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Abstract

Exosomes, the nano-vesicles released from living cells, were the important mediator for cell-to-cell
communication. In order to clarify whether the exosomes derived from obesity adipose tissue
mediate insulin resistance of hepatocytes, we extract the exosomes from the adipose tissue of
different mice models. Exosomes derived from ob/ob mice (Ob-exosomes), B6 mice fed with a
high-fat diet (HFD-exosomes) and normal Bé mice (WT-exosomes) displayed similar size and
molecular makers, but their effect on the insulin sensitivity of hepatocytes were obviously different
or opposite. Abundant exosomal miRNAs in Ob-, HFD- and WT-exosomes were detected by the
Next Generation Sequencing. The levels of miR-141-3p in Ob- and HFD-exosomes were
significantly lower than WT-exosomes. MiR-141-3p can be effectively delivered into AML12 cells
accompanied by the absorption of exosomes, but the absorption of miR-141-3p into AMLI2 cells
could be blocked by GW4869, an inhibitor of exosome biogenesis and release. Importantly, the
Ob-exosomes or miR-141-3p knockdown in WT--exosomes obviously inhibited the insulin
response and glucose uptake of AMLI2 cells, however, the inhibitory effects on insulin function
disappeared after the overexpression of miR-141-3p in Ob-exosomes or AMLI2 cells. The effects of
miR-141-3p on insulin function could be achieved by improving the level of phosphorylation of AKT
and enhancing insulin signal transduction. Therefore, the absorption of hepatocytes for exosomes
released from obesity adipose tissue containing less miR-141-3p than healthy adipose tissue can
significantly inhibit the insulin sensitivity and glucose uptake. Our study may certify a novel
mechanism that the secretion of “harmful” exosomes from obesity adipose tissues cause insulin
resistance.
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Introduction

Obesity often causes insulin resistance and type
2 diabetes, which substantially increases the risk of
cardiovascular disease (1). Studies have shown that
insulin  resistance is a critical process in
obesity-induced cardiovascular disease (2). In the
condition of insulin resistance, some tissues such as

the liver, fat, and muscles show a diminished respond
to the insulin.

Adipose tissue dysfunction is known to be an
important factor in the pathogenesis of type 2 diabetes
and other metabolic diseases (3). In obesity, the
adipose tissue that accumulates at different sites may
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induce diverse metabolic disease risk. Compared to
subcutaneous adipose tissue, visceral adipose tissue is
more closely associated with insulin resistance and
cardiovascular disease (4, 5). Now adipose tissue is
seen as a dynamic endocrine organization that
communicates with other metabolic tissues to
regulate nutrient and energy balance. Previous
studies showed that adipose tissue releases secreting
mediators such as tumor necrosis factor alpha
(TNF-a), interleukin-6 (IL-6), leptin and adiponectin
to affect insulin function in target tissues (6-8). Besides
these mediators, adipose tissue of obese mice also
secretes extracellular vesicles associated with systemic
insulin resistance (9).

Recently, exosomes have been paid more
attention as an important mediator for cell-to-cell
communication. Exosomes are 50-200 nm vesicles
that are released from multivesicular bodies (10).
Exosomes carry some cargos including genetic
material such as mRNA, microRNA (miRNA), or even
small amounts of DNA, and proteins such as
transcription factors, cytokines, and growth factors
(11). When exosomes contact with target cells, the
exosomes and their cargos can be absorbed into cells
through endocytosis (12, 13). Therefore, exosomes can
alter the fate or state of the target cells, which may
become differentiated (14), repressed (15), activated
(16) according to the delivered proteins, or miRNAs.
Exosomes are considered to be the most promising
therapeutic tool for multiple diseases because of the
characteristics of information delivery (12).

Many miRNAs exist in the circulation as well as
in tissue, and a large fraction of these are found in
exosomes (8). MiRNAs are 19-22 nucleotides
non-coding RNAs that function as negative regulators
of gene expression. MiRNAs are able to influence
many biological processes, so miRNA deregulation
become a distinguishing feature of several
pathological conditions, such as cancer, obesity and
diabetes (17-19). Furthermore, previous studies have
demonstrated that miRNAs signature in response to
insulin in insulin-sensitive tissue of obese type 2
diabetic patients suggesting a potential role of these
miRNAs in insulin resistance (20, 21).

In the present study, we showed that miRNAs
are present in the exosomes by the Next Generation
Sequencing and qRT-PCR analyses. The sequencing
data of miRNA showed that compared to wild type
visceral adipocyte, several downregulated miRNAs
derived from obese visceral adipose tissue were
closely related to insulin resistance. The goal of this
study was to characterize the function of exosomes
derived from obese mice adipose tissue and their
ability to transfer miRNAs to modulate insulin
resistance of the hepatocytes.

Results

Characterizations of exosomes extracted from
adipose tissue

Different Exosomes (WT-, Ob- and
HFD-exosomes) respectively derived from adipose
tissues of normal B6 mice, ob/ob obese mice and
high-fat diet obese mice were prepared according to
the procedure described in methods. Transmission
electron microscopy was used to detect the negatively
stained exosomes, and the results revealed that they
were closed lipid-bilayered vesicular form (Figure
1A). Additionally, the purified WT-, Ob- and
HFD-exosomes contained CD81, CD63, and CD9,
three molecular markers of exosomes. CD81, CD63,
and CD9 were enriched in exosomes at higher levels
than those present in adipose tissue lysate. Small
amounts of Calnexin was detectable in exosomes,
indicating that exosomes preparations were free of
contaminating nonexosome proteins (Figure 1B).
Furthermore, the physical properties of the exosomes
were assessed, and it was determined that the WT-,
Ob- and HFD-exosomes exhibited similar physical
characters. The size of exosomes secreted from Ob
adipose  (155+/-12nm) or HFD  adipose
(149+/-2.8nm) was similar to that of WT adipose
(147+/-3.3nm), which was measured with
Nanoparticle Tracking Analysis (NTA) (Figure 1C).
Collectively, these data indicated that obese
conditions do not alter exosomes size and molecular
markers.

Adipose exosomes can be absorbed into
AMLI12 cells

In order to prove that adipocyte-derived
exosomes can influence gene expression in AML12
cells, we first showed the exosomes can be absorbed
into AML12 cells in vitro. WT-, Ob- and
HFD-exosomes were labeled with the red fluorescent
membrane dye PKH26 and added to AMLI12 cells
culture fluid, respectively. Six hours later, most of
AML12 cells obtained the PKH26-labeled exosomes,
and WT-, Ob- and HFD-exosomes were distributed
similarly in the cytoplasm of AML12 cells (Figure 2).

Adipose exosomes affect the insulin sensitivity
and glucose uptake of AMLI12 cells

To detect the effect of exosomes on insulin
sensitivity and glucose uptake in AMLI12 cells,
AML12 cells were treated with WT-, Ob- or
HFD-exosomes, and PBS was used as a negative
control, TNF-a was used as a positive control. After
insulin stimulation, phosphorylation of AKT (Ser473),
a central player in the insulin signaling pathway, was
detected by Western blot analyses. The
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Figure 1. Characterization of exosomes released from WT-, Ob-, and HFD-adipose tissue. (A) WT- (WT-Exo), Ob- (Ob-Exo) and HFD-exosomes (HFD-Exo)
were examined under electron microscopy. (B) WT-, Ob- and HFD-exosomes were analyzed by immunoblotting for the presence of the exosomal protein markers CD81,
CD63 and CD9, and for the absence of the cellular protein Calnexin, adipose tissue lysate was used as control (20 g of exosomal/ adipose tissue lysate protein was loaded for
Western-blotting). (C) The exosome size was measured using A Nanoparticle Tracking Analysis. n=3 independent experiments. All values were expressed as means + SD.

phosphorylation levels of AKT were lower in the
AML12 cells cultured with Ob- or HFD-exosomes
than in the AML12 cells cultured with WT-exosomes,
suggesting that the insulin responses was inhibited in
the AML12 cells absorbing Ob- or HFD-exosomes
(Figure 3A). 2-NBDG, a fluorescent glucose analog
was used to detect glucose uptake in AML12 cells by
flow cytometry. The results showed the spontaneous
fluorescence intensity of AML12 cells was 30.80+1.61,
the fluorescence intensity of PBS-, WT-exosomes-,
Ob-exosomes- and HFD-exosomes- treated group
were respectively 245.67+2.08, 273.67+5.51,
214.00+4.58 and 239.67£3.79. Compared with WT

exosomes-treated group, the fluorescence intensity of
Ob-exosomes- and HFD-exosomes-treated group
were respectively decreased 21.8% and 10.2% (Figure
3B). These results showed that insulin-stimulated
transport of glucose was inhibited in AML12 cells
treated with Ob- or HFD-exosomes, indicating that
insulin  signal  transduction in  Ob-  or
HFD-exosomes-treated AML12 cells was impaired.
We also found the insulin responses and
insulin-stimulated transport of glucose was inhibited
in HepG2 cells treated with Ob- exosomes
(Supplementary Figure 1).

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

354

WT-Exo/AML12 cells

Ob-Exo/AML12 cells

o . . .

Control/AML12 cells

Figure 2. Adipose exosomes can be absorbed into AMLI12 cells. WT-, Ob- and HFD-exosomal membranes were labeled with PKH26 (red) and coincubated with AML12
cells (nuclei stained blue with DAPI) for 6h. AMLI2 cells were treated with PKH26 without exosomes as control (nucleid stained blue with DAPI). Intracellular PKH26

demonstrates exosomal uptake into AMLI2 cells.

Expression of miRNAs in WT-, Ob- or
HFD-exosomes

After the exosomes were isolated from normal
B6 mice, ob/ob obese mice, or HFD obese mice, the
exosomal miRNAs expression profiles were analyzed
by the Next Generation Sequencing (illumina
HiSeqTM2500/MiSeq). The results revealed that
Ob-exosomes had 99 miRNAs were upregulated and
175 miRNAs were downregulated, HFD exosomes
had 100 miRNAs were upregulated and 110 miRNAs
were downregulated, compared with WT exosomes
miRNAs (Figure 4A). Predicted targets for miRNAs
were searched from the miRNA-mRNA target
databases TargetScan and miRanda. The potential

functions of miRNA targets were estimated by the
Gene Ontology (GO) terms (Figure 4B). The most
significant biological function was the “metabolic
process”. GO analysis indicates that Ob- and
HFD-exosomes miRNAs could affect metabolic
process. It was interesting given the fact that
metabolic disorder is a characteristic feature of
obesity. We analyzed the pathways in which the
putative target genes were involved by KEGG
database (Figure 4C). As illustrated in Figure 4B, there
were 20 pathways were significant enrichment. It is
well known that Insulin signaling pathway plays
important roles in regulating hepatic insulin
sensitivity and glucose uptake. Based on the
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Figure 3. Ob- or HFD-exosomes impair activation of the insulin signaling pathway in vitro. (A) Effect of WT-, Ob- and HFD-exosomes on AKT phosphorylation of
insulin-induced AML12 cells. TNF-a was used as a positive control and PBS was used as a negative control. *p <0.05, Ob-Exo vs WT-Exo, HFD-Exo vs WT-Exo. (B) Flow
cytometry dot plots of 10000 AMLI2 cells. The 2D plots indicating the relative FL1 fluorescence intensity (2-NBDG) of AMLI2 cells. The Blank Control was AML12 cells without
2-NBDG, showed the spontaneous fluorescence intensity of AMLI12 cells. n=3 independent experiments. All values were expressed as means + SD.

significantly regulated GOs and pathways, we
selected the top ten fold change miRNAs that had
significantly different expression in insulin signaling
pathway (Table 1). After that we constructed
miRNAs-gene-networks to screen the connection of
the selected miRNAs and their target genes (Figure
4D). Because there are minor differences in the
miRNAs of exosomes released from HFD mice in
comparison with ob/b mice. We focused on the
Ob-exosomes in the later study.

Adipose exosomes can deliver miR-141-3p into
AMLI12 cells

The expression levels of the ten miRNAs
identified in the sequencing analysis were validated
using quantitative RT-PCR assay (Figure 5A). The
three down regulated miRNAs (miR-351-5p,
miR-874-3p, and miR-141-3p) showed significantly
different expression in Ob exosomes compared to the
control WT-exosomes, but the five down regulated
miRNAs (miR-151-5p, miR-449a-5p, miR-3064-5p,

miR-15b-5p, miR-431-5p) and two up regulated
miRNA  (miR-299a-5p, miR-135b-5p) failed to
replicate.

To investigate whether the three down regulated
miRNAs can be delivered into AML12 cells by
exosomes, AML12 cells were treated with PBS, WT- or
Ob-exosomes (10 pg/ml). 24 hours later, the results of
qRT-PCR revealed that the miR-141-3p levels were
respectively increased by 103- and 39-fold in AML12
cells treated with WT- and Ob-exosomes, compared to
the AML12 cells treated with PBS. Besides, compared
to AMLI12 cells treated with WT-exosomes, the
miR-141-3p levels were decreased by 4.6-fold and the
miR-351-5p levels were decreased by 2.6-fold in
AML12 cells treated with Ob-exosomes. However, the
level of miR-874-3p had no significant difference
between WT-exosome- and Ob-exosome-treated
AML12 cells (Figure 5B). The reason maybe that the
level of endogenous miR-874-3p in AML12 cells are
too high to distinguish its slight increase caused by
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exosomes. These results indicate that exosomes from
WT adipose tissue and Ob adipose tissue can
effectively deliver the three miRNAs into AML12
cells. MiRNAs delivered into the recipient cells may
affect the behavior of the recipient cells. For further
detecting the expression change of the three miRNA
in vivo, we isolated miRNA from the liver of ob/ob
mice or WT mice, and the three miRNA levels were
analyzed by qRT-PCR method. The results showed
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Figure 4. miRNA expression in WT-, Ob- or HFD-exosomes. (A) Volcano plot based on the Next Generation Sequencing demonstrates differences expression levels of
miRNAs between Ob/HFD-exosomes and WT-exosomes. The abscissa represents the fold change of miRNA in different experimental groups, the ordinate represents the
statistically significant change in miRNA expression levels, the scattered points in the figure represent individual miRNAs, blue dots indicate miRNAs without significant
differences, red dots indicate significantly up-regulated differential miRNAs, and green dots indicate significantly down-regulated differential miRNAs. (B) Biological process of
predicted target genes. Each box represents a GO term, the content from top to bottom represents the order of GO term's id, the description of GO, the P value of GO
enrichment, the number of candidate target genes under the GO/the number of background genes under the GO. The depth of color represents the degree of enrichment. The
darker the color is, the higher the degree of enrichment is. (C) Significantly changed pathways of predicted target genes. The Rich factor refers to the ratio of the number of
differential genes located in the pathway to the total number of genes that are located in the pathway. The greater the Rich factor is, the higher the degree of enrichment is. We
selected the top 20 of the enrichment pathways to be shown in the figure. (D) A network of miRNAs mmu-miR-151-5p, mmu-miR-449a-5p, mmu-miR-351-5p,
mmu-miR-3064-5p, mmu-miR-874-3p, mmu-miR-15b-5p, mmu-miR-141-3p, mmu-miR-299a-5p, mmu-miR-431-5p, mmu-miR-135b-5p, and their predicted target genes.

Table I: Differential expression of the ten miRNAs. Ob-exosomes (Ob-Exo) or HFD-exosomes (HFD-Exo) vs WT-exosomes
(WT-Exo).

Ob-Exo vs WT-Exo HFD-Exo vs WT-Exo

sRNA Ob WT log2.Fold_change p.value q.value HFD WT log2.Fold_change p.value q.value

miR-351-5p 0 2553  -5.67 7.12E-09 1.35E-10 0 28.65  -5.84 8.59E-09 1.37E-10
miR-151-5p 0 2553  -5.67 7.12E-09 1.35E-10 0 28.65  -5.84 8.59E-09 1.37E-10
miR-449a-5p 0 2553  -5.67 7.12E-09 1.35E-10 0 28.65  -5.84 8.59E-09 1.37E-10
miR-3064-5p 0 51.06  -6.67 1.31E-15 3.74E-17 0 57.30  -6.84 1.45E-15 3.91E-17
miR-874-3p 5215 7659  -0.55 2.33E-05 4.20E-07 0 8595  -7.42 1.10E-21 3.70E-23
miR-15b-5p 0 1021 -7.67 2.55E-27 1.03E-28 0 1146  -7.84 2.20E-27 9.31E-29
miR-141-3p 0 1531  -8.25 1.01E-37 4.91E-39 0 1719  -8.42 6.52E-38 3.40E-39
miR-299a-5p 2086 0 8.70 3.41E-38 1.74E-39 2625 0 5.71 2.47E-07 3.14E-09
miR-431-5p 0 2553  -5.67 7.12E-09 1.35E-10 0 28.65  -5.84 8.59E-09 1.37E-10
miR-135b-5p 0 5215  6.70 5.08E-12 1.25E-13 2625 0 5.71 247E-07 3.14E-09

sRNA: miRNA id. Ob: Read count value of Ob-exosomes miRNAs after calibration (samplel). WT: Read count value of WT-exosomes miRNAs after calibration (sample 2).
HFD: Read count value of HFD-exosomes miRNAs after calibration (sample 3). log2.Fold_change: log2 (Samplel/Sample2 or Sample3).

To determine the concentration effects of Ob or
WT-exosomes, AML12 cells were treated with

tissue/ AML12 cells were treated with GW-4869
(10pM), a neutral sphingomyelinase inhibitor that can

elevated doses of Ob- or WT-exosomes from 0 to all
exosomes isolated from the adipose tissue of one
mouse (figure 5D). The expression of miR-141-3p
were quantified.

We next tested whether transportation of
miR-141-3p from adipose tissue to AML12 cells relies
on exosomes. Co-cultures of B6 mice adipose

inhibit exosome formation and release (22). We found
that the WT-exosomes-mediated increase of
miR-141-3p in AML12 cells was significantly reduced
upon addition of GW-4869 (Figure 5E). These results
indicate that the transport of miR-141-3p from
adipose tissue to AMLI12 cells is dependent on
exosomes.
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Overexpression of miR-141-3p significantly
promoted insulin sensitivity and glucose
uptake of AMLI12 cells

The miR-141-3p target gene was predicted to be
PTEN by TargetScan and miRanda software. In order
to verify the direct binding effect of miR-141-3p on
PTEN expression, the putative seed-binding sequence
of PTEN or a mutant sequence were cloned into the
luciferase reporter vector pGL3 (Figure 6A). As
shown in Fig. 6B, compared with the control group,
pGL3-Pten luciferase activity was significantly
down-regulated after overexpression of miR-141-3p,
while pGL3-Pten-mut luciferase activity was not
significantly =~ changed. @ The  above  results
demonstrated that the potential binding sites of
miR-141-3p and PTEN are truly present. To examine
the effect of overexpression of miR-141-3p on insulin
resistance and glucose uptake in AML12 cells, we
infected AMLI12 cells with 5-carboxyfluorescein
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as an internal control. *p <0.05, Ob liver tissues vs WT liver tissues. (D) AMLI12 cells were treated with elevated doses of Ob- or WT-exosomes from 0 to all exosomes isolated
from the adipose tissue of one mouse, we examined the expression of miR-141-3p in AMLI12 cells. U6 RNA was used as an internal control. *p <0.05, Ob-Exo/AMLI2 vs
WT-Exo/AMLI2. (E) Transportation of miR-141-3p from adipose tissue into AMLI2 cells is blocked by the exosome inhibitor GW4869. Schemes of AMLI2 cells co-cultured
with: (a) WT-adipose tissue and (b) GW4869-treated WT-adipose tissue. 48h later, AMLI2 cells were collected for the determination of miR-141-3p levels by qRT-PCR.
Addition of GW4869 prevented the increase of miR-320 in AMLI2 cells co-cultured with WT-adipose tissue. **p<0.001, GW vs WT. n=3 independent experiments. All values

were expressed as means + SD.
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AML12 cells infected with miR-141-3p mimic, we detected whether overexpression of miR-141-3p
compared with AML12 cells infected with NC (Figure = could affect AML12 cells’ insulin sensitivity and
6E). It was proved that overexpression of miR-141-3p  glucose uptake.

inhibited the expression of PTEN successfully. Then
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Figure 6. Overexpression of miR-141-3p increased AML12 cells insulin sensitivity and glucose uptake. (A)Wild-type and mutant 3’-UTR seeding region of PTEN
binding to miR-141-3p. (B) Luciferase activity assessment following different miR-141-3p treatments showed luciferase activity was significantly decreased with wild-type PTEN
3’-UTR reporter, whereas no change was observed in the mutation reporter following miR-141-3p mimic co-transfection. (C) AMLI12 cells were infected with Negative control
FAM. (D) AML12 cells were infected with miR-141-3p mimic or Negative Control and the miR-141-3p levels were measured with qRT-PCR. U6 RNA was used as an internal
control. (E) The protein levels of PTEN was significantly reduced in AMLI2 cells infected with mimic-miR-141-3p, compared with AML12 cells infective with Negative Control.
(F) Overexpression of miR-141-3p greatly promoted the levels of phosphorylation of AKT in AMLI12 cells. (G)Overexpression of miR-141-3p greatly promoted glucose uptake
in AML12 cells. n=3,%p<0.05, **p<0.01, **%p<0.0001, miR-141-3p mimic vs NC. n=3 independent experiments. All values were expressed as means * SD.
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After insulin stimulation, we observed that
overexpression of miR-141-3p significantly improved
the levels of phosphorylation of AKT by 2.5-fold,
compared with NC treated group (Figure 6F).
Furthermore, insulin-stimulated transport of glucose
was improved in AMLI12 treated with miR-141-3p
mimic. The spontaneous fluorescence intensity of
AML12 cells was 6.98+0.34, the fluorescence intensity
of NC- and miR-141-3p mimic-treated group was
respectively 47.40£0.40 and 53.93+1.21. Compared
with NC treated group, the fluorescence intensity of
miR-141-3p mimic treated group was increased 13.9%
(Figure 7G). These results verify that the increase of
miR-141-3p could enhance insulin sensitivity and
glucose uptake of AML12 cells.

Inhibition of miR-141-3p decreased insulin
sensitivity and glucose uptake of AML12 cells

To examine the effect of inhibition of miR-141-3p
on insulin resistance and glucose uptake in AML12
cells, we infected AML12 cells with microRNA
Inhibitor negative control-FAM (miR-Inhibitor-NC-
FAM), miR-141-3p Inhibitor or microRNA Inhibitor
negative control (Inhibitor NC). MiRNA inhibitors are
small, chemically modified single-stranded RNA
molecules designed to specifically bind to and inhibit
endogenous miRNA molecules and enable miRNA
functional analysis by down-regulation of miRNA
activity. Transfection efficiency was evaluated by
miR-Inhibitor-NC-FAM and qRT-PCR. Fluorescent
imaging demonstrated that the miR-141-3p inhibitor
became abundant within the cells (Figure 7A).
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Figure 7. Inhibition of miR-141-3p decreased AMLI2 cells insulin sensitivity and glucose uptake. (A) AMLI2 cells were infected with Inhibitor N.C FAM. (B)
AMLI2 cells were infected with miR-141-3p inhibitor or Inhibitor N.C and the miR-141-3p levels were measured with qRT-PCR. U6 RNA was used as an internal control. (C)
The protein levels of PTEN was significantly increased in AMLI2 cells infected with miR-141-3p inhibitor, compared with AMLI2 cells infective with Inhibitor N.C. (D) Inhibition
of miR-141-3p greatly inhibited the levels of phosphorylation of AKT in AMLI12 cells. (E) Inhibition of miR-141-3p greatly inhibited glucose uptake in AMLI2 cells. *p<0.05,
**p<0.01, miR-141-3p Inhibitor vs NC. n=3 independent experiments. All values were expressed as means * SD.
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QRT-PCR results revealed that miR-141-3p levels
were decreased by 2.9-fold in AMLI12 cells treated
with miR-141-3p Inhibitor, compared with AML12
cells treated with Inhibitor NC (Figure 7B).
Western-blotting analysis showed that inhibition of
miR-141-3p increased protein levels of PTEN by
1.3-fold, compared with Inhibitor NC-treated group
(Figure 7C). Then we detected whether inhibition of

miR-141-3p could affect AML12 cells insulin
sensitivity and glucose wuptake. After insulin
stimulation, we observed that the levels of

phosphorylation of AKT were decreased by 2.1-fold in
the AML12 cells treated with miR-141-3p Inhibitor,
compared with AML12 cells treated with Inhibitor
NC (Figure 7D). Furthermore, insulin-stimulated
transport of glucose was inhibited in AML12 treated
with miR-141-3p Inhibitor. The spontaneous
fluorescence intensity of AML12 cells was 6.98+0.34,
the fluorescence intensity of inhibitor NC- and
miR-141-3p Inhibitor-treated group was respectively
48.87+2.20 and 42.30+4.09. The fluorescence intensity
of miR-141-3p Inhibitor treated groups was decreased
13.4%, compared with Inhibitor NC-treated group
(Figure 7E). These results validate that inhibition of
miR-141-3p could decrease insulin sensitivity and
glucose uptake of AML12 cells.

Ob-exosomes-mediated inhibitory effects on
insulin sensitivity and glucose uptake of AML12
cells are removed by overexpression of
miR-141-3p

To determine whether the effect of
Ob-adipose-derived exosomes on insulin sensitivity
and glucose uptake in AML12 cells are associated
with miR-141-3p, we overexpressed miR-141-3p in
Ob-exosomes by infection with miR-141-3p mimic,
and miRNA negative control (NC) was used as a
control. QRT-PCR results revealed that miR-141-3p
levels were increased 3.0-fold in Ob exosomes
infected with miR-141-3p mimic (Ob-Exo-mimic),
compared with Ob-exosomes infected with NC
(Figure 8A). We treated AML12 cells with
WT-exosomes, Ob-Exo-mimic or Ob-exosomes and
detected the expression of PTEN, insulin sensitivity
and glucose uptake in AML12 cells. We observed that
the expression of PTEN was significantly decreased
by 22-fold in AMLI12 cells treated with
Ob-Exo-mimic, compared with AML12 cells treated
with Ob-exosomes (Figure 8B). After insulin
stimulation, we observed that the levels of
phosphorylation of AKT increased by 2.3-fold in
AML12 cells treated with Ob-Exo-mimic, compared
with AML12 cells treated with Ob-exosomes (Figure
8C). The spontaneous fluorescence intensity of
AML12 cells was 6.69£0.18, the fluorescence intensity

of WT-Exosomes-, Ob-Exosomes- and Ob-Exo-mimic-
treated group was respectively 55.87+0.58, 40.37£1.20
and 51.70£0.52. The fluorescence intensity of
Ob-mimic-Exo-treated group was increased by 28.1%,
compared with Ob-exosomes-treated group (Figure
8D). Our results showed that Ob-Exo-mimic actually
promoted insulin sensitivity and glucose uptake in
AML12 cells, compared with Ob-exosomes-treated
group. Hence, these results indicate that exosomes
and exosomal miR-141-3p may play important roles
in mediating insulin sensitivity and glucose uptake in
AML12 cells.

WT-exosome-mediated promoting effects on
insulin sensitivity and glucose uptake of AML12
cells are impaired by the knockdown of
miR-141-3p

To further demonstrate that exosomes may play
important roles in mediating insulin sensitivity and
glucose uptake in AMLI12 cells through exosomal
miR-141-3p, we knocked down miR-141-3p levels in
WT-exosomes by infection with miR-141-3p inhibitor,
and microRNA inhibitor negative control (Inhibitor
NC) was used as a control. QRT-PCR results showed
that miR-141-3p levels were reduced 6.9-fold in WT
exosomes infected with miR-141-3p Inhibitor
(WT-Exo-Inhibitor), compared with WT exosomes
infected with Inhibitor NC (Figure 9A). Then AML12
cells were treated with WT-Exo-Inhibitor, WT- or
Ob-exosomes and the expression of PTEN, insulin
sensitivity and glucose uptake in different
experimental groups were detected. The results
showed that the expression of PTEN was markedly
increased by 1.6-fold in the AML12 cells treated with
WT-Exo-Inhibitor, compared with AML12 cells
treated with WT-exosomes (Figure 9B). After insulin
stimulation, the levels of phosphorylation of AKT
decreased by 1.9-fold in the AML12 cells treated with
WT-Exo-Inhibitor, compared with AML12 cells
treated with WT-exosomes (Figure 9C) .The
spontaneous fluorescence intensity of AML12 cells
was 6.69+0.18, the fluorescence intensity of
WT-exosomes-, Ob-exosomes- and WT-inhibitor-Exo-
treated group were respectively 55.87+0.58, 40.37+1.20
and 49.03+2.86. The fluorescence intensity of
WT-inhibitor-Exo treated group was decreased by
12.2%, compared with WT exosomes treated group
(Figure 9D). The results showed compared to
WT-exosomes-treated group, miR-141-3p-knocked
down WT-exosomes actually impaired insulin
sensitivity and glucose uptake of AMLI12 cells. These
data further proved that exosomes and exosomal
miR-141-3p may play important roles in mediating
insulin sensitivity and glucose uptake.
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Figure 8. Ob-exosomes-mediated inhibitory effects on AMLI12 cells insulin sensitivity and glucose uptake are removed by overexpression of miR-141-3p.
(A) Ob-exosomes were infected with miR-141-3p mimic, and the miR-141-3p levels were measured with qRT-PCR. (B) AMLI2 cells were infected with WT-exosomes,
Ob-exosomes and Ob-Exo-mimic. The Ob-Exo-mimic treated group significant inhibited the expression of PTEN, but promoted phosphorylation of AKT (C) and glucose uptake
(D), compared to Ob exosomes treated group. *p<0.05, **p<0.01, ****p < 0.0001, Ob-Exo vs Ob-Exo-mimic; ns: not significant, WT-Exo vs Ob-Exo-mimic. n=3 independent

experiments. All values were expressed as means + SD.

Materials and Methods

Animals and AMLI12 cells

Some C57BL/6j (B6) male mice were fed high-fat
diets (HFD) and others were fed standard diets for 3
months. One-month male C57BL/6j (B6) mice and
male B6 ob/ob mice (B6.VLepob/]) were purchased
from BEIJING HFK BIOSCIENCE CO., LTD. All
animal experiments are based on the agreement
approved by Jinan University. The normal mouse
hepatocyte cell line AML12 were purchased from the
Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. AML12 were cultured in
Complete Growth Medium (DMEM/F12 with 0.005
mg/ml transferrin, 0.005 mg/ml insulin, 40 ng/ml
dexamethasone, 5 ng/ml selenium, and 10% fetal
bovine serum).

Isolation and characterization of exosomes

In order to separate the exosomes, visceral
adipose tissue of 4-month-old mice was washed by
PBS three times and cut into small pieces, the pieces
was less than 3mm, then transferred the pieces to
six-well plates containing 3ml/well DMEM/F12
(Gibco) supplemented with Penicillin-Streptomycin
(Gibco) and 10% fetal bovine serum with exosomes
depleted for 12 hours in a 37°C cell incubator. The
cultured supernatants were collected on ice, then
centrifuged at 500g for 10min to remove floating cells.
Collecting supernatants and centrifuged at 2000g for
10min to remove dead cells and then at 10000g for
40min to remove cell debris. Supernatants were
filtered through 0.22 pm membrane and concentrated
by using a protein concentrator with a 100-kDa cutoff
(Amicon). Finally, ExoQuick kit (System Biosciences)
was used to extract exosomes from the concentrated
supernatants.
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Figure 9. WT-exosomes mediated positive impact on AMLI12 cells insulin sensitivity and glucose uptake are impaired by knockdown of miR-141-3p. (A)
WT-exosomes were infected with miR-141-3p inhibitor, and the miR-141-3p levels were measured with qRT-PCR. **p < 0.001, WT-Exo-Inhibitor vs WT-exosomes. (B)
AMLI2 cells were infected with WT-exosomes, Ob-exosomes, and WT-Exo-inhibitor. The expression of PTEN in WT-Exo-Inhibitor treated group was significant increased
compared with WT-exosomes-treated group. *p<0.05, WT-Exo-Inhibitor vs WT-Exo; ns: not significant, WT-Exo-Inhibitor vs Ob-Exo. (C) The Phosphorylation of AKT was
reduced in WT-Exo-Inhibitor-treated group compared with WT-exosomes treated group. **p<0.01, WT-Exo-Inhibitor vs WT-Exo; *p<0.05, WT-Exo-Inhibitor vs Ob-Exo.
(D)The glucose uptake in WT-Exo-Inhibitor-treated group was reduced compared with WT-exosomes-treated group. n=3 independent experiments. All values were expressed

as means * SD.

Exosomes were evaluated through quality the
total protein by BCA assay (invitrogen). The size
distribution of exosomes was measured with
Nanosight instrument.

According to the approach of Tanaka et al (23),
electron microscopy was done. The exosomes were
dissolved in PBS buffer, and placed a drop of
suspension on a layer of parafilm, then floated a
carbon-coated copper grid on the drop for 10 seconds.
The grid was moved to a drop of phosphotungstic
acid for 5 seconds. Drying the grid for 5 minutes and
then examined by using a Transmission Electron
Microscopy (Philips) at 80 kiloelectron volts.

Western blot analysis

Exosomes and cells lysed with RIPA buffer
(Beyotime Biotechnology). Lysate was centrifuged at

14,000g for 30 min. Supernatant fraction was used for
western blot. 2ug/ml protein were subject to
SDS-PAGE. Antibodies: rabbit anti-CD9 (abcam,
1:1000 dilution), rabbit anti-CD63 (abcam, 1:1000
dilution), rabbit anti-CD81 (abcam, 1:1000 dilution),
rabbit anti-AKT (CST, 1:1000 dilution), rabbit
anti-P-AKT (CST, 1:1000 dilution), and rabbit
anti-PTEN (CST, 1:1000 dilution). Rabbit anti-GAPDH
(CST, 1:1000 dilution) used as an internal control.

Exosome labeling

Exosomes were labeled using the PKH26 Red
Fluorescent Cell Linker Kit (Sigma-Aldrich).
Exosomes were added to 75ul Diluent C. In parallel,
1ul PKH26 dye was added to 75ul Diluent C and
incubated with the exosome solution for 5 minutes. To
bind excess dye, 150ul 1% BSA was added. Exosome
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Spin Columns (Invitrogen) were used for fast removal
of unincorporated dye from labeled exosome
preparations. AML12 cells were cultured in media
containing PKH26 exosomes. Cells were fixed and
stained for nuclei (DAP], blue) and images were taken
under a confocal microscope (Zeiss LSM 700, Jena,
Germany).

Stimulation of cells with exosomes and insulin

AML12 cells were cultured into 6-well plates at
an initial density of 105 cells/well containing
2ml/well Complete Growth Medium. Once 60%
confluency was attained, the AMLI12 cells culture
medium was replaced with complete growth medium
without serum supplemented with exosomes, or PBS
buffer. The amount of exosomes used to stimulate
AMLI12 cells was 10ug/ml. After 48 hour incubation,
the cells were stimulated with insulin (100 nM) for 20
min at 37°C. The cell lysate (20 pg/lane) was used for
western blot analysis of AKT activation.

Glucose uptake assay

AML12 cells were cultured into 6-well plates at
an initial density of 10° cells/well containing
2ml/well Complete Growth Medium. Once 60%
confluency was attained, the AMLI12 cells culture
medium was replaced with Complete Growth
Medium without serum supplemented with
exosomes or PBS buffer. The amount of exosomes
used to stimulate AML12 cells was 10ug/ml. After 48
hour incubation, the cells were washed in
Krebs-Ringer phosphate (KRP) buffer (Leagene), and
incubated at 37 °C for 30 min in 2ml KRP with 100nM
insulin and 100ug/ml 2-NBDG. Then washing the
cells thrice with KRP. 2-NBDG has not been used in
blank control. Fluorescence intensity of each group of
10000 cells was detected by FACS calibur (BD
Biosciences).

MiRNAs sequencing data analysis

Total RNA was isolated from Ob-exosomes,
HFD exosomes and WT exosomes. The amount and
section distribution of the RNA was detected by
Agilent 2100 pic600. The amount of total RNA per
sample was 3ug as the input material for the small
RNA library. Library quality was assessed on the
Agilent Bioanalyzer 2100 system. The library were
sequenced using an Illumina Hiseq 2500/2000
platform. Differential expression analysis of two
samples was performed using the DEGseq (2010) R
package. P-value was adjusted using qvalue(24).
Qvalue <0.01 and |log2 (fold change)|>1 was set as
the threshold for significantly differential expression
by default. Using TargetScan and miRanda to predict
the target gene of miRNA. Gene Ontology (GO)
analysis was carried out to classify the target genes’

function using GOseq (25). Using KOBAS (26)
software to examine the candidate target genes’
statistical enrichment in KEGG pathways. We
constructed miRNAs-gene-networks to screen the
connection between the selected miRNAs and their
target genes using Cytoscape (27).

Verification of miRNA levels by quantitative
real-time PCR

According to the manufacturer’s protocol, total
RNA was extracted from exosomes, mice liver tissue
and exosome-treated AML12 cells as well as their
respective controls, using the RNAiso Plus (TaKaRa).
RNA concentration was determined by the
NanoDrop. The reverse-transcription was
implemented using the Mir-X miRNA First-Strand
Synthesis (TaKaRa). Quantitative real-time PCR
(qQRT-PCR) was performed using SYBR® Premix Ex
Taq™ 1II (TaKaRa) in the CFX96 Real-Time PCR
Detection System (Bio-Rad). Samples were run in
triplicate. MiRNA expression levels on AMLI12 cells
were using U6 as an internal control. Using the
Caenorhabditis elegans (C. elegans) miR-39 miRNA
mimic (RIBOBIO) as a spike-in control for miRNA
extracted from exosomes because U6 RNA may not be
stabilized within exosomes. 10 *pmol cel-miR-39 was
directly added in per pg exosomal RNA when total
RNA was extracted from exosomes and quantified by
Nanodrop. The cDNA synthesis reaction parameters
was at 37°C for 1 hour, then terminate 5 min at 85°C to
inactivate the enzymes. The Real time PCR condition
was 30 second at 95 °C, followed by 40 cycles of 95°C
for 5 second and 60 °C for 30 second. MiRNA relative
expression was calculated using the Bio-Rad CFX
Manager 3.0. The PCR forward primer for
mmu-miR-431-5p: TGTCTTGCAGGCCGTCATG,
mmu-miR-351-5p: ~ GAGGAGCCCTTTGAGCCTG,
mmu-miR-449a-5p: GGCAGTGTATTGTTAGCTGGT,
mmu-miR-3064-5p: TGGCTGTTGTGGTGTGCAAA,
mmu-miR-874-3p: CTGGCCCGAGGGACCGAA,
mmu-miR-15b-5p:  TAGCAGCACATCATGGTTTA
CA, mmu-miR-141-3p: TAACACTGTCTGGTAAAG
ATGG, mmu-miR-299a-5p: GGTTTACCGTCCCACA
TACAT, mmu-miR-151-5p: CGAGGAGCTCACAGT
CTAGT, mmu-miR-135b-5p: TATGGAGCTTTTCATT
CCTATGTGA, cel-miR-39-3p: CGGGTGTAAAT
CAGCTTGAAA. The stem-loop RT primer for these
miRNA was mRQ 3" Primer (TaKaRa). U6 reverse
primer: 5'-GTGCAGGGTCCGAGGT-3'; U6 forward
primer: 5'-CTCGCTTCGGCAGCACA-3'.

AML12 cells /Adipose tissue co-culture

Using a double-chamber co-culture system to
performed AMLI12 cells/Adipose tissue co-culture.
Cutting adipose tissue into small pieces which was
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cultured in the upper chamber with a 0.4 pm pore size
membrane (6-well insert, Corning), AML12 cells were
cultured in the lower chamber. After 48 h co-culture,
the lower chamber AML12 cells were collected to
measure miR-141-3p levels. The tissue was treated
with GW-4869 (10pM, Sigma-Aldrich) for 48 h to
block exosomes released from adipose tissue (22).

Luciferase assay

The single purification wild-type or mutant
3’-UTR seeding region sequence of PTEN was
transfected into pGL3 reporter (ITransgen Biotech).
Then the 50 nM miR-141-3p inhibitor or mimic were
co-transfected into AML12 cells by lipofectamine 3000
(Invitrogen). TransDetect Double-Luciferase Reporter
Assay Kit (Transgen Biotech) was used to detect
luciferase activity following transfection for 24 h.

Overexpression/inhibition of miR-141-3p in
AMLI12 cells

For overexpression or inhibition of miR-141-3p
in AMLI12 cells. Seeded cells to be 60% confluent at
transfection in 6-well, diluted 4ul Lipofectamine
RNAIMAX Reagent (Invitrogen) in 500ul Opti-MEM
Medium (Gibco) and diluted 4ul (80 pmol)
miR-141-3p mimic/miR-141-3p inhibitor (Gene
Pharma) in 500ul Opti-MEM Medium, microRNA
Negative Control/ microRNA inhibitor N.C (Gene
Pharma) was used as a control. Add diluted
miR-141-3p mimic/miR-141-3p inhibitor to diluted
Lipofectamine RNAiMAX Reagent (1:1 ration) and
incubated for 20 min. Then add the siRNA-lipid
complex to the cells. After incubated for 48h, cells
were collected for insulin sensitivity assay and
glucose uptake assay, as described above.

Overexpression/inhibition of miR-141-3p in
exosomes

Diluted 4ul Lipofectamine RNAiMAX Reagent
(invitrogen) in 500ul Opti-MEM Medium (Gibco) and
diluted 4ul (80 pmol) miR-141-3p mimic/miR-141-3p
inhibitor (Gene Pharma) in 500ul Opti-MEM Medium,
microRNA Negative Control/ microRNA inhibitor
N.C (Gene Pharma) was used as a control. Add
diluted miR-141-3p mimic/miR-141-3p inhibitor to
diluted Lipofectamine RNAiMAX Reagent (1:1 ration)
and incubated for 20 min. Then add the siRNA-lipid
complex to the Ob-exosomes/WT-exosomes. After
incubated for 6h at 37°C, ExoQuick kit (System
Biosciences) was used to extract exosomes. The
transfected exosomes were used for insulin sensitivity
assay and glucose uptake assay, as described above.

Statistical analysis

Quantitative results are presented as mean + SD
of at least 3 independent experiments. Statistical

analysis was performed wusing SPSS19.0 and
GraphPad Prism 6 software. When only two
parameters were evaluated, we used Student’s t test
for comparisons. Statistical differences among groups
were determined by multiple t tests. P values < 0.05
were considered significant.

Ethics statement

The animal experiments were performed after
getting approval from the Laboratory Animal Ethics
Committee of JiNan University. Animal welfare and
experimental procedures were carried out in
accordance with the Guide for the Care and Use of
Laboratory Animals (Ministry of Science and
Technology of China, 2006) and related ethical
regulations of JiNan University.

Discussion

In this study, we have observed that exosomes
released from adipose tissue of ob/ob mice can directly
interfere with insulin signal transduction in hepatic
cells. Furthermore, we have detected our exosomal
miRNAs through the Next Generation Sequencing.
Compared with WT-exosomes miRNA, Ob-exosomes
have 99 miRNAs were upregulated and 175 miRNAs
were downregulated, HFD-exosomes have 100
miRNAs were upregulated and 110 miRNAs were
downregulated. We used the GO terms and KEGG
enrichment to find potential functions to the miRNA
targets. The most significant biological function was
the “metabolic process” and there were 20 pathways
were significant enrichment including Insulin
signaling pathway. Ten of these miRNAs were
confirmed by qRT-PCR. The exposure of AML12 cells
to Ob exosomes resulted in a decreased fold change in
miR-141-3p and miR-351-5p, compared to WT
exosomes. Indeed, our data indicated that decreased
miR-141-3p inhibited the phosphorylation of AKT by
increasing negative regulation of PTEN expression.
Our findings may provide a novel molecular
mechanism of the obese-caused hepatic cells insulin
resistance.

The main pathophysiological abnormality of
type 2 diabetes is due to the insulin resistance in target
tissue and pancreatic p-cell dysfunction (28). B-cell
hyperplasia and hyperinsulinemia in response to
insulin resistance occur in the preclinical stage of the
disease (29). Relative insulin deficiency as a
consequence of failure of P-cells to compensate for
insulin resistance, progresses into overt type 2
diabetes (29). At present the etiology of type 2
diabetes is not clear, but it is related to some factors
such as obesity, an unreasonable diet, lack of exercise,
a family history of diabetes. Despite a number of
factors (i.e. tumor necrosis factor alpha (TNF-a),
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Figure 10. Proposed scheme for the absorption of exosomes released from obesity adipose tissue containing lower level of miR-141-3p than healthy
adipose tissue into hepatocytes can significantly inhibit the insulin sensitivity and glucose uptake.

interleukin-6 (IL-6), leptin and adiponectin and
others) that may be involved in insulin resistance, the
local microenvironment of each insulin sensitive
organ also plays a pivotal role in the insulin
sensitivity. Indeed, our data indicate that obesity ob/ob
mice’s adipose tissue secrete miR-141-3p deficiency
exosomes, which can be taken up by hepatocytes and
inhibit insulin function (Figure 10). Significantly, the
transport of miR-141-3p from adipose tissue to
hepatocytes relies on exosomes, indicating their
crucial role in cell to cell communication. MiR-141-3p
has been predicted to target insulin resistance related
gene Pten. The present study showed that miR-141-3p
delivered from adipose tissue exosomes possessed
important functions in hepatocytes, mainly, Pten
acting as miR-141-3p target gene was upregulated
when AML12 cells were treated with Ob-exosomes,
which resulted in the decrease of phosphorylation of
AKT and glucose uptake. Therefore, miR-141-3p
transferred from adipose tissue into hepatocytes
should be one of the important extracellular signaling
molecules that regulated insulin resistance and
function in liver.

Unlike insulin resistance effects of Ob-exosomes,
healthy adipose tissue-derived exosomes
(WT-exosomes) promote the phosphorylation of AKT
and glucose uptake. Thus, healthy adipose tissue
maybe can maintain normal liver insulin sensitivity
and function through transferring exosomal
miRNAs/proteins. Obesity conditions may cause

adipose tissue to dispense a specific set of
miRNAs/proteins into exosomes, which can
communicate with hepatocytes and result in insulin
resistance. Of course, the miRNAs and proteins in
exosomes may be dynamic and dependent on
physiological conditions of cells/tissue. Furthermore,
previous research has shown that the injection of
exosomes released from the adipose tissue of ob/ob
mice into wide-type mice led to the development of
glucose intolerance and insulin resistance, whereas
this didn’t happen in the injection of exosomes
released from the adipose tissue of wide-type mice (9).
Therefore, exosomal contents derived from adipose
tissue may serve as useful biomarkers for diagnosis of
human metabolism disease.

Given that adipose tissue in obese mice releases
“noxious” exosomes, altering the secretion of
exosomes from adipose should be a potential method
of treating diabetes. Hence, the ideal strategy for
improving insulin sensitivity in obese liver may use
bioengineering techniques to construct exosomes that
contain miRNAs or proteins that can improve insulin
sensitivity, which needs further investigation in
future studies.

In summary, our findings demonstrate a
mechanism underlying insulin resistance in obesity
that has never been discovered before. Exosomes
released from obesity adipose tissue inhibit
hepatocytes insulin sensitivity and glucose uptake
through the transfer of less miR-141-3p than normal
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into hepatocytes. Our research may provide a new
way of thinking about the treatment of obesity
causing insulin resistance.
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