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Abstract

Background: Itis generally accepted that obesity can lead to metabolic disorders such as NAFLD and insulin resist-
ance. However, the underlying mechanism has been poorly understood. Moreover, there is evidence to support the
possible role of exosomes in the metabolic homeostasis regulation. Accordingly, we aimed to determine the effect of
plasma circulating exosomes derived from obese and normal-weight women on insulin signaling and the secretion of
hepatokines in human liver cells.

Methods: Plasma exosomes isolated from four obese (O-Exo) women and four normal-weight (N-Exo) female candi-
dates were characterized for size, zeta potential, and CD63 protein expression and were used for stimulation of HepG2
cells. Then, cell viability, as well as levels of glycogen and triglyceride (TG), were evaluated. Levels of fetuin-A and
FGF21 were measured using the ELISA kit. Expression of glucose 6-phosphatase (Gépase) and phosphoenolpyruvate
carboxykinase (PEPCK) genes were determined using gRT-PCR. Western blot analysis was carried out to evaluating the
phosphorylation of GSK3p3.

Results: The TG levels increased significantly in the cells treated with O-Exo than the control (vehicle) group
(P=0.005) and normal-weight group (P=0.018). Levels of p-GSK3[3 and glycogen were significantly reduced by
O-Exo in comparison with control (P=0.002, P=0.018, respectively). The mRNA expression of Gépase and PEPCK
enzymes increased in the cells treated with O-Exo in comparison with the vehicle group (P=0.017, P=0.010, respec-
tively). The levels of FGF21 in the supernatant of cells treated with O-Exo and N-Exo were significantly lower than the
control group (P=0.007).

Conclusion: It appears that obesity-related circulating exosomes can impair insulin signaling pathways and associ-
ated components, increase intracellular TG content, and decrease FGF21 secretion in the hepatocytes.
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Background

Approximately 12% and 35% of the world’s population

are obese and overweight, respectively [1]. It is generally
*Cormespondence: paknejadma@tumsaci accepted that obesity can lead to nonalcoholic fatty liver
Department of Clinical Biochemistry, Faculty of Medicine, Tehran disease (NAFLD), insulin resistance and type 2 diabetes
University of Medical Sciences, Tehran, Iran mellitus (T2DM) [1, 2]. A well-studied hypothesis by
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which obesity leads to initiation and development of the
aforementioned conditions is that enlarged adipocytes
secret the array of molecules such as pro-inflammatory
adipocytokines may be detrimental to systemic insulin
sensitivity [3]. Besides, free fatty acids (FFA) secreted
from adipose tissue stimulate toll-like receptors (TLR)
and leading to insulin resistance in liver and muscle cells
[2, 4]. However, there is still a great deal of uncertainty in
this regard.

More recently, the role of extracellular vehicles (EVs) in
metabolic diseases has been received noticeable attention
because these nano-sized vesicles act as a system carry-
ing molecular and genetic information [5, 6]. In detail,
EVs are released by different cells into body fluids such as
plasma, cerebrospinal fluid, amniotic fluid, urine, aque-
ous humor and breast milk [7]. These spherical particles
are stable in plasma [8] and play a key role in cell—cell
communication as well as in biological functions and
pleiotropic cellular [9-11]. Based on cellular origin and
biogenesis, EVs are subdivided into exosomes, microvesi-
cles, and apoptotic bodies [6, 7]. Lately, exosomes have
garnered more attention as a key mediator of intercel-
lular communication [12]. Exosomes are derived from
the cell endosome and are in the range 50-200 nm [13].
Exosomes are consisting of lipids, proteins, genomic
DNA, RNA and microRNA (miRNA) [7, 10, 11]. It has
been established that there are some differences between
the contents of exosomes derived from obese and nor-
mal-weight individuals especially in miRNA profiles [2,
12, 14] as well as it has been reported that adipose tissue
acts as the main source of circulating exosomal miRNAs
[13]. Nowadays, investigators have a particular interest in
the EV research field. Indeed, the unique pattern of EVs
and their cargo associated with obesity points toward
possible role of EVs in the initiation and development of
obesity and its metabolic complications.

More importantly, the current data provide infor-
mation about the role of exosomes in the pathogen-
esis of NAFLD. Accordingly, the liver not only releases
exosomes but also respond to exosomes/microvesicles
secreted from other tissues. There is evidence that EVs
secreted from different cell types send “pro-inflam-
matory/pro-fibrotic” signals to the liver [15, 16]. For
instance, Koeck et al. observed that exosomes secreted
from the visceral adipose tissues of obese patients
cause impairment of the TGF-p pathway, which in
turn leads to hepatic fibrosis [17]. In other studies, it
was shown that circulating T cell-derived microvesicles
from the blood of hepatitis patients induces nuclear
factor kappa B up-regulation and fibrinolytic activa-
tion of hepatic stellate cells [18]. There are very few
studies that investigate extracellular vesicles (such as
exosomes) effects on insulin signaling [2, 19-21]. Deng

Page 2 of 11

et al. [21] reported for the first time that extracellular
vesicles delivered from mice adipose tissue induced
insulin resistance. Another study indicated that extra-
cellular vesicles derived from obese subjects impaired
insulin signaling in adipocytes [20]. Furthermore, it
has been shown that Akt phosphorylation levels were
reduced by extracellular vesicles derived from adipose
tissue in hepatocytes and myocytes [2].

Today, several lines of evidence suggest the role of EVs
in the metabolic homeostasis regulation, pathomecha-
nism of obesity and its associated metabolic complica-
tions [5, 6]. There are well-documented studies that lipid
accumulation, inflammation, and defective insulin sign-
aling have a central role in the pathogenesis of NAFLD
[22]. Although there is ample evidence on the close asso-
ciation between obesity and impaired insulin signaling,
to the best of our knowledge, no study has investigated
the effects of plasma circulating exosomes derived from
obese and normal-weight females on insulin signaling
pathways (such as glycogenesis and gluconeogenesis),
lipogenesis and the secretion of hepatokines in human
liver cells in vitro. Moreover, exact mechanisms linking
obesity to metabolic disorders such as NAFLD and insu-
lin resistance has been poorly understood. Therefore,
in an attempt to unravel the underlying mechanism in
which obesity could result in metabolic disorders such
as NAFLD and insulin resistance, we aimed to determine
the effect of circulating exosomes derived from obese
and normal-weight women on insulin signaling and the
secretion of hepatokines in human liver cells.

Methods

Study design and subjects

The current investigation was experimental in vitro
study. A total of eight subjects including four obese
women with body mass index (BMI) more than 30 kg/
m? and four normal-weight women with BMI between 20
and 24.9 kg/m? were recruited for the current study. All
subjects were selected among individuals who referred
to Vesal blood transfusion center, Tehran province, Teh-
ran, Iran during September 2018—December 2018 were
selected. Individuals with a disease such as malignancies,
coronary artery disease, osteoporosis, liver and renal
dysfunctions, type 1 and 2 diabetes mellitus, myocar-
dial infarction, systemic or local infections, autoimmune
diseases, chronic or acute inflammatory disease, severe
heart failure, and asthma as well as evidence of alcohol
abuse and cigarette smoking were excluded. None of the
subjects received medications such as anti-inflammatory
drugs, immunosuppressive drugs, insulin therapy, vita-
mins as well as even antioxidant and micronutrient sup-
plements during the previous 3 months.
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Sample and data collection

Initially, the characteristics of precipitants such as age,
blood type, blood pressure, weight, and height were care-
fully obtained from subjects and then, BMI was calcu-
lated. The blood samples were collected from subjects.
Different laboratory tests were applied to distinguish
infections such as human immunodeficiency virus (HIV),
hepatitis B, hepatitis C, and syphilis. After separating
plasma, the samples were transferred to the Department
of Clinical Biochemistry, Tehran University of Medical
Sciences. The samples were stored at — 80 °C until the
isolation of exosomes.

Isolation of plasma exosomes

Plasma exosomes were isolated by ultracentrifugation
as described previously [20]. Briefly, the plasma samples
were diluted 1:3 volumes in sterile phosphate-buffered
saline (PBS) and were centrifuged at 17,000 x g for 30 min
at 4 °C to remove cell debris. The supernatant was cen-
trifuged at 100,000xg¢ for 75 min at 4 °C using a Beck-
man L5-65 ultracentrifuge (Beckman Instruments, Palo
Alto, CA, USA). The pellet was resuspended in PBS,
filtered (0.22 pm) and then, centrifuged at 100,000xg
for 75 min at 4 °C. The pellet (containing exosomes)
was resuspended in PBS, aliquoted and kept at — 80 °C.
The concentration of exosomes (according to their pro-
tein concentration) was measured by the Bradford
method to co-incubation with HepG2 cells [23]. The
hydrodynamic size and zeta potential of exosomes were
determined using a Zetasizer Nano-ZS dynamic light
scattering (DLS) measurement system (Malvern Zeta-
sizer, ZEN3600, UK).

Electron microscopic imaging of exosomes

Morphology and size of exosomes were determined using
Transmission Electron Microscopy (TEM). Briefly, a drop
of isolated exosomes (20 uL) was placed on 300 mesh
carbon-coated TEM grid for 2 min, negatively stained
with 2% aqueous uranyl acetate for 1 min. Then, the grid
was examined on a Zeiss EM10C TEM operating at an
accelerating voltage of 100 kV [24].

Cell culture and stimulation with exosome and insulin

HepG2 cell lines were purchased from the Iranian Bio-
logical Resource Center (IBRC). The cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM),
supplemented with 1% penicillin—streptomycin solution,
10% fetal bovine serum (FBS) and then, incubated at
37 °C and 5% CO,. For treatments, the cells were washed
with PBS and the cells were serum-starved for 12 h.
Then, the cells were incubated inserum-free-DMEM sup-
plemented with 4 pg/mL plasma exosomes derived from
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obese and normal-weight women, or vehicle (PBS). After
24 h incubation, HepG2 cells were induced with insulin
(100 nM) for 15 min [2]. After washing again with PBS,
the cells were collected for future examinations. All
experiments were done on the same passage of cells and
repeated three times for removing technical variables.
The stimulation with insulin was only used for measur-
ing glycogen levels, the phosphorylation of Glycogen syn-
thase kinase 3 beta (GSK3p) and the mRNA expression of
glucose 6-phosphatase (G6pase) and phosphoenolpyru-
vate carboxykinase (PEPCK) genes.

Cell viability assay

The cytotoxicity of plasma exosomes against HepG2 cells
was evaluated using the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) method
(Sigma). Briefly, the cells were seeded in 96-well plates
and treated with the doses of 0.25-64 pg/mL the pooled
exosomes obtained from obese women (PO-Exo). After
24 h of incubation at 37 °C, the media were removed and
100 pL MTT solution (0.5 mg/mL in PBS) was added to
each well and incubated at 37 °C for 4 h. After removing
the MTT solution, 100 uL dimethyl sulfoxide (DMSO)
was added to each well and the plate was shaken in dark
for 10 min. Finally, the absorbance was determined at
570 nm using the microplate reader (BioTek, USA). After
the determination of the dose, the MTT assay was again
used to evaluating the effect of plasma exosomes derived
from normal-weight and obese females on cell viability.

Measurement of triglyceride and glycogen

Glycogen levels were determined using the Glycogen
Assay kit (Abcam Company, Cambridge, UK) following
the manufacturer’s instructions. To the measurement of
triglyceride (TG), the HepG2 cells were carefully washed
four times with PBS and then, RIPA buffer was added to
the cells on ice for 30 min. After ultrasonication, superna-
tant (50 pL) was applied for the measurement of protein
using BCA assay. Next, a mixture of methanol and chlo-
roform (1:2) were added to the rest of the supernatant on
ice for 30 min and samples were centrifuged at 12,000xg
for 5 min at 4 °C. After removing the upper solution, the
lower solution was dried at 60 °C. Finally, 20 uL. PBS was
added to samples and vortexed for about one min [25].
TG levels were measured by kit based on the manufac-
turer’s instructions (Pars Azmoon Co., Tehran, Iran).
The absorbance was measured at 570 and 546 nm for
glycogen and TG assays using the ELISA reader (BioTek,
USA), respectively.

Oil red O staining
For oil red O staining, 5 x 10° HepG2 cells were stained
by the Oil Red O method to determine cellular lipid
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droplet accumulation. At first, HepG2 cells were washed
several times with PBS and after fixation with 10% forma-
lin, cells were stained with Oil Red O solution for 30 min
at room temperature. Finally, the cells were washed four
times with PBS and observed under a light microscope
[26].

Measurement of hepatokines

The enzyme-linked immunosorbent assay (ELISA)
method was carried out to detect the protein levels of
hepatokines in the supernatant of HepG2 cells. The levels
of hepatokines [fibroblast growth factor 21 (FGF21) and
fetuin-A] were measured using the ELISA kit for FGF21
(R&D Systems, Inc., Minneapolis, MN), and for fetuin-A
(Abcam Company, Cambridge, UK) under the supplier’s
instructions. The absorbance was measured at 450 nm
using the ELISA reader (BioTek, USA), respectively.

RNA extraction and quantitative real-time PCR

For evaluation of gluconeogenesis, gene expression of
Gépase and PEPCK enzymes was determined using the
quantitative real-time PCR (qRT-PCR). At first, RNA
extraction was carried out using total RNA purification
kit (Qiagen, GmbH, Hilden, Germany) and cDNA syn-
thesis was performed using cDNA synthesis kit (TaKaRa
Bio, Tokyo, Japan). Additional file 1: Table S1 showed
the sequences of all used primers [27]. Gene expression
of Gépase, PEPCK, and p-actin was determined by the
qRT-PCR method using SYBR Green RealQ Plus Master
Mix Green (Ampliqon, Skovlunde, Denmark) on the Ste-
pOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, USA). The mRNA expression of G6pase and
PEPCK genes was normalized to B-actin expression. The
delta—delta CT method was used to calculate the relative
gene expression [28].

Western blot analysis

The isolation of exosomes was approved by western blot
analysis using the antibody of CD63 (Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA). Also, the phosphoryla-
tion of GSK3p at Ser-9 position was determined in the
cells treated with the doses of 2 and 4 pg/mL the pooled
exosomes obtained from normal-weight (PN-Exo)
females and PO-Exo as well as in the cells treated with
the dose of 4 pg/mL obese exosome (O-Exo) and normal-
weight exosome (N-Exo) using the western blot analy-
sis. Briefly, the cells were lysed by RIPA buffer (50 mM
Tris—HCl, 1% Triton X-100, pH 7.4, 0.2% SDS, 0.2%
sodium deoxycholate, 1 mM PMSF and 1 mM Na-EDTA)
containing protease inhibitor cocktail and then, the cell
lysate was fractionated using SDS-PAGE and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane.
Five percent non-fat dry milk was applied to blocking.
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Immunoblots were incubated with antibodies against
GAPDH, p-GSK3p, and GSK3p (Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA) for 18 h, followed by incu-
bation with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 60 min. The bound proteins
were observed by chemiluminescence using enhanced
electrochemiluminescence (ECL) reagents and subse-
quent autoradiography. Eventually, the protein bands
were quantitated using Image] software.

Statistical analysis

Descriptive statistics were applied to describe the par-
ticipants’ characteristics. Continuous variables were
evaluated for normality using the Shapiro—Wilk test. Not
normally distributed data were logarithmically trans-
formed. Normally distributed variables were considered
as mean *standard error of the mean (SEM) and dif-
ferences between three and two groups were examined
by one way ANOVA with Tukey HSD post hoc test and
Student t-test, respectively. Not normally distributed
variables were presented as the median and interquar-
tile range (IQR) and differences between three and two
groups were examined using the Kruskal-Wallis H and
the Mann—Whitney U tests, respectively. The correlation
between variables was measured by spearman correlation
tests. P-value <0.05 was considered significant. All analy-
ses were carried out using IBM SPSS AMOS 21.0 (SPSS,
Inc., Chicago, IL) and GraphPad Prism software, version
8 (GraphPad Software, La Jolla, CA).

Results

Participant characteristics

Normal-weight (n=4) and obese (n=4) women
were recruited in our research. The mean age was
34.75+£3.09 years (£ SD) for normal-weight subjects and
33.75+£3.20 years for obese subjects (P=0.669). In addi-
tion, the median BMI was 23.85 =+ 1.65 kg/m? (& IQR) for
normal-weight subjects and 34.30+1.70 kg/m? (£IQR)
for obese subjects (P=0.021). Participant characteristics
are shown in Additional file 1: Table S2.

Characterization of plasma exosomes

Figure 1 shows the characterization of plasma exosomes.
The isolated exosomes were characterized for size,
zeta potential, and CD63 protein expression. The mean
hydrodynamic size of plasma exosomes was 161.1 nm
(Fig. la) and the zeta potential of exosomes was
— 4.01 mV at 25 °C. In addition, morphology and size of
isolated exosomes were confirmed using TEM (Fig. 1b).
As indicated in Fig. 1c, western blot results confirmed the
expression of common exosomal protein marker CD63 in
the sample.
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Fig. 1 Characterization of plasma exosomes. The isolated exosomes
were characterized for size, zeta potential and CD63 protein
expression. a The mean hydrodynamic size of the isolated exosoms.
b Morphology and size of isolated exosomes using TEM (scale bar,
100 nm). ¢ Western blot results that confirmed the expression of
common exosomal protein marker CD63
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The determination of the dose

The different values of exosome were used for the
determination of the dose using the MTT colorimetric
test as well as the western blot method (Fig. 2). Based
on Fig. 2a, the different doses of 0.25-64 pug/mL were
applied in the MTT assay that the doses of 0.25-4 pg/
mL were the optimal concentration for the next experi-
ments. Then, the phosphorylation of GSK3p at Ser-9
position was determined in the cells treated with the
doses of 2 and 4 pug/mL PN-Exo and PO-Exo using the
western blot method (Fig. 2b) that based on p-GSK3p/
GSK3p ratio, the dose of 4 ug/mL were detected as
the optimal dose for the future treatments (P=0.014,
Fig. 2¢).

Effect of exosomes on cell viability and lipid contents

The human liver cells were treated with PBS (control
group), O-Exo and N-Exo. MTT colorimetric test was
carried out to measure cell viability. As indicated in
Fig. 3a, we found no significant differences between the
three studied groups (P=0.385). The TG levels in HepG2
cells treated with O-Exo increased significantly than the
control (P=0.005) and normal-weight (P =0.018) groups
(Fig. 3b). Moreover, the results of the Oil red O staining
of the control group and pooled exosomes obtained from
normal-weight women or obese women indicated that
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the lipid contents elevated in the obese group in compar-
ison with other groups (Fig. 3c).

Effect of exosomes on hepatic glycogenesis

After stimulation with exosome and insulin, phospho-
rylation of GSK3p at Ser-9 position was determined. We
found significant differences between the three groups
(P=0.001). As indicated in Fig. 4a, b, p-GSK3p levels
were significantly reduced by O-Exo in HepG2 cells in
comparison with control (P=0.002) and N-Exo groups
(P=0.002) but no significant difference was observed
between control and normal-weight groups (P=0.516).
In line with this finding, we found a significant decrease
in glycogen levels (P =0.006) in cells treated with O-Exo
than the control group (P=0.018, Fig. 4c). As mentioned
in Table 1, a strong positive correlation was detected
between glycogen levels and p-GSK3B/GSK3p ratio (r
0.657, P=0.020). Furthermore, p-GSK3B/GSK3p ratio
and glycogen levels were negatively correlated with the
levels of TG (r — 0.741, P=0.006; r — 0.587, P=0.045,
respectively).

Effect of exosomes on hepatic gluconeogenesis

We observed a significant up-regulation of Gé6pase
and PEPCK enzymes among three groups (P=0.016,
P=0.009, respectively). As demonstrated in Fig. 5a,
the mRNA expression of G6Pase enzyme increased
more than fivefold for HepG2 cells treated with O-Exo
in comparison with control (P=0.017), while, no sig-
nificant difference was found between control and nor-
mal-weight group (P=0.261). Regarding the mRNA
expression of PEPCK enzyme, a significant difference
was found between obese and control groups (P =0.010)
as well as between the cells treated with O-Exo and
N-Exo (P=0.049, Fig. 5b). According to the Table 1, a
strong positive relation was the mRNA expression of
G6Pase and PECPK enzymes (r 0.937, P<0.001) that
was also negatively correlated with p-GSK3[3/GSK3p
ratio (r — 0.804, P=0.002, r — 0.783, P =0.003, respec-
tively). Furthermore, positive correlations were observed
between the gene expression of gluconeogenesis enzymes
and the TG levels (r 0.650, P=0.022 for G6Pase, r 0.706,
P =0.010 for PEPCK).

Effect of exosomes on hepatokines

As demonstrated in Fig. 6a, no significant difference was
found between three groups for fetuin-A (P=0.390).
Notably, the levels of FGF21 in HepG2 cells treated with
O-Exo and N-Exo were significantly lower than the con-
trol group (P=0.007), however, no significant differences
were observed between normal-weight and obese groups
(P=0.835, Fig. 6b). Based on Table 1, the levels of FGF21
were positively related to fetuin-A (r 0.588, P=0.035).
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Moreover, negative correlations were identified between
FGF21 protein levels and the gene expression of gluco-
neogenesis enzymes (r — 0.587, P=0.045 for PEPCK, r
— 0.636, P=0.026 for G6Pase).

Discussion

More recently, the importance of circulating exosomes
as the possible communication mode among various tis-
sues in the initiation and development of obesity-related
metabolic disorders is starting to emerge from several
studies [5, 6]. However, the underlying mechanism by
which circulating exosomes connect obesity to metabolic
diseases is still not fully understood. More importantly,
we aimed to have a look at the effect of exosomes from
obese and non-obese women to disclose the role of obe-
sity in regulating insulin signaling and the secretion of
hepatokines. To the best of our knowledge, this is the first
study investigating the possible effect of plasma circulat-
ing exosomes from obese subjects on some components
of insulin signaling pathways (such as glycogenesis and

gluconeogenesis), the content of intracellular TG and the
secretion of hapatokines in HepG2 cells.

In the current study for the first time, we have shown
that the circulating exosomes derived from obese
women can result in insulin signaling inhibition which
in turn leads to hepatic insulin resistance. In detail, we
found that exosomes from obese subjects significantly
reduced both p-GSK3pB/GSK3p ratio and glycogen levels
in HepG2 cells in comparison with control. However, a
noticeable increase in mRNA expression of G6pase and
PEPCK enzymes was seen in the cells treated with O-Exo
in comparison with untreated cells. These findings cor-
roborate previous studies reporting the possible role of
EVs (such as exosomes) effects on insulin signaling [2,
19-21]. For instance, EVs released from human adipose
tissues dysregulated insulin signaling in hepatocytes
which were shown by inhibiting insulin-induced Akt
phosphorylation [2].

In line with our study, Deng et al. reported that
EVs released from mice adipose tissue induced insu-
lin resistance [21]. In another study, Mleczko et al.
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evaluated the effects of plasma EVs derived from obese
and lean individuals on insulin responsiveness and glu-
cose transport in cultured adipocytes. They showed
that EVs derived from obese subjects reduced insulin-
induced 2-deoxyglucose uptake in adipocytes. Also,
they demonstrated that EVs obtained from hypoxic adi-
pocytes reduced phosphorylation of AKT and impaired
2-deoxyglucose uptake [20]. Furthermore, Kranen-
donk et al. isolated EVs from human subcutaneous and
omental adipose tissue and evaluated the effect of the
EVs on insulin signaling in myocytes and hepatocytes.
They showed that Akt phosphorylation levels were
reduced by EVs derived from the majority of patients
in hepatocytes. However, they observed the conflict-
ing findings for the mRNA expression of G6pase and
PEPCK enzymes in HepG2 cells and Akt phosphoryla-
tion levels in C2C12 cells. Since the EVs were obtained
from patients with the different types of disease as well
as the wide range of BMI levels; these conflicting results
are justifiable [2]. While, in the present study, subjects
without diseases were selected and subdivided into two
groups (women with a BMI of more than 30 kg/m? and
women with BMI between 20 and 24.9 kg/m?). Then,

the circulating exosomes were isolated from them.
Accordingly, we found a noticeable increase in mRNA
expression of G6pase and PEPCK enzymes in the cells
treated with O-Exo in comparison with untreated cells.
Several studies have been reported that lipidosis in
the myocytes [29, 30] and hepatocytes [31] is closely
associated with the inhibition of insulin signaling.
More importantly, we found that the triglyceride levels
in the cells treated with O-Exo increased significantly
in comparison with untreated cells and normal-weight
groups. The excessive accumulation of triglycerides in
hepatocytes in the form of intracellular lipid droplets is
the hallmark of NAFLD. In line with our findings, Wang
et al. reported that exosomes released by ductal epi-
thelial cells and murine pancreatic cancer result in an
increase of TG levels in murine skeletal muscle cells in
a dose-dependent manner. They also indicated that the
exosomes could inhibit glucose intake as well as insulin
and PI3K/Akt signaling [19]. In another study, Koeck
et al. investigated the effect of exosomes obtained from
visceral adipose tissue from obese and lean patients
on HepG2 cells. They showed that the exosomes could
contribute to obesity-related liver disease possibly
through dysregulation TGF-b pathway members [17].
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According to our results and afore-mentioned evidence,
it is tempting to speculate that the circulating exosomes
obtained from obese subjects could interfere with hepatic
insulin signaling pathways and contribute to hepatic insu-
lin resistance and possibly consequent NAFLD.

Although the exact mechanisms by which plasma cir-
culating exosomes from obese subjects could impair
insulin signaling pathways and associated components
cannot be ascertained based on our findings, several pos-
sibilities could be considered.

First, Kranendonk et al. [2] expressed that lower Akt
phosphorylation in hepatocytes was related to mono-
cyte chemoattractant protein-1 (MCP-1), IL-6, and mac-
rophage migration inhibitory factor (MIF) concentrations
in EVs that these factors might play a key role in obesity-
induced insulin resistance [32]. Besides adipokines, EVs
related FFAs might interfere with hepatocytes and lead
to hepatic insulin resistance. FFAs are significant media-
tors in obesity-associated insulin resistance by elevat-
ing intracellular ceramides and diacylglycerol (DAG) [33,
34]. Moreover, it was shown exosomal microRNAs prob-
ably play important roles in insulin resistance. A variety
of microRNAs are related to diabetic status and/or insulin
resistance, such as miR-146a, miRs-375, 230d, 2130b-3p,
2374a-5p, 2423-5p, miRs-128, miR-103, and miR-223 [14].

The main aspect to consider is that our findings showed
for the first time that circulating exosomes can decrease
FGF21 secretion in the hepatocytes. FGF21, a member of
the fibroblast growth factor family, is a well-known hepa-
tokine involved in a variety of metabolic functions. There
is evidence that this hepatokine can alleviate hepatic
steatosis and insulin resistance. Specifically, FGF21 can
inhibit lipid accumulation, enhance insulin sensitiv-
ity and lower body weight. It has been established that
this hepatokine acts as a potential drug target for treat-
ing T2DM and even obesity [35, 36]. Alisi et al. [37] in
2013 showed that serum FGF21 was inversely related to
hepatic damage in subjects with NAFLD. Studies have
shown that FGF21-knockdown mice have remarkably
exacerbated the accumulation of hepatic TG [38, 39] and
overexpression of this hepatokine prevented the lipid
accumulation [40]. On the other hand, Matikainen et al.
[41] reported that FGF21 levels were negatively and posi-
tively correlated to postprandial TG and liver fat, respec-
tively. Besides, in nonalcoholic steatohepatitis (NASH),
serum FGF21 levels but not hepatic mRNA expression
was increased [42]. However, it should be noted that eval-
uation of transcript levels of FGF21 in a dose- and time-
manner dependent could explain how exosomes regulate
different levels of gene expression. Hence, it is tempting
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Table 1 The spearman correlation analysis between all variables
Variables p-GSK3B/GSK3pB Glycogen TG PEPCK G6pase Fetuin A FGF21
p-GSK3[3/GSK33
r 1.000
P-value
Glycogen
r 0.657 1.000
P-value 0.020
TG
r —0.741 —0.587 1.000
P-value 0.006 0.045
PEPCK
r —0.783 — 0427 0.706 1.000
P-value 0.003 0.167 0.010
Gbpase
r — 0804 — 0552 0.650 0.937 1.000
P-value 0.002 0.063 0.022 0.000
Fetuin A
r 0.490 0462 — 0469 — 0434 — 0427 1.000
P-value 0.106 0.112 0.124 0.159 0.167
FGF21
r 0.545 0.462 —0413 —0.587 —0.636 0.588 1.000
P-value 0.067 0.112 0.183 0.045 0.026 0.035

Gly glycogen, TG triglyceride, PEPCK phosphoenolpyruvate carboxykinase, G6Pase glucose 6-phosphatase, FGF21 fibroblast growth factor 21, p-GSK3
phosphorylated-glycogen synthase kinase 3 beta
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Fig. 5 The effect of exosomes derived from normal-weight and obese women on a mRNA expression of G6Pase and b mRNA expression of PEPCK
enzyme. The data related to PEPCK and G6Pase are presented as mean & SEM and median £ IQR, respectively

to speculate that the reduction in secreted FGF21 in cul-
ture media from HepG2 cells may result indirectly from
increased TG content in the cells. However, further
assays are warranted to confirm this concept.

Putting these studies together, it seems that the cur-
rent study adds new insight into the effect of obesity and

related abnormalities on regulating insulin signaling and
hepatokine secretion in liver cells. However, more com-
plementary studies are needed to unravel the role of
exosomes in the context of obesity in humans.

Although the current study along with others could
partly open a new avenue toward the role of exosomes
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Fig. 6 The effect of exosomes derived from normal-weight and obese women on a fetuin-A and b FGF21. The data are presented as mean & SEM

in the pathogenesis of metabolic disorders, the follow-
ing limitation merits consideration. First, we did not
investigate the content of exosomes (such as exosomal
miRNAs/lipid/protein) and/or the effect of circulating
exosome on other genes and proteins involved in insulin
signaling pathways. Second, we did not confirm the effect
of circulating exosomes derived from normal-weight and
obese men on insulin signaling pathways in the HepG2
cell line. Moreover, further studies are required to deter-
mine the effects of obesity-related circulating exosomes
on insulin signaling pathways in other cells such as pri-
mary hepatocytes, skeletal muscle cells, adipocytes, and
immune cells.

Conclusion

To the best of our knowledge, for the first time, we dem-
onstrated that obesity-related circulating exosomes can
impair insulin signaling pathways and associated com-
ponents, as well as increase intracellular TG content, and
decrease the secretion of FGF21 in the hepatocytes. Our
study along with the previous data strengthens this con-
cept that the plasma circulating exosomes derived from
obese subjects play a possible role in obesity-related met-
abolic complications especially NAFLD possibly through
inducing insulin resistance. However, more complemen-
tary studies are needed to unravel the role of exosomes in
the context of obesity in humans.
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