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Abstract The regulation of b-cell mass in the status of nondiabetic obesity remains not well
understood. We aimed to investigate the role of circulating exosome-like vesicles (ELVs) iso-
lated from humans with simple obesity in the regulation of islet b-cell mass. Between June
2017 and July 2019, 81 subjects with simple obesity and 102 healthy volunteers with normal
weight were recruited. ELVs were isolated by ultra-centrifugation. The proliferations of b-cells
and islets were measured by 5-ethynl-20-deoxyuridine (EdU). Protein components in ELVs were
identified by Quantitative Proteomic Analysis and verified by Western blot and ELISA. The role
of specific exosomal protein was analyzed by gain-of-function approach in ELVs released by
3T3-L1 preadipocytes. Circulating ELVs from subjects with simple obesity inhibited b-cell pro-
liferation in vitro without affecting its apoptosis, secretion, and inflammation. The protein
levels of Rictor and Omentin-1 were downregulated in circulating ELVs from subjects with sim-
ple obesity and associated with the obesity-linked pathologic conditions. The ELV-carried
Omentin-1 and Omentin-1 protein per se were validated to increase b-cell proliferation and
activate Akt signaling pathway. Moreover, Omentin-1 in ELVs was downregulated by insulin.
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Abbreviation list

ALT alanine transaminase
AST aspartate transaminas
AUC area under the curve
AUCINS/G insulin secretion inde
CCL2 CeC motif ligand 2
CKD4 cyclin dependent kina
Cr creatinine
EdU 5-ethynl-20-deoxyuridi
ELVs exosomal-like vesicles
FC-P fasting C-peptide
FC-P/G fasting C-peptide to g
FPG fasting plasma glucose
FINS fasting insulin
IFG impaired fasting gluco
INS insulin
ISI-Matsuda Matsuda index
LDH lactate dehydrogenase
MTT 3-(4,5-dimethyl-2-thia

H-tetrazolium bromide
2hPG 2h post-meal glucose
Rictor rapamycin-insensitive
PI3K phosphoinositide 3-kin
SVCs stromal-vascular cells
TBP TATA-Box Binding Prot
TC total cholesterol
TG triglycerides
TMB tetramethylbenzidine
UA uric acid
WC waist circumference
The circulating ELVs may act as a negative regulator for b-cell mass in nondiabetic obesity
through inhibiting b-cell proliferation. This effect was associated with downregulated
Omentin-1 protein in ELVs. This newly identified ELV-carried protein could be a mediator link-
ing insulin resistance to impaired b-cell proliferation and a new potential target for increasing
b-cell mass in obesity and T2DM.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

It has been well recognized that obesity is a significant risk
factor for developing type 2 diabetes mellitus (T2DM). A
majority of individuals suffering from T2DM are obese.1 The
natural history of the progression of obesity to T2DM re-
mains not fully understood. One crucial contributor is the
progressive decline in islet b-cell mass.2 However,
numerous studies have demonstrated that b-cell mass ex-
pands adaptively in obesity to compensate for insulin
resistance. Several factors in blood circulation including
the overload of nutrients, insulin, growth factors, and
incretin hormones,3 as well as the hepatocyte-secreted
protein SerpinB1,4 have been shown to promote b-cell
mass expansion mainly through increasing cellular
proliferation. Meanwhile, recent studies showed that there
were also potential negative regulators that limited the
adaptive proliferation of b-cells, leading to an inadequate
expansion of b-cell mass. The inadequate compensation of
b-cells would result in further increased glucose levels
which may trigger the loss of b-cell mass. Thus, much is still
unknown about the physiological regulation of b-cell mass
in the status of nondiabetic obesity, especially in humans.
Understanding the regulatory mechanisms during this
adaptive process will shed light on new therapeutic targets
for T2DM prevention and treatment.

Recently, multiple studies have shown a novel exosome-
like vesicles (ELVs)-mediated mechanism for regulating b-
cell mass. ELVs, the smallest class of extracellular vesicles
released by cells and taken up by neighboring or distant
cells,5 carry bioactive proteins, lipids, and nucleic acids,
functioning in cellular crosstalk.6 Jalabert et al showed that
ELVs released from lipid-induced insulin-resistant muscles
increased b-cell proliferation through downregulating the
gene expression of Ptch1 in mice.7 Another research found
that miR-106b-5p and miR-222-3p contained in mouse
serum ELVs contributed to bone marrow transplantation-
induced b-cell regeneration by increasing the prolifera-
tion of residual b-cells.8 Moreover, ELVs released by mouse
b-cells under proinflammatory conditions triggered
apoptosis of recipient b-cells.9

In this study, we aim to investigate whether the ELVs in
circulation of humans with nondiabetic obesity play roles in
the regulation of b-cell mass, and to further determine
whether the protein cargos of ELVs are modulated by
obesity and associated with the phenotype of the recipient
b-cells.
Materials and methods

Subjects

Between June 2017 and July 2019, 81 subjects with simple
obesity who visited the Obesity Clinic in our hospital were
recruited. Another 102 healthy volunteers with normal
weight and matched for age and sex, were recruited as the
control group. BMI�28 kg/m2 is referred to as obesity, and
18.5 kg/m2�BMI<24 kg/m2 is referred to as normal
weight.10 All subjects (i) were between 18 and 60 years of
age, (ii) did not use any medication within the past 3
months, (iii) had no tobacco and alcohol addiction, and (iv)
had menstrual regularity in women. Exclusion criteria were
subjects who (i) had a fasting blood glucose
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level�7.0 mmol/L and 2h glucose level�11.1 mmol/L
following an OGTT test, (ii) had moderate or severe hy-
pertension; (iii) had moderate or severe renal and hepatic
dysfunctions. All subjects provided written informed con-
sent and the study protocol had the approval of the local
Ethical Committee of the First Affiliated Hospital of
Chongqing Medical University. The clinical and biochemical
parameters were measured as described before.11,12 The
amount of body fat mass and waist circumference (WC)
were estimated using a dual-energy X-ray absorptiometry
scanner (Lunar DPX-NT; General Electric Healthcare, Little
Chalfont, Buckinghamshire, UK, software version 4.7).

Insulin resistance and b-cell secretory function were
calculated using the following formulas: HOMA-IR Z fasting
insulin � fasting glucose/22.5; Insulin sensitivity index (ISI-
Matsuda) Z 10,000/O(fasting glucose � fasting
insulin)� (OGTTmean glucose�OGTTmean insulin); Fasting
C-peptide to Glucose Ratio (FCeP/G) Z fasting C-peptide/
fasting glucose; Insulin secretion index (AUCINS/G) Z AUC of
insulin/AUC of glucose.
Isolation and identification of ELVs

Blood sample (4 ml) of each subject was obtained after an
overnight fast. For ELV isolation, the plasma samples were
centrifuged two times to remove debris (2000�g at 4 �C for
30 min and 12,000�g at 4 �C for 45 min). Then the super-
natants were ultra-centrifuged (Beckman Optima XPN-100,
USA) at 110,000�g at 4 �C for 2 h to obtain ELV pellets
which were resuspended in PBS and passed through a
0.22 mm filter. Afterward, the ELV pellets were washed two
times by ultra-centrifuging at 110,000�g at 4 �C for 70 min.
Finally, ELV pellets were resuspended in 50e200 mL sterile
PBS.

ELV markers were detected by Western blotting. The
morphology and size distribution of ELVs were identified by
transmission electron microscopy (TEM, Hitachi7500,
HITACHI, Japan) and nano-sight tracking analysis (NTA)
(ZetaView PMX 110, Particle Metrix, Meerbusch, Germany).
Culture of isolated islets and Min6 cells

Primary mouse islets were isolated from 10-wk old male
C57BL/6 mice (Experimental Animal Center of Chongqing
Medical University, Chongqing, China) fed with a regular
diet. Mouse pancreas was cannulated with 2 ml cold Krebs-
BSA2% buffer (KRBB) containing collagenase P (1.3 mg/2 ml)
(Roche Diagnostics, Shanghai, China) and then removed,
followed by incubation in a water bath at 37 �C for 15 min.
After digestion, the pancreas pellets were washed three
times in cold KRBB. Single islets were manually selected
under a microscope. Isolated islets and Min6 cells (BeNa
Culture Collection, Beijing, China, www.bnbio.com/) were
cultured in PR1640 medium containing 10% exosome-
depleted FBS (BI, Shanghai, China) and 1% Penicillin/
Streptomycin (Beyotime Institute of Biotechnology,
Shanghai, China) at 37 �C with 5% CO2. In some experi-
ments, Min6 cells and islets were cultured in serum-free
medium.
Culture of adipose tissue explants, adipocytes and
stromal-vascular cells (SVCs)

Human omental adipose tissues (AT) were obtained from 10
subjects with normal weight (BMI: 21.3 � 2.0 kg/m2) and 8
subjects with simple obesity (BMI: 31.6 � 7.4 kg/m2) un-
dergoing laparoscopic cholecystectomy (see Table S2 for
more characteristics). Mouse epidydimal AT were from 14-
wk-old C57BL/6 mice fed with a regular diet or a high-fat
diet (60% fat, Research Diets, Inc., New Brunswick, USA)
for 10 weeks. For explant culture, AT were finely minced
and 40 pieces per well were incubated in 5 ml MEM sup-
plemented with 0.5% BSA, 50 mM ascorbic acid (Sigma-
eAldrich, Shanghai, China), and 1% Penicillin/Streptomycin
for 24 h.13 Lactate dehydrogenase (LDH) release test (kit
from Beyotime Institute of Biotechnology) was performed
to evaluate the viability of explants during 24 h culture
(Fig. S4A).14 For adipocytes and SVC culture, minced ATwas
digested and separated into adipocytes and SVC fractions as
described before.15 Isolated cells were then cultured in
5 ml MEM with 10% ELV-depleted FBS and 1% Penicillin/
Streptomycin for 24 h. In some experiments, cultured
human omental AT explants were treated with or without
human insulin (Novo Nordisk, Copenhagen, Denmark) for
24 h. The culture medium (20e30 mL) was collected for ELV
isolation as described above.
Uptake of ELVs by Min6 cells and primary islets

ELVs were labeled with fluorescent dye PKH67 (Sigma-
eAldrich, Shanghai, China) and then added into the culture
medium of Min6 cells or primary islets. After 12 h of cul-
ture, the Min6 cells or islets were observed under a fluo-
rescence microscope (Olympus IX5, Japan).
MTT assay

Min6 cells were incubated with human ELVs for 48 h. Then,
5 mg/ml MTT (Sangon Biotech, Shanghai, China) was added
and incubated for another 4h. Optical density (OD) values
were read at 490 nm.
Proliferation assays

Min6 cell proliferation was detected by two EdU methods
(with TMB coloration and fluorescent dye), and the primary
islet proliferation was detected by EdU with fluorescent
dye. Briefly, Min6 cells were incubated with ELVs for over-
night, and10mM EdU was added 2 h before cells were fixed.
Islets were seeded onto Matrigel (#356230, Corning, NY, US)
coated coverslips to help the adherence and growth of is-
lets, and incubated with ELVs and 10 mM EdU for 48 h. EdU
was detected using EdU Cell Proliferation Kit with TMB
(Beyotime Institute of Biotechnology) or EdU AlexaFluor555
Imaging Kit (Invitrogen, CA, US). In the latter assay, cells
and islets were counterstained with anti-insulin antibody
(#ab181547, Abcam, Shanghai, China) and fluorescent sec-
ondary antibody (#4412, Cell Signaling Technology,
Shanghai, China) to define b-cells and islets.

http://www.bnbio.com/
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Apoptosis assays

Min6 cells were seeded in a 24-well plate and cultured with
human ELVs for 48 h. Then, cells were collected and
double-stained with fluorescein isothiocyanate (FITC)-
Annexin V and propidium iodide (PI). The apoptosis rates of
cells were detected using Flow Cytometer (FACS, BD
Bioscience, San Jose, CA) and analyzed using CellQuest
software (BD Biosciences).

Glucose-stimulated insulin secretion (GSIS) assays

Ten size-matched islets per well were incubated with
20 mg/mL ELVs for 48 h. Islets were then starved at 37 �C for
1 h in Krebs-BSA0.1% (KRBB) without glucose and subse-
quently incubated at 37 �C for 1 h in KRBB supplemented
with 3 mM or 25 mM glucose. The supernatants were sub-
jected to mouse insulin ELISA Kit (Raybiotech Inc., Parkway
Lane, USA).

Quantitative proteomic analysis by tandem mass
tag (TMT) technology

The experiments were performed by Shanghai Applied
Protein Technology Co., Ltd. (Shanghai, China). Proteins of
ELVs were extracted by SDT lysis buffer [4%(w/v) SDS,
100 mM Tris/HCl pH7.6, 0.1M DTT]. A total of 200 mg pro-
teins for each sample was digested by the Filter aided
proteome preparation. Then, 100 mg peptide mixture of
each sample was labeled using TMT reagent (Thermo Fisher
Scientific, MA, USA). The TMT-labeled digested samples
were fractionated by a Pierce high pH reversed-phase
fractionation kit (Thermo Fisher Scientific) and subse-
quently separated by HPLC system (Easy nLC) (Thermo
Fisher Scientific Proxeon Biosystems). A mass spectrometry
analysis was performed on a Q Exactive mass spectrometer
(Thermo Fisher Scientific) to acquire the MS data. Proteins
were identified and quantified by filtering the MS/MS
spectra via a MASCOT engine (Matrix Research; version 2.
2), which was embedded in Proteome Discoverer 1.4
(Thermo Fisher Scientific).

ELISA

The Omentin-1 levels in ELVs were quantified by an ELISA
Kit (Cusabio, Shanghai, China). The total and the phos-
phorylated Rictor levels in ELVs were semi-quantified by
ELISA (Raybiotech) as the protein levels were presented as
OD values. ELV proteins were extracted by PBS with 1%
Triton-X100 and measured by BCA Protein AssayKit (Beyo-
time Institute of Biotechnology). Exosomal levels of Rictor
and Omentin-1 were normalized to total ELV protein levels
in each sample.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA from Min6 cells or islets was extracted by using
TRIzol (Invitrogen). RT-qPCR was performed with designed
primers (Table S1), as described earlier.16 18srRNA were
used as reporter genes. Relative changes in the expression
level of one specific gene were presented as 2�DDCt.
Western blot

Since there is still no standard loading control for ELVs and
the widely used loading controls (e.g., b-actin and tubulin)
were absent or very weak in some of our ELV protein sam-
ples, the loading controls were not served for ELVs.17,18 An
exact of 20 mg ELV proteins were dissolved in Laemmli
buffer, subjected to SDS-PAGE under reducing and heat-
denaturating conditions and then transferred to the PVDF
membrane. The antibodies (see Table S2 for details) were
used for immunodetection. Signals were revealed by
enhanced chemiluminescence (Amersham Imager 600, GE,
USA).
Overexpression of Omentin-1 in 3T3-L1
preadipocytes and Min6 cells

3T3-L1 preadipocytes were cultured in DMEM with 10% ELV-
depleted Calf serum (SigmaeAldrich) (centrifuged at
120,000�g at 4 �C for 15 h to deplete ELVs) and transfected
with a plasmid pReceiver-M02 containing the mouse
Omentin-1 sequence or a control plasmid containing a
scrambled sequence (GeneCopoeia, Guangzhou, China)
using Lipofectamine 3000 Transfection Reagent (Invi-
trogen). After 48 h culture, the medium was collected for
ELVs isolation. In some experiments, Min6 cells were
transfected with the same plasmids and cultured in PR1640
medium with or without FBS.
Statistical analysis

Statistical analysis was performed using SPSS Statistics
(IBM, Armonk, NY, version 20). Variables were presented as
means � SD or SEM. Means of continuous variables were
compared using the unpaired t-test or ManneWhitney test.
The percentage differences between groups were
compared using c2 tests. Correlations of Rictor and
Omentin-1 with the clinical variables were evaluated by
Pearson or Spearman analysis. Their independent associa-
tions were evaluated by multiple stepwise regression
analysis. The differences and associations were considered
statistically significant at P < 0.05.
Results

Clinical and biochemical characteristics of subjects

As shown in Table 1, subjects with simple obesity had
obvious more fat accumulations (greater WC, subcutaneous
fat mass, and visceral fat mass) and a worse metabolic
profile (higher BP, glucose, UA, ALT, AST, TG, and lower
HDL), when compared to subjects with normal weight.
Moreover, subjects with simple obesity had significantly
increased insulin secretion (FINS, FC-P/G, AUCINS/G), and
insulin resistance (higher HOMA-IR, lower ISI-matsuda).
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Circulating ELVs isolated from subjects with simple
obesity impaired mouse islet b-cell proliferation
without affecting its apoptosis, secretion, and
inflammation

Firstly, ELVs were isolated from plasma of the two groups by
ultra-centrifuge. Isolated ELVs were characterized accord-
ing to the International Society of Extracellular Vesicles
guidelines.19 Electron microscopy showed the cup-shaped
morphology (Fig. 1A). Similar size distribution was
confirmed by NTA in two groups with an average diameter
of around 110 nm (Fig. 1B). By Western blot, proteins of ELV
extracts were further confirmed to be enriched with ELV
markers (CD9, CD63, and TGS101) (Fig. 1C). Moreover,
these ELVs were identified to be efficiently taken up by
Min6 cells and islets (Fig. 2A, B).

We treated Min6 cells with different concentrations
(5 mg/mL, 10 mg/mL, 20 mg/mL) of ELVs (Fig. S1), and found
that 20 mg/mL ELVs from subjects with simple obesity (O-
Table 1 Data are means � SD or median (interquartile ranges)
(Normal weight) and 81subjects with simple obesity (Obesity).

Normal weight (n Z 102)

Age (years) 32.98 � 6.68
Male, n (%) 50 (49.02%)
SBP (mmHg) 113.19 � 14.51
DBP (mmHg) 69.92 � 9.48
FPG (mmol/L) 5.25 � 0.55
2hPG (mmol/L) 7.13 � 1.59
TC (mmol/L) 4.47 � 0.81
TG (mmol/L) 1.17 � 0.72
HDL (mmol/L) 1.48 � 0.37
LDL (mmol/L) 2.73 � 0.73
Cr (mmol/L) 70.08 � 16.38
UA(mmol/L) 323.71 � 83.04
ALT (IU/L) 14.5 (11.00e22.00)
AST (IU/L) 17.00 (14.00e21.00)

Indices of Obesity

BMI (kg/m2) 21.11 � 1.82
WC (cm) 82.25 � 5.51
VAT mass (g) 265.39 � 100.05
SAT mass (g) 716.13 � 301.04

Indices of insulin resistance and secretion

HOMA-IR 1.18 � 0.78
ISI-matsuda 171.54 � 83.92
FINS (uU/ml) 4.87 � 3.00
AUCINS/G 4.32 � 1.98
FC-P/G 0.33 � 0.08

P values for comparisons between two groups are based on unpaired
distributed) or c2 test.
Abbreviations: SBPZsystolic blood pressure; DBP Z diastolic blood
FPG Z fasting plasma glucose; 2hPG Z 2h post-meal glucose; TC Z
Cr Z creatinine; UA Z uric acids; ALT Z alanine aminotransfer
SAT Z subcutaneous fat. FC-P/G Z fasting C-peptide to Glucose Ra
index.
ELVs) significantly inhibited viability (Fig. 3A) and prolifer-
ation (Fig. 3B, C) of Min6 cells comparing with the ELVs from
subjects with normal weight (N-ELVs). This inhibitory effect
of O-ELVs was further proved in primary mouse islets by EdU
incorporation (Fig. 3D). It should be noted that we took
human ELVs to treat mouse b-cells and islets. This is due to
the findings that ELVs can be taken up by cells with a low
possibility of immune rejection.20 In fact, by using PBS and
BSA as controls, 20 mg/mL human ELVs were shown not to
cause injury in mouse b-cells and islets.

Nevertheless, b-cell apoptosis and insulin secretory
function was not affected by O-ELVs (Fig. 4A, B). Moreover,
given obesity is a low-grade pro-inflammatory state, we
examined whether the circulating ELVs transmitted in-
flammatory signals, which is also crucial for b-cell growth.
Likewise, there were no differences in the NF-kB activity
(Fig. 4C) and the gene expression of IkB-a (an endogenous
inhibitor of NF-kB activity), as well as the gene expression
of pro-inflammatory cytokines (TNF-a, and CCL2)21 be-
tween Min6 cells treated with O-ELVs and N-ELVs (Fig. 4D).
or number (percentage) for 102 subjects with normal weight

Obesity (n Z 81) P value

31.30 � 9.95 0.19
39 (48.14%) 0.97
130.20 � 14.33 <0.01
80.31 � 9.19 <0.01
5.60 � 0.72 <0.01
8.54 � 2.51 <0.01
4.30 � 0.66 0.18
1.83 � 1.14 <0.01
1.09 � 0.28 <0.01
2.78 � 0.65 0.64
67.49 � 14.62 0.24
449.86 � 104.25 <0.01
37.5(23.75e60.25) <0.01
23.5 (18.75e35.50) <0.01

33.42 � 4.33 <0.01
111.57 � 10.81 <0.01
626.52 � 243.77 <0.01
1707.82 � 479.65 <0.01

3.97 � 2.71 <0.01
57.16 � 38.90 <0.01
15.33 � 9.45 <0.01
10.94 � 5.84 <0.01
0.77 � 0.33 <0.01

t-test or ManneWhitney test (when the data are not normally

pressure; BMI Z body mass index; WC Z waist circumference;
total cholesterol; TG Z triglycerides; FINS Z fasting insulin;

ase; AST Z aspartate aminotransferase; VAT Z visceral fat;
tio; ISI-Matsuda Z Matsuda index; AUCINS/G Z Insulin secretion



Figure 1 Identification of ELVs isolated from human plasma. (A) Transmission electron microscopy exhibits the cup-shaped
morphology of ELVs. Bar indicates 100 nm. (B) Nano-sight tracking analysis (NTA) shows the size distribution of ELVs. Data are
presented as average diameters (nm). Results are means � SEM for 4 samples per group. (C)Western blot confirmed the presence of
ELV specific markers (CD9, CD63, and TSG101). N-ELVs: ELVs isolated from subjects with normal weight; O-ELVs: ELVs isolated from
subjects with simple obesity.

Figure 2 Uptake of ELVs by Min6 cells and primary islets. ELVs were labeled with fluorescent dye PKH67 (green). (A) Repre-
sentative images (40x magnification) of labeled ELVs in Min6 cells. (B) Representative images (20x magnification) of labeled ELVs in
primary islets. Cells and islets were co-stained with DAPI to identify nuclei (blue). N-ELVs: ELVs isolated from plasma of subjects
with normal weight; O-ELVs: ELVs isolated from plasma of subjects with simple obesity.
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Figure 3 Effect of circulating ELVs of subjects with simple obesity on b-cell viability and proliferation. (A) Min6 cells (300 cells/
well) were treated with 200 mg/mL ELVs for 48 h and incubated with 5 mg/ml MTT for 4 h. Results are means � SEM for 4 repeated
experiments. (B) Min6 cells (3000 cells/well) were treated with 200 mg/ml ELVs for overnight and incubated with EdU for 2 h. EdU
was detected by TMB coloration. (C) Min6 cells (2 � 105 cells/well) were treated as in (B) and EdU was detected by fluorescent dye.
Data were presented as a ratio (EdUþ cell numbers/Nucleiþ and Insulinþ cell numbers). (D) Representative images (40x magnifi-
cation) of Min6 cells labeled with EdU (red), nuclei (blue), and insulin (green). (E) Primary islets were treated with 200 mg/mL ELVs
and EdU for 48 h. EdU was detected by fluorescent dye. Data were presented as a ratio (Red fluorescence intensity/Blue fluo-
rescence intensity per islet area). (F) Representative images (20x magnification) of the islets labeled with EdU (red), nuclei (blue),
and insulin (green). Results shown herein (B, C, E) are the means � SEM for 3 repeated experiments. N-ELVs: ELVs isolated from
plasma of subjects with normal weight; O-ELVs: ELVs isolated from plasma of subjects with simple obesity. ***P < 0.001 vs. N-ELVs.
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Circulating ELVs from subjects with simple obesity
carried altered protein cargos

To investigate the mechanisms underlying the ELVs-
mediated regulation of b-cell proliferation, we analyzed
the proteomics of plasma ELVs isolated from the two
groups. Owing to TMT technology, a total of 529 proteins
were detectable in ELVs of both groups (Fig. S2). Among
them, the abundance of 11 proteins was increased, while
18 was decreased (Fold Change>1.2, P < 0.05) (Table 2).
The roles of these proteins were further annotated by GO
and KEGG signaling pathways. The most significantly an-
notated pathway was the mTOR signaling pathway and one
protein enriched for this pathway was the Rapamycin-
insensitive companion of mTOR (Rictor) which was
reduced by 65% in O-ELVs (Table 2). mTOR signaling
pathway has long been known to regulate cell growth and
proliferation in response to insulin, nutrients, and growth
factors.22 Another protein that had established roles in
proliferation23 was the Intelectin-1 (also named Omentin-1)
which was reduced by 27% in O-ELVs (Table 2). The pres-
ence of Rictor and Omentin-1 in ELVs was further verified by
Western blot (Fig. 5A, B). Notably, both the total and
phosphorylated Rictor were present in ELVs (Fig. 5A).
According to the big heterogeneities among human plasma
samples, the protein abundance of Omentin-1, as well as
the total and phosphorylated Rictor, were quantified by
ELISA in a larger sample. In agreement with the result of
proteomics, the levels of both forms of Rictor decreased by
25% and 23% respectively in O-ELVs (Fig. 5C), and the levels
of Omentin-1 decreased by 51% (Fig. 5D).
The circulating ELV-carried Rictor and Omentin-1
were associated with obesity-linked pathologic
conditions

To get insight into whether the dysregulation of these two
exosomal proteins was associated with obesity-linked
pathologic conditions, we analyzed their relationships
with the clinical variables. The exosomal phosphorylated
Rictor negatively correlated with the FC-P/G (a more ac-
curate index reflecting endogenous insulin secretion)24 and
TG. The exosomal Omentin-1 negatively correlated with
insulin levels (FINS, FC-P/G, and AUCINS/G) and HOMA-IR,
while positively correlated with the ISI-matsuda and HDL.
Moreover, both the exosomal phosphorylated Rictor and
Omentin-1 showed negative correlations with abdominal



Figure 4 Effects of circulating ELVs of subjects with simple obesity on b-cell apoptosis, secretion, and inflammation. (A) Min6
cells were treated with 200 mg/mL ELVs for 48 h. Data are presented as the apoptosis rate (apoptotic cell numbers/total cell
numbers). (B) Primary islets were treated with 200 mg/mL ELVs for 48 h, the basal and the glucose-stimulated insulin levels were
measured by ELISA. Insulin secretion levels were normalized to total islet protein levels. (C) Min6 cells were treated with 200 mg/mL
ELVs for 60 min, NF-kB activity (pp65) were measured by Western blot and normalized to p65. A representative blot is shown on the
left. (D) Min6 cells were treated with 200 mg/mL ELVs for 48 h. Gene expression of IkB-a, TNF-a and CeC motif ligand 2 (CCL-2) was
quantified by RT-qPCR and presented as relative expression compared to the values of N-ELVs. Results shown herein (AeD) are the
means � SEM for 3 repeated experiments. N-ELVs: ELVs isolated from subjects with normal weight; O-ELVs: ELVs isolated from
subjects with simple obesity.
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obesity (BMI, WC, and visceral fat mass) (Table 3). By
multivariate analysis, the exosomal phosphorylated Rictor
was independently associated with the TG (beta Z �0.36,
P Z 0.04), while the Omentin-1 was mainly related to the
index of insulin resistance (ISI-matsuda) (beta Z 0.52,
P < 0.01).
The ELV-carried Omentin-1 promoted b-cell
proliferation in vitro

To validate whether the ELV-carried proteins affect b-cell
proliferation, we tried to modify the specific protein ex-
pressions in ELVs. First, we determined the cell source of
the two exosomal proteins. Since above data showed that
circulating exosomal Rictor and Omentin-1 were correlated
with visceral fat mass, we investigated the ELVs released
from the visceral AT (Fig. S3). However, Rictor was not
detectable in AT-released ELVs of both humans and mice
(data not shown). Expectedly, Omentin-1 was present in
ELVs released by human omental and mouse epididymal AT.
Compared to the human lean omental AT-released ELVs,
Omentin-1 protein levels in the obese omental AT-released
ELVs were decreased (Fig. S4B). Unlike humans, Omentin-1
was not changed in obese mouse epididymal AT-released
ELVs (Fig. S4D). This discrepancy may result from the fact
that mouse Omentin-1 was highly secreted by the intestine,
but not visceral AT.22 Furthermore, we found that Omentin-
1 was mainly present in adipocyte-released ELVs compared
to SVC-released ELVs (almost undetectable) in both humans
(Fig. S4C) and mice (Fig. S4E), although the mRNA expres-
sion of Omentin-1 is much lower in adipocytes than in
SVCs.22

Therefore, we focused on ELV-carried Omentin-1 and
next investigated its role in b-cell proliferation. We utilized
3T3-L1 preadipocytes overexpressing Omentin-1 (Fig. 6A) to
produce Omentin-1-overexpressed ELVs (Fig. 6B).
Compared to control ELVs, the Omentin-1-overexpressed
ELVs promoted b-cell (Fig. 6CeE) and islet proliferation
(Fig. 6F, G).
The ELV-carried Omentin-1 activated Akt and
increased cyclin D2 in b-cells

To understand possible mechanisms by which ELV-carried
Omentin-1 potentiates proliferation, we investigated
whether it modulated the activation of Akt, a key kinase
in cellular proliferation23. Indeed, Omentin-1-
overexpressed ELVs enhanced the Akt phosphorylation at
both 15 and 60 min in min6 cells, compared to control
ELVs (Fig. 7A, B). Also, the cell cycle stimulator, Cyclin
D2,25,26 was upregulated by Omentin-1-overexpressed
ELVs (Fig. 7C).

To further evaluate whether Omentin-1 was a key
component in the role of circulating ELVs on b-cell



Table 2 The protein components contained in ELVs were identified and quantified by Quantitative Proteomic Analysis based
on Tandem mass tag (TMT) technology.

Accession Protein name Average Obese/Normal P value

P02743 Serum amyloid P-component (APCS) 1.23 0.001
P02656 Apolipoprotein C-III(APOC3) 1.28 0.010
V9GYE7 Complement factor H-related protein 2(CFHR2) 1.30 0.013
B4DVE1 cDNA FLJ53478, highly similar to Galectin-3-binding protein 1.22 0.016
P02741 C-reactive protein (CRP) 1.86 0.017
A0N7I9 F5-20 (Fragment) 1.73 0.025
B1AKG0 Complement factor H-related protein 1(CFHR1) 1.20 0.028
G3XAM2 Complement factor I(CFI) 1.45 0.031
K7ER74 APOC4-APOC2 readthrough (NMD candidate) 1.37 0.032
A0A0G2JRQ6 Uncharacterized protein (Fragment) 1.51 0.035
P01024 Complement C3 1.21 0.040
F8WBH5 Proteasome activator complex subunit 4(PSME4) 0.19 0.000
A0A0G2JMI3 Immunoglobulin heavy variable 1-69-2(IGHV1-69-2) 0.14 0.001
Q6MZG5 Putative uncharacterized protein DKFZp686D06190 0.41 0.002
G3XAP6 Cartilage oligomeric matrix protein (COMP) 0.80 0.003
H0YFX9 Histone H2A (Fragment) 0.77 0.005
B5MEF5 Sushi, nidogen and EGF-like domain-containing protein 1 (SNED1) 0.32 0.005
B4E1B2 cDNA FLJ53691, highly similar to Serotransferrin 0.68 0.005
Q6R327 Rapamycin-insensitive companion of mTOR (RICTOR) 0.35 0.007
A2IPI3 HRV Fab N28-VL (Fragment) 0.57 0.008
A0A075B7D0 Immunoglobulin heavy variable 1/OR15-1 (non-functional)

(Fragment) (IGHV1OR15-1)
0.67 0.009

P43251 Biotinidase 0.77 0.010
L8E853 von Willebrand factor (VWF) 0.74 0.010
Q5NV91 V2-19 protein (Fragment) 0.46 0.017
Q5IWS5 Intelectin 1 (ITLN1) 0.73 0.026
Q9H9V0 cDNA FLJ12531 fis, clone NT2RM4000199 0.52 0.027
Q5NV83 V3-3 protein (Fragment) 0.70 0.029
Q9BTS4 phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

subunit alpha/beta/delta (PIK3CA_B_D)
0.82 0.036

A0A0C4DH39 Immunoglobulin heavy variable 1e58(IGHV1-58) 0.61 0.046

Results are presented as the average ratios of the protein levels in ELVs of subjects with simple obesity to the protein levels in ELVs of
subjects with normal weight (average Obese/Normal) for 3 mixed samples (9 subjects) per group.
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proliferation, the activity of Akt and protein levels of Cyclin
D2 were in turn checked in Min6 cells treated by human
circulating ELVs. Compared to ELVs of subjects with normal
weight, Cyclin D2 were downregulated by the ELVs of sub-
jects with simple obesity (Fig. 7D), while the Akt phos-
phorylation was not changed possibly due to the complexity
of ELV cargos (Fig. S5).
The presence of Omentin-1 protein per se in b cells
promoted cellular proliferation

Considering the complexity of ELV cargos, we overex-
pressed Omentin-1 (which is not originally expressed in b
cells) in the site of Min6 cells (Fig. 8A) to study the direct
effect of this protein on b-cell proliferation. This experi-
ment recapitulated the data of ELV-carried Omentin-1. The
Min6 cells expressing Omentin-1 exhibited increased
cellular proliferation (Fig. 8B), Akt activity (Fig. 8C) and
protein levels of Cyclin D2 (Fig. 8D).
The ELV-carried Omentin-1 was downregulated by
insulin in vitro

Considering the strong association between Omentin-1 and
insulin resistance (hyperinsulinemia), we finally investi-
gated the direct effect of insulin on exosomal Omentin-1.
As expected, Omentin-1 protein levels in ELVs released
from human omental AT of subjects with normal weight
were downregulated by 10 nM, 100 nM, and 1 mM of insulin
treatment (Fig. 9).
Discussion

In the present study, we aimed to investigate the role of the
circulating ELVs in b-cell mass regulation in the status of
nondiabetic obesity. Our results showed for the first time
that circulating ELVs of subjects with simple obesity may
act as a negative regulator for b-cell mass through inhibit-
ing b-cell proliferation. Consistently, Ji et al demonstrated



Figure 5 Verification of the presence and protein abundance of Rictor and Omentin-1 in human circulating ELVs. (A, B) The
representative blots show the presence of Rictor and Omentin-1 in human circulating ELVs. (C, D) The protein abundance of Rictor
and Omentin-1 in human circulating ELVs was quantified by ELISA and normalized to total ELV protein levels. Results are
means � SEM for 16e25 subjects per group. N-ELVs: ELVs isolated from plasma of subjects with normal weight; O-ELVs: ELVs
isolated from plasma of subjects with simple obesity. *P < 0.05, **P < 0.01 vs. N-ELVs.
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that TLR2 and TLR4 activated in diet-induced obese mice
inhibited b-cell proliferation through blocking the nuclear
entry of cell cycle regulators, cyclin D2/Cdk4 complex.27

Also, a prior study by Carboneau et al showed that Pros-
taglandin E2 Receptor, EP3, restricted b-cell proliferation
induced by hyperglycemia and insulin resistance through
phospholipase C (PLC)-g1 activity in mice and humans.28

Their findings, together with ours, suggested that b-cell
proliferation in obesity was regulated by both positive and
negative signals. It has been proposed that an ability to
increase b-cell mass compensation in obesity is key to
preventing T2DM.3 The existence of negative regulators
may, at least in part, explain why some obese individuals
Table 3 The exosomal protein levels of phosphorylated Rictor

Pho-Rictor/P
(n Z 33)

Correlation Coefficient (r) P va

FINS �0.26 0.14
HOMA-IR �0.22 0.22
FC-P/G L0.47 <0

ISI-matsuda 0.29 0.10
AUCINS/G �0.23 0.21
TG L0.42 0.0

HDL 0.29 0.11
BMI L0.40 0.0

WC �0.34 0.05
VAT mass L0.40 0.0

SAT mass �0.29 0.10

Values are normalized to total ELV protein levels in each sample. P v
(when the data are not normally distributed).
Abbreviations: Pho-Rictor/P Z phosphorylated Rictor/protein, Om
TGZ triglyceride; FINSZ fasting insulin; VATZ visceral fat; SATZ su
Matsuda Z Matsuda index; AUCINS/G Z Insulin secretion index.
The statistical significance was set as P < 0.05.
have a failure to initially expand b-cell mass in response to
obesity, which predisposes them to the eventual develop-
ment of T2DM.3 Thus, targeting the negative regulators to
relieve the limitations may also be a promising strategy to
increase b-cell mass.

Since the roles of ELVs are played by their carried
bioactive cargos, we analyzed the protein components in
circulating ELVs isolated from both groups. By proteomic
analysis, we found a pattern of proteins in circulating ELVs
was altered in the status of nondiabetic obesity. Among
them, Rictor and Omentin-1 were identified as decreased in
circulating ELVs of people with simple obesity. Rictor, an
essential component of the PI3K/mTORC2/AKT signaling
and Omentin-1 were detected by ELISA.

Omentin/P
(n Z 47)

lue Correlation Coefficient (r) P value

L0.61 <0.01

L0.43 <0.01

.01 L0.59 <0.01

0.64 <0.01

L0.48 <0.01

2 �0.32 0.05
0.36 0.03

2 L0.56 <0.01

L0.63 <0.01

2 L0.69 <0.01

L0.43 0.03

alues for correlations are based on Pearson or Spearman analysis

entin/P Z Omentin-1/protein. WC Z waist circumference;
bcutaneous fat; FC-P/GZ fasting C-peptide to Glucose Ratio; ISI-



Figure 6 Effect of Omentin-1-overexpressed ELVs on b-cell proliferation. 3T3-L1 preadipocytes were transfected with a plasmid
containing the mouse Omentin-1 sequence (Omentin-Overex) or a control plasmid (CTR). 48 h after transfection, Omentin-1 protein
expressions in cells (A) and released ELVs (B) were measured by Western blot. (C) Min6 cells (300 cells/well) were cultured in
serum-free medium with 5 mg/mL Omentin-1-enriched ELVs for overnight. EdU was added 2 h before cells were fixed and detected
by TMB coloration. (D) Min6 cells (2 � 105 cells/well) were treated as in (C) and EdU was detected by fluorescent dye. Data were
presented as a ratio (EdUþ cell numbers/Nucleiþ and Insulinþ cell numbers). (E) Representative images (40x magnification) of the
Min6 cells labeled with EdU (red), nuclei (blue), and insulin (green). (F) Primary islets were cultured in serum-free medium with
10 mg/mL Omentin-1-enriched ELVs and EdU for 48 h. EdU was detected by fluorescent dye. Data were presented as a ratio (Red
fluorescence intensity/Blue fluorescence intensity per islet area). (G) Representative images (20x magnification) of the islets
labeled with EdU (red), nuclei (blue), and insulin (green). Under these serum-free conditions (C, D, F), serum containing medium
(10% FBS) were used as a positive control. Results shown herein (C, D, F) are the means � SEM for 3 repeated experiments. CTR-
ELVs: ELVs released from 3T3-L1 preadipocytes transfected with control plasmid. Omentin-ELVs: ELVs released from 3T3-L1 pre-
adipocytes overexpressing Omentin-1. *P < 0.05 vs. CTR-ELVs. **P < 0.01 vs. CTR-ELVs.
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pathway, has been shown to regulate b-cell proliferation,
mass, and secretory function.29 The activation of Rictor/
mTORC2 declined in islets from patients with T2DM.30 The
specific knockout of Rictor in mouse b-cells caused a
reduction in b-cell mass, proliferation, and insulin secretion
due to locally decreased phosphorylation of Akt-S473 and
increased cell cycle inhibitors (FOXO1 and p27).31 Like-
wise, b-cell Rictor-specific-knockout mice on a high-fat diet
exhibited blunted b-cell proliferation and restricted
compensatory expansion of b-cell mass.32 Another identi-
fied exosomal protein, Omentin-1, has been regarded as a
new secretory adipokine since it is highly secreted by
omental adipose tissue in humans. The circulating Omentin-
1 levels were very high and decreased in obesity and insulin
resistance.33 Its implication in proliferation has also been
evidenced that Omentin-1 promoted cellular proliferation
in several cell types, including mesenchymal stem cells,
neural stem cells, and osteoblast via the activation of PI3K/
Akt signaling pathway.34e36 Yet, the effect of Omentin-1 on
b-cell proliferation has not been investigated. We validated
in vitro that ELV-carried Omentin-1 and Omentin-1 protein
per se were indeed able to increase b-cell proliferation, Akt
activity and protein levels of Cyclin D2(25). Moreover,
Cyclin D2, the crucial cell cycle protein, which was down-
regulated by circulating ELVs of subjects with simple
obesity, was upregulated by Omentin-1-overexpressed
ELVs. These findings suggested that the downregulated
Omentin-1 cargo likely participated in the effect of circu-
lating ELVs on impaired b-cell proliferation in nondiabetic
obesity. Since b-cell proliferation was regulated by both
positive and negative factors, our findings also indicated
that the effect of ELVs on impaired b-cell proliferation was
partly through the downregulation of positive factors. So
far, the specific receptor for omentin-1 has not been
identified. Studies suggest that the physiological activities
of Omentin-1 might be not through a specific protein re-
ceptor. Thus, the ELV-carried form might be a pathway for
Omentin-1 to act on cells. Moreover, compared to the free
Omentin-1, the ELV-carried form of Omentin-1 would
probably facilitate the application of this adipokine in the



Figure 7 Effect of Omentin-1-overexpressed ELVs on Akt activity and cell cycle proteins in b-cells. (A, B) Min6 cells were cultured
in serum-free medium for overnight and treated with 5 mg/mL ELVs for 15 and 60 min, respectively. Phosphorylation of Akt was
measured by Western blot and normalized to total Akt protein levels. (C) Min6 cells were cultured in serum-free medium and
treated with 5 mg/mL ELVs for 24 h. Cyclin D1(CCND1), Cyclin D2 (CCND2), and cyclin dependent kinase 4 (CDK4) were measured by
Western blot. (D) Min6 cells were cultured in ELV-depleted medium and treated with 200 mg/mL human ELVs for 48 h. CCND2 was
measured by Western blot. Results shown herein (AeD) are the means � SEM for 3 repeated experiments. The representative blots
are shown on the left. CTR-ELVs: ELVs released from 3T3-L1 preadipocytes transfected with control plasmid. Omentin-ELVs: ELVs
released from 3T3-L1 preadipocytes overexpressing Omentin-1. N-ELVs: ELVs isolated from plasma of subjects with normal weight;
O-ELVs: ELVs isolated from plasma of subjects with simple obesity. *P < 0.05 vs. CTR-ELVs, **P < 0.01 vs. CTR-ELVs.
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treatment of disease as ELVs have been regarded as natural
drug delivery tools.

Furthermore, we found that the decreased levels of
Rictor and Omentin-1 in circulating ELVs were closely
associated with abdominal obesity, hypertriglyceridemia,
or hyperinsulinemia, suggesting that the ELV protein cargos
could be modulated by obesity-related pathologic condi-
tions. This hypothesis was partly supported by validating
in vitro that Omentin-1 levels in human omental AT-
released ELVs were actually downregulated by insulin
treatment. It has been shown that insulin could directly
stimulate b-cell proliferation in vitro and hyperinsulinemia
was associated with increased b-cell mass in vivo.37,38 Our
results indicated that the hyperinsulinemia may serve as a
double-sided sword, which could also potentially blunt b-
cell proliferation via modulating cargos of ELVs. Thus, ELV-
carried Omentin-1 might be a potential mediator linking
insulin resistance (hyperinsulinemia) to impaired adaptive
b-cell proliferation.

Taken together our data suggest that hyperinsulinemia
in obesity could target visceral AT to downregulate the
protein levels of Omentin-1 in AT-released ELVs, which go
into circulation and deliver insufficient Omentin-1 in
recipient b-cells. This may lead to reduced activity of Akt
and protein levels of Cyclin D2, thereby impairing b-cell
proliferation (Fig. S6).

Finally, some limitations of this study should be
mentioned. First, the cargos of ELVs are complex. We
analyzed only the protein components of ELVs on account
of the limited plasma sample of an individual. More
components like miRNAs modulated in obesity needs to be
identified. Second, we focused on validating the function
of ELV-carried Omentin-1 in b-cell proliferation. The cell
origins and functions of Rictor will be instrumental in
further deciphering the effect of ELVs on b-cells. Third,
we observed the phenotype and underlying mechanisms
regulated by ELV-carried Omentin-1 in vitro, the pheno-
type and mechanisms in vivo, are warranted to be
unraveled.

In conclusion, the circulating ELVs in nondiabetic obesity
acted as a negative regulator for b-cell proliferation. Two
protein cargos of circulating ELVs were identified to be
downregulated by obesity-related pathologic conditions.
The downregulated Omentin-1 protein was likely to
participate in the effect of ELVs on impaired b-cell prolif-
eration. Thus, the circulating ELV-carried Omentin-1 could



Figure 8 Effect of Omentin-1 protein overexpression in b-cells on cellular proliferation. Min6 cells were transfected with a
plasmid containing the mouse Omentin-1 sequence (Omentin-Overex) or a control plasmid (CTR) and cultured in serum-free me-
dium. 48 h after transfection, cells were seeded for EdU detection or collected for Western blot. (A) Omentin-1 protein expressions
in transfected cells were detected by Western blot. (B) Transfected cells (3000 cells/well) were seeded in a 96-well plate and
cultured in serum-free medium for overnight. EdU was added 2 h before cells were fixed and detected by TMB coloration. (C)

Phosphorylation of Akt in transfected cells was measured by Western blot and normalized to total Akt protein levels. (D) Protein
levels of Cyclin D2 (CCND2) in transfected cells were measured by Western blot. Results shown herein (BeD) are the means � SEM
for 3 repeated experiments. The representative blots are shown on the left. *P < 0.05 vs. CTR, ***P < 0.001 vs. CTR.

Figure 9 Effect of insulin on Omentin-1 protein expression in ELVs released from human omental adipose tissues. Explants of
human omental adipose tissues (AT) were cultured in ELV-depleted medium with or without insulin for 24 h. Omentin-1 in AT-
released ELVs were detected by Western blot. A representative blot is shown on the left. Data are presented as the bound volumes.
Results are means � SEM for 3 repeated experiments.
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be a new potential target for increasing b-cell mass in
obesity and T2DM.
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