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Diabetic sera disrupted the normal exosome signaling pathway
in human mesenchymal stem cells in vitro
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Abstract
Human mesenchymal stem cells were exposed to diabetic sera for 7 days. Cell viability and apoptosis rate were detected byMTT
and flow cytometry assays. The expression of key genes such as CD63, Alix, Rab27a, Rab27b, and Rab8b was monitored by
real-time PCR. We also measured acetylcholinesterase activity and size and zeta potential of exosomes in the supernatant form
diabetic cells and control. The cellular distribution of CD63 was shown by immunofluorescence imaging and western blotting.
Any changes in the ultrastructure of cells were visualized by electron microscopy. Data showed a slight decrease in survival rate
and an increased apoptosis in diabetic cells as compared to control (p < 0.05). By exposing cells to diabetic sera, a significant
increase in the level of all genes CD63, Alix, Rab27a, Rab27b, and Rab8b was observed (p < 0.05). Flow cytometry analysis and
immunofluorescence imaging confirmed increasing CD63 protein content upon treatment with diabetic sera (p < 0.05).We found
an enhanced acetylcholinesterase activity in a diabetic condition which coincided with the increasing size of exosomes and
decrease in zeta potential (p < 0.05). The fatty acid profile was not significantly affected by diabetic sera. Ultrastructural
examination detected more accumulated cytoplasmic lipid vacuoles in diabetic cells.
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Introduction

Exosomes, nano-sized cell-derived membrane vesicles, are
secreted by many cell types (Rezaie et al. 2017). It was recent-
ly demonstrated that exosomes represent an additional mech-
anism of cell-to-cell communication by transfer of bio-mole-
cules. These vesicles are easily distributed through various
fluids inside the body (Record et al. 2011; Rezaie et al.

2017). Exosomes potentially participate in physiological and
pathological conditions. For instance, normal cell-derived
exosomes cause positive effects on tissues while exosomes
originated from tumor cells could generate health deleterious
effects (Record et al. 2011; Zeelenberg et al. 2008).
Accumulating evidence suggests that these small vesicles,
ranging from 30 to 100 nm, are released via exocytosis from
multivesicular bodies (MVBs) of the late endosome (Rezaie et
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al. 2017). In most cell types, exosomes correspond to secreted
intraluminal vesicles (ILVs) of MVBs. ILVs are formed by
inward budding of the limiting membrane of MVEs into the
lumen of MVB/late endosomes (Record et al. 2011). Since
MVBs fuse with the plasma membrane, ILVs are released as
exosomes into the extracellular matrix. At this moment, the
released exosomes could bind to cells in proximity or to the
extracellular matrix, or traffic through bio-fluids (Record et al.
2011; Rezaie et al. 2017). Various molecules participate in
exosome biogenesis, cargo loading, intracellular trafficking,
and fusion with the plasma membrane (PM). The tetraspanin
CD63 and Alix (ESCRT accessory protein) are highly
enriched in exosomes and considered to be important in
exosome biogenesis pathway and subsequent sorting cargo
(Stoorvogel 2015; Urbanelli et al. 2013; Van Niel et al.
2011). Most subcellular transport pathways are controlled by
conserved families of the Rab proteins of small GTPase. Due
to their restricted distribution to intracellular-specific vesicles/
organelles, they regulate specific membrane trafficking
(Hutagalung and Novick 2011). In this context, the key role
of Rab27a, Rab27b, and Rab8b proteins in controlling MVB
translocation and abscission and fusion to target membranes
such as PM have been recently proven (Choi et al. 2007;
Ostrowski et al. 2010; Robbins and Morelli 2014).

Human bone marrow mesenchymal stem cells (hMSCs)
with self-renewal activity, trans-differentiation into different
lineages, and paracrine activity contribute to the reconstitution
of injured tissues by augmentation of angiogenesis. Though
multiple mechanisms are engaged by hMSCs, exosomes play
an important role in paracrine activity (Rahbarghazi et al.
2014). Increasing data suggested that hMSCs were recruited
to the site of neovascularization in response to cytokine gra-
dients and promoted tissue regeneration through releasing
both growth factors and transferring biomaterial by exosomes
(Ardestani et al. 2014; Phinney and Pittenger 2017). Recent
studies confirmed the implication of MSC-derived exosomes
in promoting angiogenesis (Ardestani et al. 2014).

Diabetes type 2 (DM2) is a chronic metabolic disease and
causes a high rate of mortalities globally. It was reported that
in patients with DM2, deficient and abnormal angiogenesis is
most common (Cade 2008). Previous studies described ad-
verse effects of DM2 on stem cell function (Rezaie et al.
2018; Yan et al. 2012). Our previous study showed that
DM2 inhibited the angiogenic ability of hMSCs through the
downregulation of pro-angiogenic factors, contributing to im-
paired differentiation capacity and inhibited paracrine
secretion.

To our knowledge, there are few reports related to the effect
of diabetic condition on exosome biogenesis in hMSCs and
the underlying mechanisms must be addressed. In the present
work, we are curious about the evaluated dynamic of exosome
signaling pathway in hMSCs following exposure to DM2 sera
over a period of 7 days. It seems that the results of the present

experiment may help to collect a detailed knowledge about
intracellular mechanisms controlling exosome biogenesis in
diabetic cells, providing a guideline for future studies of
exosome-based therapeutics.

Material and methods

Serum collection

Sera were collected from middle-aged healthy and newly di-
agnosed type 2 diabetic patients and subjected to biochemical
analysis (Table 1). In samples, fasting glucose levels more
than 120 mg/dl was considered as the diabetic patient. All
volunteers were asked to fill out an informed consent. All
procedures performed through the current experiment, involv-
ing human participants, were in accordance with the local
ethics committee of Tabriz University of Medical Sciences
(ethical code no. TBZMED.REC.1394.928) and ethical prin-
ciples of Declaration of Helsinki.

Cell culture protocol

Human bone marrow MSC (hMSC) line was purchased from
Royan Institute (Iran). hMSCs were plated at an initial density
of 2 × 105 cells/cm2 in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM/LG, Gibco) with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin
(Biosera). Culture flasks were placed into a humidified incu-
bator at 37 °C with 5% CO2. To passage the hMSCs, 0.25%
trypsin-EDTA solution (Gibco) was used. hMSCs between
passages 3 and 6 were subjected to different analyses.

Table 1 Patient characteristics of diabetic and non-diabetic serum
donors

Non-diabetic sera Diabetic sera

Age (year) 55.5 ± 8.3 58 ± 5.1

BMI (kg/m2) 24.78 ± 1.24 29.44 ± 1.67

FBSa (mg/dl) 101.13 ± 5.74 170.1 ± 6.21

BSb (mg/ml) 121.48 ± 9.13 284.32 ± 89.75

Hb A1C (%) 5.82 ± 0.67 7.53 ± 0.61

HDL (mg/dl) 52.5 ± 4.42 42.36 ± 6.22

LDL (mg/dl) 105.4 ± 39.67 174.7 ± 43.62

Triglyceride (mg/dl) 118.4 ± 38.19 167 ± 55.43

Cholesterol (mg/dl) 179 ± 42.34 187.6 ± 37.46

Creatinine (mg/dl) 1.21 ± 0.17 0.98 ± 0.14

The values were expressed as mean ± SD. a The fasting blood sugar index
is dedicated to blood glucose level at non-fed state. b The blood sugar is
related to the level of glucose at fed state (n = 6)
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Treatment protocol

For in vitro assays, hMSCs were classified into two groups as
follows: control: cells received sera from healthy subjects and
diabetic groups treated with diabetic sera. After reaching 70–
80% confluency, hMSCs were exposed to DMEM/LG con-
taining 10% normal and diabetic sera over a period of 7 days.
The exhausted medium was replenished every 3–4 days.

MTT assay

To measure hMSC viability after exposure to diabetic sera, we
used MTT assay. An initial cell density of 1 × 104 was seeded
on each well of 96-well plate (SPL) and incubated media
supplemented with 10% normal and diabetic sera for 7 days.
After the incubation period, the supernatant was discarded and
replaced with 100 μl of MTT solution (dilution 5 μg/ml).
Following 4-h incubation at 37 °C, 50 μl of dimethyl sulfox-
ide was overlaid and gently agitated for 15 min. The absor-
bance of each sample was measured at 570 nm (BioTek) and
cytotoxicity expressed as percentage of the control hMSCs.

Detecting apoptosis by flow cytometry analysis

Seven days after incubation with diabetic sera, the rate of
apoptotic hMSCs was detected by flow cytometry assay. In
brief, hMSCs were washed twice with phosphate-buffered
saline (PBS) and exposed to binding buffer (ref no. 00-0055-
56, eBioscience) at RT for 10 min. Next, cells were incubated
with the FITC-conjugated mouse anti-human Annexin-V an-
tibody (ref no. 11-8005-74, eBioscience) at 4 °C for 40 min.
For background exclusion, we used an appropriate isotype
control. Flow cytometry analysis was performed by BD
FACSCalibur system and FlowJo software (version 7.6.1.).

Quantitative real-time PCR analysis

Total RNA was extracted from normal and diabetic hMSCs
using GeneMATRIX universal RNA purification kit (EURx,
Poland). RNA integrity and purity were calculated by
Picodrop spectrophotometer system (model PICOPET01,
UK).We performed the reverse transcription reaction by using

cDNA synthesis kit (cat no. k-2046, Bioneer). In the current
experiment, the expression of Alix, CD63, Rab27a, Rab27b,
and Rab8bwas quantified by using SYBRGreen PCRMaster
Mix (cat no. YT2551, Iran) and Rotor-Gene 3000 real-time
system (Corbett Robotics). All gene expression was normal-
ized to GAPDH. Primers used for real-time PCR analysis
were listed in Table 2.

Exosome secretion quantification
by acetylcholinesterase assay

Exosome secretion was measured in condition media (CM) by
monitoring ACE activity. After treatment with normal and
diabetic sera for a period of 7 days, hMSCs were gently
washed with PBS three times and incubated with serum-free
medium for the next 48 h. CMswere collected and centrifuged
at 15,000g for 20 min at 4 °C. CM was added to a buffer
solution (75 mM pyrophosphate and 2 mM potassium
hexacyanoferrate) and maintained for 5 min at RT (cat no.
BXC0801; Biorexfars) . Af ter the addi t ion of s -
butyrylthiocholine iodide, absorbance was read at 405 nm at
three different intervals. Choline esterase activity was calcu-
lated by following the formula: Activity (U/l) = ΔAbs/ min ×
65,800.

Western blotting

hMSC lysates were extracted from control and diabetic groups
by using ice-cold cell lysis buffer solution containing NaCl,
Nonidet, NP-40, Tris–HCl, and cocktail enzyme inhibitors.
An equal amount of protein samples were resolved on 10%
SDS polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membrane. Primary antibody
against human CD63 (cat no. ab118307, Abcam) was used
at a dilution of 1:1000 overnight at 4 °C. Immunoreactive
bands were visualized by goat-anti-rabbit IgG antibody con-
jugated to HRP (Cell Signaling) and ECL plus solution
(Roche). Densitometry analysis was performed with ImageJ
software ver.1.44p (NIH). β-Actin (Cell Signaling) was used
as a housekeeping protein.

Table 2 Primer list
Target gene Forward Reverse

CD63 5′-TCCTGAGTCAGACCATAATCC-3′ 5′-GATGGCAAACGTGATCATAAG-3′

Alix 5′-CTGGAAGGATGCTTTCGATAAAGG-3′ 5′-AGGCTGCACAATTGAACAACAC-3′

Rab27 a 5′-AGAGGAGGAAGCCATAGCAC-3′ 5′-CATGACCATTTGATCGCACCAC-3′

Rab27 b 5′-GGAACTGGCTGACAAATATGG-3′ 5′-CAGTATCAGGGATTTGTGTCTT-3

Rab8b 5′-AAGATTCCGAACAATCACGAC-3′ 5′-ACCCAGGATCATTCTTTCGAC-3′

GAPDH 5′-CAAGTTCAACGGCACAGTCAAG-3′ 5′-ATACTCAGCACCAGCATCACC-3′
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Immunofluorescence imaging

The intracellular distribution of exosomes in diabetic hMSCs
was investigated by immunofluorescence (IF) assay.
Expression of CD63 has been conceived as a reliable factor
to monitor the dynamic of exosomes inside the cell. In short,
5 × 104 hMSCs were plated on each well of 8-well tissue
culture chamber (SPL) and treated as above-mentioned. For
fixation, hMSCs were incubated with pre-chilled 4% parafor-
maldehyde (PFA) solution, permeabilized with 0.1% Triton
100-X (Sigma) solution, and blocked with 1% bovine serum
albumin (BSA, Sigma) for 30 min. Thereafter, cells were in-
cubated with the primary anti-human CD63 antibody (cat no.
ab118307, Abcam) overnight at 4 °C. After washing twice
with PBS, hMSCswere incubated with FITC-conjugated don-
key anti-rabbit IgG (BioLegend) for 30 min at 37 °C in the
dark. For nuclear counterstaining, 1 μg/ml DAPI solution
(Sigma) was used. Cells were imaged using a fluorescent mi-
croscope (model BX51, Olympus) and processed with
cellSens imaging software.

Flow cytometric detection of surface and cytoplasmic
CD63

Cell membrane (surface) and cytoplasmic levels of CD63
were measured by flow cytometry. Different staining proto-
cols were used as follows: protocol I: hMSCs were fixed with
4% PFA solution and permeabilized with 0.1% Triton X-100
solution, and protocol II, hMSCs were only fixed with 4%
PFA solution. Cells prepared by two protocols were subjected
to incubation with the anti-human CD63-PE antibody (cat no.
12-0639-42, eBioscience). Flow cytometry analysis was per-
formed by BD FACSCalibur system and FlowJo software
version 7.6.1. Finally, data were expressed as the ratio of the
surface to the cytoplasmic CD63 in control and diabetic
hMSCs.

Exosome purification

To isolate exosome, after 7-day incubation with different sera,
cells were cultivated with 2% exosome-depleted FBS (cat no.
A25904DG, Invitrogen) over a period of 48 h. Exosomes
were collected from 10 ml of hMSC-CMs according to the
total exosome isolation kit instructions (publication no.
MAN0006949, Invitrogen). In brief, The CMs were collected
on ice and centrifuged at 2000×g for 30 min to eliminate the
cells and debris. Thereafter, the supernatant was collected and
mixed with 0.5 volumes of the kit reagent and kept overnight
at 4 °C. The next day, samples were centrifuged at 10,000×g
for 1 h at 4 °C. The supernatant was discarded and the
exosome pellet was suspended in 50 μl of PBS and subjected
to analysis.

Characterizing of exosomes

To confirm exosome isolation, we used flow cytometry and
scanning electron microscopy (SEM). For flow cytometry
monitoring, 50 μl of isolated exosome fraction was incubated
with the primary anti-CD63 antibody (cat no. ab118307,
Abcam) for 2 h at 4 °C. Then, exosomes were incubated with
the anti-human CD63-PE secondary antibody (cat no. 12-
0639-42, eBioscience) for 1 h at 37 °C and to BD
FACSCalibur system. Data were analyzed using FlowJo soft-
ware version 7.6.1. For SEM imaging, 25 μl of exosome frac-
tion was fixed directly in 2.5% phosphate-buffered glutaral-
dehyde for 1 h and loaded on grids and frozen-dried. Grids
were then coated with Au and photos were obtained at 30 kV
by SEM system (MIRA3 FEG-SEM, Tescan). To further con-
firm, isolated exosomes were monitored by SEM.

Determining the exosome size and zeta potential

To investigate the possible effect of diabetic sera on the
exosome size and zeta potential (ZP), we used dynamic light
scattering (DLS) technique. Briefly, 25μl of exosome fraction
was suspended in a final volume of 1 ml PBS and subjected to
Zetasizer Nano Z system (Nano ZS ZEN 3600, Malvern).
Three replicates were measured from each sample.

Transmission electron microscopy

To gain further insight into the effect of diabetic sera on
hMSCs, any changes in the ultrastructure of cells were inves-
tigated using transmission electron microscopy (TEM). The
cells were fixed in 2.5% glutaraldehyde solution (Sigma) for
2 h. The cells were then rinsed in 1% osmium tetroxide and
0.05M cacodylate buffer (pH = 7.4) for 30min. Samples were
dehydrated in a graded ethanol series and permeated with
Epoxy resin. Fifty- to 80-nm ultrathin thick sections were
obtained by using an ultramicrotome (JEOL USA Inc.).
Afterwards, the grids were incubated with 2% uranyl acetate
as a contrast dye and examined using a Phillips (FEI
Company, Eindhoven, Netherlands) electron microscope op-
erated at 80 kV.

Evaluating total fatty acid profile by gas
chromatography

To investigate whether sera from diabetic subjects were
able to exert any changes in the total fatty acid profile, we
measured total fatty acid profiles by the direct trans-
esterification method as was previously described by pro-
tocols (Rezabakhsh et al. 2017b). Methyl esters were de-
tected by gas chromatography normalized to an internal
standard by using a PeakSimple software version 3.59.
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The percentage of fatty acids—including saturated (SFAs;
palmitate, stearate, and myristate), monounsaturated
(MUFAs; palmitoleate and oleate), and polyunsaturated fat-
ty acids (PUFAs; arachidonate and linoleate)—was
expressed as the percentage of total fatty acids.

Statistical analysis

Data are expressed as mean ± SD. Student’s t test was used to
calculate the significance of differences between groups. We
performed data analysis with SPSS 20. Values of p < 0.05
were considered statistically significant. In histograms, statis-
tical differences between groups are indicated by brackets
with *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

DM2 sera decreased hMSC survival and induced
apoptosis

To investigate whether diabetic sera could affect hMSC sur-
vival rate and promote apoptosis, we performed MTT assay
and flow cytometry analysis, respectively. Our results showed
that the number of viable cells was reduced in hMSCs receiv-
ing diabetic sera as compared to cell treated with normal sera
(Fig. 1(a)). We observed a slight and non-significant decrease
in hMSC viability after being exposed to diabetic sera (pcontrol
versus diabetic > 0.05; Fig. 1(b)). These data indicated that dia-
betic condition had potential to decrease hMSC viability al-
though at a low rate. We next went on to detect the possible

Fig. 1 The cell viability rate (%)
of each subject in control and
diabetic sera groups after 7 days
(a). Percentage of cell viability
rate in diabetic sera group was
decreased (b). Flow cytometric
analysis of Annexin-V-positive
cells in the groups (c). Percentage
of apoptotic cells was increased in
diabetic sera group (d). ***p <
0.001 versus between two groups,
using Student’s t test. All values
are means ± SD; n = 6 per group
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effect of DM2 on the diabetic hMSC apoptotic rate. Compared
to cells given normal sera, a statistically significant difference
was observed in the percent of apoptotic hMSCs exposed to
diabetic sera (Fig. 1(c), (d)). We showed that the percentage of
normal hMSCs undergoing apoptosis was 11.98 ± 1.34%
while this value increased to 33.62 ± 2.82% in diabetic condi-
tion (pcontrol versus diabetic > 0.001). These data suggest that di-
abetic condition potentially induces cytotoxicity in stem cells
possibly by engaging apoptosis.

DM2 sera upregulated the expression of genes
involved in exosome biogenesis

To assess the effect of DM2 sera on exosome biogenesis, we
used quantitative real-time PCR analysis to measure the tran-
scription level of Alix, CD63, Rab27a, Rab27b, and Rab8b
7 days post-treatment with diabetic sera. Data showed that
DM2 significantly upregulated the expression of genes Alix,
CD63, Rab27a, Rab27b, and Rab8b over a period of 7 days
(pcontrol versus diabetic > 0.05; Fig. 2(a), (a’), (a^), (a^’), (a^^)).

Compared to the control, the mRNA level of Alix, CD63,
Rab27a, and Rab8b genes was significantly increased in the
diabetic group (Alix, pcontrol versus diabetic < 0.01; CD63, pcontrol
versus diabetic < 0.01; Rab27a, pcontrol versus diabetic < 0.01;
Rab27b, pcontrol versus diabetic < 0.05; Rab8b, pcontrol versus diabetic
< 0.01; Fig. 2(a), (a’), (a^), (a^’), (a^^)). These results indicat-
ed the enhancement of exosome biogenesis by upregulating
key genes upon hMSC treatment with a diabetic condition.

hMSC AChE activity was increased in diabetic
condition

We used AChE activity assay to evaluate the rate of EV re-
lease to CMs after cell treatment with diabetic sera. Based on
the data, we found an increased AChE activity in supernatants
from the diabetic cells (pcontrol versus diabetic < 0.001; Fig. 2(b)).
Along with enhanced expression of Alix, CD63, Rab27a,
Rab27b, and Rab8b genes, diabetic hMSCs were found to
show a high rate of AChE activity, indicating a promoted
exosome release to extracellular niche.

Fig. 2 The level of expression of
CD63-, Alix-, Rab27a-, Rab27b-,
and Rab8b-specific mRNA in
cells was analyzed by qPCR (a,
a’, a^, a^’ and a^^). The released
exosomes were quantified by
measuring exosome-associated
acetylcholinesterase (b).
Quantitation of CD63 protein
level by western blot and densi-
tometric quantitation of the bands
is depicted (c and c’). *p < 0.05,
**p < 0.01, ***p < 0.001 versus
between two groups, using
Student’s t test. All values are
means ± SD; n = 6 per group
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The protein level of CD63 was increased in hMSCs
treated with DM2 sera

To measure the protein level of CD63, we performed west-
ern blotting and immunofluorescence assays. Densitometry
analysis showed a ~ 2-fold increase in the protein level of
CD63 in the diabetic hMSCs as compared to non-treated
control (pcontrol versus diabetic < 0.01) (Fig. 2(c), (c’)). The
cellular distribution of CD63 was also studied by immuno-
fluorescence microscopy. According to data from this pan-
el, the number of FITC-CD63+ was increased following the
7-day incubation with diabetic sera (Fig. 3(a), (a’)). These
data support a notion that diabetic condition could possibly
stimulate the exosome signaling pathway in the level of
gene expression and protein synthesis.

The subcellular distribution of CD63 was altered
in diabetic hMSC

For further insight into the mechanisms involved in the en-
hanced secretion of exosomes during the diabetic change, the
subcellular distribution of CD63 was monitored by using a
flow cytometry analysis. First, total and surface distribution

of CD63 was investigated using permeabilized or non-
permeabilized hMSCs, respectively (Fig. 3(b)). Flow cytom-
etry analysis showed that the surface/total CD63 ratio was
significantly increased in the diabetic group as compared to
the control hMSCs (pcontrol versus diabetic < 0.05; Fig. 3(c)).
Based on data, the surface CD63 was 39.02 ± 4.43% while
this level increased to 42.28 ± 4.97% after hMSCs exposed
to a diabetic condition. These results showed the cell-surface
accumulation of CD63 in diabetic hMSCs.

Characterization of isolated exosomes by flow
cytometry and SEM

Characterization of exosomes released from hMSCs was per-
formed by flow cytometry analysis and SEM. SEM imaging
revealed round shape and nano-scale-sized exosomes, show-
ing the efficiency of kit in isolating exosomes from the super-
natant medium (Fig. 4(a), (a’), (a^)). Immunophenotyping by
flow cytometry showed that near to 87.2 ± 6.7% of isolated
exosomes expressed an exosome common factor CD63 (Fig.
4(b)). Noteworthy, exosome analysis with an antibody against
CD9 showed no reactivity (data not shown here). It seems that
the level of CD9 is possibly low in hMSC-derived exosomes.

Fig. 3 Representative images of
CD63-PE distribution in hMSCs
of control and diabetic sera
groups, detected by fluorescence
microscopy. Arrows show the
distribution of CD63. Scale bar:
50 μm (a and a’). Cells were
stained with a CD63-PE antibody
with (total) or without (surface)
permeabilization, and analyzed
by flow cytometry; diagram cor-
responds to ratio of surface CD63/
total CD63 (b and c) a significant
increase was shown in panel B.
*p < 0.05 versus between two
groups, using Student’s t test. All
values are means ± SD; n = 6 per
group

Cell Tissue Res (2018) 374:555–565 561



DM2 sera altered the size and ZP of hMSC exosomes

In order to evaluate the possible effect of DM2 sera on the size
and ZP of exosomes from diabetic hMSCs, we used DLS
technique (Fig. 4(c), (c’), (d), (d^)). Compared to control cells,
we found that the size of exosomes significantly was increased
upon hMSCs treatment with diabetic sera (63.5 ± 8.7 nm vs.
178.3 ± 21.5 nm; pcontrol versus diabetic < 0.05) (Fig. 4(c), (c’)).
We observed an increase in the ZP value of diabetic hMSC-
derived exosomes (− 7.04 ± 1.24 vs. − 5.39 ± 1.58 mV; pcontrol
versus diabetic < 0.05; Fig. 4(d), (d’)). Based on the data, the
concentration of exosomes in supernatant from diabetic sera
was more compared to the control (160.03 ± 17.55 vs. 133.83
± 29.3). These results indicate that diabetic condition poten-
tially modified both size and ZP index of hMSC exosome
following incubation with sera from type 2 diabetes mellitus
subjects.

TEM revealed an ultrastructural alternation
in diabetic hMSCs

To obtain further insight into diabetic hMSCs at the ultrastruc-
tural level, we performed TEM analysis (Fig. 5(a), (a’)). High-
resolution imaging revealed a large number of cytoplasmic
vacuoles in diabetic hMSCs in comparison with normal cell
counterpart. At the ultrastructural level, we observed an in-
crease in the number of lipid droplets and excretory vacuoles

(Fig. 5(a), (a’)). Noteworthy, the size of lipid droplets in dia-
betic hMSCs was also reduced. A large number of lipid drop-
lets may correlate with increased intracellular glucose and fat
contents.

DM2 did not change fatty acid profile in hMSCs

To determine whether the DM2 sera could affect dynamic of
fatty acid profile, we used GC. Our results showed that cell
treatment with DM2 sera resulted in a slight non-significant
alternation in fatty acid profile as compared to control group
(pcontrol versus diabetic > 0.05; Fig. 5(b)). According to data, the
level of intracellular palmitate was increased while the total
content of stearate, oleate, and linoleate decreased upon cell
treatment with diabetic sera over a period of 7 days.
Statistically non-significant results were observed in fatty acid
content between control and diabetic groups (p > 0.05).

Discussion

It is well established that DM2 is associated with progression
of different pathologies and angiogenesis complication (Cade
2008; Kolluru et al. 2012; Rezaie et al. 2018). Recent studies
showed that DM2 could affect the dynamics of stem cells and
various progenitors (Ostrowski et al. 2010; Rezaie et al.
2018). MSCs contribute to neovascularization in normal and
pathological conditions by angiocrine activity and releasing a
plethora of factors through the exosomal pathway (Ardestani
et al. 2014; Shabbir et al. 2015). The molecular mechanisms
involving in the exosome signaling pathway in DM2 condi-
tion are still largely unknown.

Here, we examined the relationship between DM2 and the
capacity of exosome secretion at hMSCs 7 days post-
treatment with sera from DM2 patients. The data from the
current study and previous experiments showed that diabetic
sera had potential to augment apoptosis in hMSCs and various
cell types (Makino et al. 2005; Record et al. 2011; Rezabakhsh
et al. 2017a). Stolzing and co-workers previously stated that
apoptotic status appears to be initiated by advanced glycation
end products and upregulation of AGE receptor in murine
MSCs (Stolzing et al. 2010). To assess the hypothesis that
DM2 may affect the dynamic of exosome signaling pathway,
we evaluated the expression of key genes involved in
exosome intracellular secretory pathway termed CD63, Alix,
Rab27a, Rab27b, and Rab8b (Kowal et al. 2014).
Interestingly, we found that all of these genes were upregulat-
ed in diabetic hMSCs. In contrary, our group previously re-
ported a decrease in the expression of CD63, Alix, and
Rab27a in human endothelial progenitor cells (EPCs) after
exposure to diabetic sera in vitro (Hassanpour et al. 2016).
One explanation would be that various stem cell types may
respond differently to a diabetic condition. An increased

Fig. 4 Scanning electron micrographs of isolated exosomes. Scale bar
500 nm (a, a^ and a^). Flow cytometric analysis confirmed isolated
exosomes by detecting CD63 as exosome marker (b). DLS plot related
to the size of isolated exosomes (c and c’). DLS analysis of size and zeta
potential of hMSCs released exosomes are shown (d and d’). *p < 0.05
versus between two groups, using Student’s t test. All values are means ±
SD; n = 6 per group
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intracellular CD63 protein level was further confirmed by
western blotting which coincided with enhanced AChE activ-
ity in the supernatant medium. These features might confirm
an accelerated exosome secretion (Baietti et al. 2012;
Ostrowski et al. 2010). Consistently, Chen and colleagues
reported that the incubation of EPCs with diabetic sera was
associated with the elevated amount of EVs (Chen et al.
2011). Additionally, the exposure of glomerular endothelial
cells to high content glucose induced the production of
exosomes (Wu et al. 2016).

Commensurate with these comments, we found an in-
creased surface CD63/total CD63 ratio in diabetic hMSCs,
showing the induction ofMVB fusion with the cell membrane
upon treatment with diabetic sera. Overall, these data support
a notion that sera from DM2 are able to induce the production
and abscission of exosomes. Ostrowski and co-workers found
that the inhibition of Rab proteins changes the cellular distri-
bution of exosomes and abnormal morphology of CD63-
positive compartments (Kowal et al. 2014). Considering a

great body of experiments, it seems that an enhanced exosome
production and release are strategies that possibly help cells to
excrete the harmful compounds and obsolescent proteins
(Harding et al. 1983; Lehmann et al. 2008; Pan et al. 1985).
Recently, it was determined that exosomes could support cell
homeostasis by expelling harmful DNA from cells (Takahashi
et al. 2017). The future studies must focus to elucidate whether
increased exosome secretion is a cellular strategy to eliminate
cell damages or is a therapeutic compensatory manner in re-
sponse to a diabetic stress condition. We also found that the
size of hMSC exosomes was increased in diabetic condition
while ZP value decreased. Generally, exosomes bear different
saccharide groups such as polylactosamine, mannose, α-2,6
sialic acid, and complex N-linked glycans that are responsible
for ZP (Akagi et al. 2016). One could hypothesize that the
decrease in ZP value may correlate with an altered carbohy-
drate metabolism during DM2. The ultrastructural analysis
also confirmed the existence of numerous lipid droplets, indi-
cating abnormal lipid and carbohydrate metabolism in

Fig. 5 Transmission electron
micrographs of representative
hMSCs after 7 days period of
treatment (a and a’). Exo,
exosome; MVB, multivesicular
body; M, mitochondria; V,
vacuole. Scale 2000 nm. Fatty
acid profile analysis of hMSCs by
gas chromatography (b).
Statistical analysis: Student’s t
test. All values are means ± SD;
n = 6 per group
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diabetic hMSCs (Chen et al. 2015; Wang et al. 2014). It was
recently declared that exosomes from various cell sources
show different ZP activities. In line with these comments,
the changes in ZP of exosomes reflect the alternation PM,
specifically in the expression of sugar chains of their parent
cells (Akagi et al. 2016).

Conclusion

In conclusion, the present study showed an increased exosome
secretion rate in diabetic hMSCs. Nevertheless, ongoing re-
searchers are essential to prove the exact pivotal role of acti-
vated exosome secretory pathway to predict stem cell behav-
ior in diabetic condition.
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