter logistic (4-PL) stan-

dard curve fitting. EV samples prepared for a concurrent study using 3-month HFD-fed mice have been used to determine the Adpn

content of HFD or SD VAT-derived sEVs.56

Adiponectin clearance
The clearance of native adiponectin was determined by injecting 200 mL of wild-type serum or EV-free serum (following serum-EV

depletion by two 100,000xg ultracentrifugations for 1 h each), both diluted to one-quarter in NaCl, into the tail vein of 8-week-old

Adpn-KO mice as previously described.57 Blood samples were subsequently collected at the indicated time points in heparinized

capillary tubes. The levels of circulating adiponectin at various time points in Adpn-KO mice were determined by adiponectin

measurement using a commercial ELISA kit following the manufacturer’s protocol (R&D Systems).

Mouse EV biodistribution
A total of 66 mg of AT-derived sEV protein was labeled with 800CW N-hydroxysuccinimide (NHS)-ester IRDye at a ratio of 0.03 mg

dye to 1 mg EV total protein in a final volume of 100 mL of sterile 0.9% NaCl according to the manufacturer’s instructions (LICOR

Biosciences). Labeled EVs were recentrifuged (100,000xg for 1 h), and the EV pellet was resuspended in 100 mL of 0.9%

sterile NaCl. The total volume of labeled EVs was injected via i.p. or intravenous (tail vein) injections in lean B6 control mice. Organ

fluorescent backgroundwas also evaluated following the injection of 100 mL of 0.9%NaCl or EV-free NHS-ester labeling supernatant.
20 Cell Reports 42, 112866, August 29, 2023
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Mice were sacrificed 3 h post-injection, and organs were collected immediately and then imaged with a Licor Odyssey infrared

imager to evaluate the labeled sEV biodistribution. Each organ was demarcated, and then the fluorescence intensity was measured

in the respective organ surface with ImageJ software and expressed as the fluorescence intensity per surface unit.

EV enzymatic assays
Twenty micrograms of EVs were incubated with 20 mg/mL proteinase K (PK) in the presence or absence of 1% Triton X-100 or left

untreated in a final volume of 1 mL for 1 h at 37�C. PMSF (5 mM) was added for 5 min at 37�C, and PK was inactivated by placing the

assay mixture at 90�C for 10 min. Similarly, EVs were either incubated with 0.25% trypsin-EDTA or left untreated in a final volume of

200 mL for 20 min at 37�C. EV-free serum was added to inactivate trypsin. Trypsin-treated EVs were further enriched by adiponectin

following incubation with 500 mL of EV-depleted VAT conditioned medium. Following enzymatic treatment, lEVs and sEVs were re-

pelleted at 13,000xg or 100,000xg for 1 h, resuspended in 22.5 mL of PBS and loaded on Western blot gels.

Cell culture
HepG2 cells were maintained in high-glucose DMEM with 10% FBS at 37�C and seeded in 6-well plates (200,000 cells/well) for ex-

periments. Before the experiments, the culture mediumwas changed to low-glucose DMEMwith 0.5%BSA for 5 h, and then 0.3 mM

palmitate was added for 24 h to induce insulin resistance. Hepatocytes, either rendered insulin resistant following palmitate exposure

or not, were incubated for 24 h with different sEV concentrations (5, 10 or 20 mg/mL) as indicated in Figure 3A. The concentration of

10 mg/mL sEVswas classically used as a reference in other figures, aswe previously demonstrated the sEV-induced cellular effects at

this concentration without inducing any detrimental cellular effects.58 Insulin response was evaluated by measuring Akt phosphor-

ylation in cell lysates following 100 nM insulin stimulation for 5 min. Transfection of predesigned siRNA was performed in high-

glucose DMEM supplemented with 10% FBS using 25 nM siRNA and RNAiMax Lipofectamine according to the manufacturer’s in-

structions (Invitrogen).

Fluorescent Venus-tagged adiponectin (Adpn-Venus) or Venus tag (Venus) lentiviral plasmids were transfected into packaging

cells to produce lentiviral particles used to further infect HEK293 cells as previously described.59 Stable Adpn-Venus- or Venus-ex-

pressing HEK293 cells were selected and maintained by Zeocin selection (250 mg/mL) in high-glucose DMEMwith 10% FBS. Stable

Adpn-Venus HEK293 cells, displaying high Adpn or Venus expression, were then cultured in 15-cm cell culture plates in high-glucose

DMEM with 10% FBS. The medium was then changed to serum-deprived media for 48 h to allow collection of HEK293 conditioned

media from which Adpn-Venus or Venus sEVs were isolated following the classical 100,000xg ultracentrifugation procedure. For

internalization experiments, HepG2 cells were seeded on glass coverslips, incubated with 10 mg/mL Adpn-Venus sEVs, fixed with

4% PFA and mounted in Mowiol at the different time points presented. After DAPI staining, sEV internalization was visualized by

confocal laser fluorescence (Zeiss LSM 710). Fluorescence quantification was performed using ImageJ software. Quantification

of Adpn-sEV Venus internalization is presented as the percentage of cell fluorescence, with the 24-h time point set to 100%.

Western blot
Protein lysates (5–10 mg) were prepared and subjected to SDS‒PAGE for western blotting as previously described.15 Detection of

adiponectin multimeric forms was achieved through the migration of samples under nonreducing conditions (DTT was excluded

from the Laemmli buffer) and unheated conditions. IRDye (LI-COR Biosciences) secondary antibodies were used, and digital fluores-

cencewas visualized by anOdyssey CLX system (LICOR). Immunoblot quantification was performed following analysis of the protein

signal by Image Studio software. The antibodies used are listed in the KRT Table, and one representative blot for each protein is pre-

sented (among the mentioned independent experiments performed).

Reverse transcription (RT)–quantitative PCR (qPCR)
RNA was isolated from tissues frozen in liquid nitrogen by homogenization in TRIzol Reagent, and RNA extraction was performed

using an RNeasy RNA extraction kit (Qiagen) according to the manufacturer’s protocol. RNA yield and quality were determined using

a NanoDrop 2000 instrument (Thermo Fisher Scientific). One microgram of RNA was used to transcribe cDNA using a SuperScript II

kit (Invitrogen). Quantitative PCR was performed using SYBR Green reagent with the LightCycler 480 apparatus (Roche) using

validated qPCR primers (primer sequences are available upon request). The messenger RNA levels were calculated using the

comparative threshold cycle (DDCt) method by using 36B4 mRNA as a reference gene to normalize mRNA levels.

Nanoparticle tracking analysis (NTA)
The EV concentration and size were determined by NTA (NanoSight NS300 equipped with a 405-nm laser, Malvern Instruments), as

previously described.15 EV samples were diluted 100-fold in sterile 0.9% NaCl prior to NTA. Video imaging was recorded with opti-

mized set parameters (the detection threshold was set to 7 and 5 for lEVs and sEVs, respectively). Temperature was automatically

monitored and ranged from 20�C to 21�C. Videos were analyzed when a sufficient number of valid trajectories were measured. Data

capture and further analysis were performed using NTA software version 3.1. At least three independent biological samples of each

EV subtype were analyzed, and the presented results correspond to the mean of the five videos taken for a given biological sample.

Since NTA has reduced sensitivity for EVs smaller than �70 nm, this would likely result in an overestimation of EV sizes and an

underestimation of the differences between the lEV and sEV population sizes.
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sEV immunocapture
An alternative immunocapture-basedmethod was also used to confirm the presence of adiponectin in VAT-derived EVs by using the

exosome isolation kit pan CD9/CD63/CD81 according to the manufacturer’s protocol (Miltenyi Biotec). Briefly, 50 mL of exosome

isolation microbeads were incubated for 1 h with 2 mL of precleared VAT explant supernatants prior to loading on an equilibrated

‘‘m’’ column placed in the magnetic field of the quadroMACS separator (Miltenyi Biotec). After four washes with isolation buffer,

elution of CD9+CD63+CD81+ sEVs was performed by placing the column outside of the magnetic separator, and the labeled vesicles

were flushed out. Eluted sEVs were further used for Western blot analysis.

Protein arrays
Mouse adipokine array kits were incubated with 50 mg of each EV subtype (lEVs or sEVs), isolated from either 48-h conditionedmedia

from VAT explants or VAT-digested collagenase isolated adipocytes, and processed according to the manufacturer’s protocol (R&D

systems). Protein signals were revealed using a ChemiSmart 500 imager (Vilber Lourmat). The signal intensity of spots (two per pro-

tein, measured as the pixel number) was quantified using ImageJ software and expressed as the pixel mean of the two spots/mg of

protein loaded on themembrane. The results presented are themean signal intensity (mean pixels per mg of protein) obtained for each

protein out of two independent blotting experiments. Only detectable protein signals out of the 38 adipokines tested are presented

(see the list in Figure S1C).

Flow cytometry assays
Flow cytometry lEV phenotyping was performed for the analysis of PFP as previously described.11 Five microliters of PFP was fixed

with 2% PFA in PBS for 15 min at room temperature and then washed with 1.5 mL of PBS and used for adiponectin detection. lEVs

were pelleted (21,000xg, 15 min) and permeabilized with 100 mL of PBS/0.1% saponin for 5 min at RT prior to incubation with 10 mL of

FITC-conjugated specific antibody. Irrelevant human immunoglobulin G (IgG) was used as an isotype-matched negative control for

each sample and subtracted from the value obtained. The data obtained are expressed as a percentage of the total EVs analyzed.

Histology and immunostaining
VAT, liver and muscles were excised and fixed in 10% PBS-buffered formalin for at least 24 h. Tissues were paraffin-embedded and

sectioned (5 mm). Tissue sections were deparaffinized and rehydrated with specific commercial solutions (Impath). Following hydra-

tion, the tissues were stained with hematoxylin and eosin (HE) to assess the structural morphology. The diameter of the adipocytes

was automatically calculated by a plugin specifically developed for HE images in ImageJ software.

For immunostaining, tissue sections were sequentially incubated in antigen retrieval solution (20 min, 101�C), hydroxide peroxide

blocking solution (10 min), and washing solution (5 min) and blocked with goat serum (1.5%, 30 min) prior to incubation with Mac2

antibody (1/1000, 1 h). After washing, tissue sections were incubated with HRP-conjugated antibody (1/200, 30 min) prior to visual-

ization with DAB (3,30-diaminobenzidine). Counterstaining was carried out with hematoxylin prior to mounting. Isotype controls were

routinely included.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism Software and are presented as dot plots representing independent experiments. Statis-

tical analysis of the results was performed by using adapted statistical tests indicated in the figure legends. The differences were

considered significant when the p value % 0.05 and are stated as follows: *p % 0.05, **p % 0.01, ***p % 0.005 and ****p % 0.001.
22 Cell Reports 42, 112866, August 29, 2023
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