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Diabetic nephropathy (DN) is a complication of diabetes that
is increasing in prevalence in China. Extracellular vesicles (EVs)
carrying microRNAs (miRs) may represent a useful tool in the
development of therapies for DN. Here, we report that EVs
released by adipose-derived mesenchymal stem cells (ADSCs)
during DN contain a microRNA, miR-26a-5p, that suppresses
DN. Using bioinformatic analyses, we identified differentially
expressed miRs in EVs from ADSCs and in DN and predicted
downstream regulatory target genes. We isolated mesenchymal
stem cells (MSCs) from adipose tissues and collected EVs from
the ADSCs. We exposed mouse glomerular podocytes and MP5
cells to high glucose (HG), ADSC-derived EVs, miR-26a-5p in-
hibitor/antagomir, Toll-like receptor 4 (TLR4) plasmids, or the
NF-kB pathway activator (phorbol-12-myristate-13-acetate, or
PMA). We used the cell counting kit-8 (CCK-8) assay and flow
cytometry to investigate the impact ofmiR-26a-5p on cell viabil-
ity and apoptosis and validated the results of these assays with
in vivo experiments in nude mice. We found that in DN, miR-
26a-5p is expressed at very low levels, whereas TLR4 is highly
expressed. Of note, EVs fromADSCs ameliorated the pathologi-
cal symptoms of DN in diabetic mice and transferred miR-26a-
5p to HG-induced MP5 cells, improving viability while sup-
pressing the apoptosis of MP5 cells. We also found that
miR-26a-5p protects HG-induced MP5 cells from injury by tar-
geting TLR4, inactivating the NF-kB pathway, and downregu-
lating vascular endothelial growth factor A (VEGFA).Moreover,
ADSC-derived EVs transferred miR-26a-5p to mouse glomeru-
lar podocytes, which ameliorated DN pathology. These findings
suggest that miR-26a-5p from ADSC-derived EVs protects
against DN.

Diabetic nephropathy (DN), a common microvascular com-
plication of diabetes, is one of the major causes of death among
patients with diabetes (1). It is also the leading cause of both
chronic kidney and end-stage renal diseases worldwide (2). The
incidence of DN is increasing in developing countries, includ-
ing China (3). DN is characterized by albuminuria and progres-
sive loss of kidney function (4), and risk factors include hyper-
glycemia and genetic polymorphisms (5). Moreover, the
dysfunction of podocytes contributes to the development of
DN (6), and DN progression can be slowed by reducing
podocyte injury (7). Current treatment methods for DN
mainly rely on the management of hyperglycemia and blood

pressure (8). Evidence suggests that extracellular vesicles
(EVs) slow the development of DN by protecting podocytes
from injury (9). Elucidating mechanisms by which EVs regu-
late podocyte injury may represent a therapeutic target for
the treatment of DN.
EVs are nano-sized membrane vesicles that include exo-

somes and microvesicles, and they are released by many cells
types, including mesenchymal stem cells (MSCs) (10, 11).
MSCs are multipotent stem cells that differentiate into a variety
of lineages and exert important functions in bone regeneration
and repair (12). A recent study highlighted the role of exosomes
derived from adipose-derived mesenchymal stem cells
(ADSCs) in protecting against the development of DN (13).
EVs are known to contain mRNA,microRNAs (miRs), and long
noncoding RNAs, thereby transferring genetic information
from one cell to the next (14). Interestingly, miR-26a-5p serves
as a candidate biomarker for DN by a meta-analysis of profiling
studies (15). Our results also showed that miR-26a-5p is highly
expressed in EVs derived from MSCs. Loss of miR-26a led to
the development of DN in both cultured podocytes and strep-
tozotocin-induced diabetic mice (16). Additionally, miR-26a-
5p was suggested to be one of the therapeutic mediators in DN
(15). Based on these findings, we hypothesized that EV-
derived miR-26a-5p could regulate DN. Toll-like receptor 4
(TLR4), which serves as a signaling receptor for lipopolysac-
charides and as a crucial regulator of the innate immunity
system, was identified as a downstream target gene of miR-
26a-5p (17). One study used M4200 cells to show that TLR4
also participates in the pathogenesis of DN (18). Moreover,
downregulation of TLR/NF-kB (NF-kB) using umbellifer-
one ameliorated renal function in a rat model of DN (19).
Notably, the activation of NF-kB is thought to be related to
the inflammation and disease development that are associ-
ated with DN (20). Upregulation of NF-kB by TLR4 was pre-
viously reported in rat pineal glands and human umbilical
vein endothelial cells (21, 22). In addition, the NF-kB path-
way could promote the expression of vascular endothelial
growth factor A (VEGFA) (23), which contributes to glo-
merular endothelial cell dysfunction as well as albuminuria
in DN (24). Taking these findings into consideration, we
hypothesized that ADSC-derived EVs transferred miR-26a-
5p to other cells regulating the progression of DN by target-
ing TLR4 and modulating NF-kB and VEGFA. Thus, this
study may help to identify a novel strategy for the control
of DN.*For correspondence: Jun Shi, Drshi_jun09@yeah.net.
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Results

Bioinformatics analyses for the expression of miR-26a-5p and
TLR4 in DN

Analysis of the EVmiRNA database revealed that the expres-
sion of miR-26a-5p in the EVs derived from MSCs was signifi-
cantly upregulated (Fig. 1A). Furthermore, the miRanda data-
base and Starbase database were used to predict the
downstream target genes of differentially expressed miRNAs.
These results were then compared with a diabetes-related gene
expression data set (GSE21340). Five genes were identified at
the intersection of these analyses (SMAD1, CELF2, SMAD6,
PYGL, and TLR4) (Fig. 1B). Because themiRanda database pre-
dicted a binding site between miR-26a-5p and TLR4 (Fig. 1C),
we chose to investigate the expression of TLR4 in the
GSE21340 data set.We found that TLR4 expression was signifi-
cantly higher in DN (Fig. 1D). These results suggest that miR-
26a-5p delivered by ADSC-derived EVs protect against DN by
regulating TLR4.

EVs were successfully isolated from ADSCs

ADSCs were isolated from the subcutaneous adipose tissues
of C57BL/KsJ db/m mice. The surface markers associated with
ADSCs were detected by flow cytometry after the third passage.
ADSCs were positive for CD29 (96.7%), CD44 (95.2%), CD73
(99.1%), CD90 (98.4%), andHLA-A, -B, and -C (98.5%) but neg-
ative for CD14 (4.2%), CD19 (0.26%), CD34 (1.9%), CD45
(1.2%), and HLA-DR (0.89%) (Fig. 2A). The pluripotency of iso-
lated ADSCs was tested. After isolation and culture, ADSCs
could be differentiated into osteogenic, lipogenic, and chondro-
genic cell types (Fig. 2B). The above results demonstrated that
ADSCs isolated from adipose tissues had the property of pluri-
potent stem cell differentiation.
Next, EVs isolated from medium used to grow ADSCs were

characterized. Dynamic light scattering (DLS) analysis indi-
cated that EVs range in diameter from 30–150 nm. Transmis-
sion EM revealed the morphology of EVs to be cup-shaped or
spherical. In addition, Western blot analysis of marker proteins
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Figure 1. DN is characterized by poor miR-26a-5p expression and high TLR4 expression. A, the expression of miR-26a-5p in EVs. B, the intersection
between predicted miR-26a-5p downstream target genes identified by the MiRanda and SatrBase databases and differentially expressed genes from the
GSE21340 data set. The number represents the predicted number of target genes. C, a map of the predicted binding site of miR-26a-5p to TLR4 and mutant
site. D, the box map for the differential expression of TLR4 gene in diabetes and normal samples. Paired t test was used to compare normal sample and dia-
betic samples.
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of EVs confirmed the expression of CD63 and TSG101,
whereas calnexin was absent, indicating that EVs had been suc-
cessfully isolated (Fig. 2, C–E). The above results demonstrated
the successful isolation of EVs fromADSCs.

EVs from ADSCs alleviated the pathological symptoms and
suppressed glomerular podocyte apoptosis in a mouse model
that spontaneously develops diabetes

To evaluate the mouse model of spontaneous diabetes, we
compared the levels of protein found in the urine (within 24 h),
serum creatinine (Scr), and blood urea nitrogen (BUN) in
C57BL/KsJ db/db spontaneous diabetic mice and C57BL/KsJ
db/m control mice. The spontaneously diabetic mice had twice
the amount of urine protein and 3 times as much Scr and BUN
as the control mice (Fig. 3, A–C). The histopathological pheno-
type was characterized by periodic acid Schiff (PAS) staining of
DN tissues. Spontaneously diabetic mice showed an accumula-
tion of extracellular matrix in their kidney tissues, viability of
mesangial cells, and a thickening of basement membrane. In
addition, there was increased proteinuria in the lumen, hyaline
degeneration, and severe vacuolar degeneration of renal tubu-
lar epithelial cells in these mice compared with that of control
mice, indicating the successful establishment of the DN cell
model (Fig. 3D).
To investigate the effect of EVs from ADSCs on spontaneous

diabetic mice, we injected ADSC-derived EVs or PBS into mice
via the tail vein, and then changes of urine protein, Scr, and
BUN levels were subsequently measured, followed by PAS

staining to detect histopathological changes. The results illus-
trated that treatment with EVs derived from ADSCs notably
reduced the levels of urine protein, Scr, and BUN in the DN
mouse model and alleviated the histopathological changes
associated with DN (Fig. 3,A–D).
Next, TUNEL staining was used to detect the apoptosis of

glomerular podocytes in mice. Glomerular podocytes from
spontaneously diabetic mice (C57BL/KsJ db/db) exhibited a
significant increase in apoptosis compared with control mice
(C57BL/KsJ db/m mice), and this was reduced by injection of
EVs from ADSCs (Fig. 3E). In addition, apoptosis-related pro-
teins (caspase-3, cleaved caspase-3, Bcl-2, Bax) from diabetic
mice (C57BL/KsJ db/db) and control (C57BL/KsJ db/m) mice
were compared. Bcl-2 protein was significantly reduced in dia-
betic mice compared with control mice, whereas the protein
expression of Bax, cleaved caspase-3, and caspase-3 was
increased. Injection of EVs from ADSCs reversed these trends
(Fig. 3F). These results demonstrated that ADSC-derived EVs
are capable of alleviating the pathological symptoms and inhib-
iting glomerular podocyte apoptosis in DNmice.

EVs from ADSCs inhibited apoptosis of MP5 cells induced
by HG

The ability of mouse glomerular podocytes, MP5 cells, to
internalize EVs from ADSCs was assessed using green fluores-
cent (PKH67)-labeled EVs. The presence of green fluorescence
in MP5 cells was observed by fluorescence microscopy, which
indicated that MP5 cells were able to internalize ADSC-derived

30 40 50 60 70 80 90 10
0
11

0
12

0
13

0
14

0
15

0
0

2

4

6

i ii iii

8

In
te

ns
ity

 (P
er

ce
nt

)

C D E

Size (d,nm)

 50 μm  50 μm  50 μm

100

FL2 log
101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

FL2 log
100 101 102 103

CD29 CD44 CD73 CD90 HLA-A,B,C

CD14 CD19 CD34 CD45 HLA-DR

CD63 26 kDa

49 kDa

67 kDa

TSG101

Calnexin

CL E

A

B

96.70% 95.20% 99.10% 98.40% 98.50%

4.20% 0.26% 1.90% 1.20% 0.89%

Figure 2. EVs are successfully isolated from ADSCs. A, identification of ADSC surface markers by flow cytometry. B, i, detection of osteogenic differentiation
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EVs (Fig. 4A). To simulate the DN cell model in vitro, MP5 cells
were induced by HG and treated with ADSC-derived EVs
(25 mg/ml). Cell viability was detected by CCK-8 assay at 24 h,
48 h, and 72 h, respectively. Although there was no difference
in cell viability at 24 h in response to each treatment, at 48 h,
high-glucose (HG) treatment markedly decreasedMP5 cell via-
bility relative to treatment with either normal glucose levels
(NG) or mannitol (MA). Viability could be restored by cotreat-
ment with HG and ADSC-derived EVs. No significant differen-
ces in MP5 cell viability were seen between the 48- and 72-h
time points in response to treatment (Fig. 4B); therefore, the
48-h time point was chosen for all subsequent experiments.
Flow cytometry was used to detect apoptosis at 48 h after

the same treatments described above. The results showed

that compared with treatment with either NG or MA, HG
induction markedly increased MP5 cell apoptosis, whereas
cotreatment of HG and ADSC-derived EVs exhibited
reduced cell apoptosis versus HG treatment alone (Fig. 4C).
In addition, Western blot analysis was used to detect the
expression of apoptosis-related proteins in MP5 cells after
48 h of each treatment. Treatment with HG significantly
decreased the protein expression of Bcl-2, whereas increas-
ing that of caspase-3, cleaved caspase-3, and Bax compared
with either NG or MA and cotreatment of HG and ADSC-
derived EVs increased Bcl-2 protein expression and de-creased
that of caspase-3, cleaved caspase-3, and Bax (Fig. 4D). These
results suggested that EVs from ADSCs are able to suppress
HG-mediated injury of podocytes in vitro.
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EVs from ADSCs delivered miR-26a-5p, which inhibited
apoptosis in HG-treated MP5 cells

The expression of miR-26a-5p in HG-induced MP5 cells was
measured by RT-qPCR after treatment with ADSC-derived
EVs or PBS. miR-26a-5p expression was significantly lower af-
ter induction with HG than with treatment with NG or MA,
but it was notably increased by treatment with ADSC-derived
EVs containing miR-26a-5p (Fig. 5A). To confirm that ADSC-
derived EVs can transfer miR-26a-5p into MP5 cells, Cy3-miR-
26a-5p mimic was transfected into ADSCs and then added to
MP5 cell media. Fluorescence microscopy revealed that MP5
cells became noticeably red after treatment (Fig. 5B). These
results demonstrate that ADSC-derived EVs transfer miR-26a-
5p intoMP5 cells.
To determine the effect of miR-26a-5p transferred by ADSC-

derived EVs on HG-treated MP5 cells, HG-treated MP5 cells
were transfected with eithermiR-26a-5pmimic, ADSC-derived
EVs, or ADSC-derived EVs treated with miR-26a-5p inhibitor.
Addition of either miR-26a-5p mimic or ADSC-derived EVs
increased the expression of miR-26a-5p in HG-treated MP5
cells, whereas treatment of MP5 cells with ADSC-derived EVs
containing miR-26a-5p inhibitor caused a decline in miR-26a-
5p expression (Fig. 5C).
Next, MP5 cell viability was assessed using the CCL-8 assay,

and apoptosis was measured by flow cytometry. Under HG
conditions, treatment with either miR-26a-5pmimic or ADSC-
derived EVs markedly improved cell viability and suppressed
apoptosis of MP5 cells, whereas ADSC-derived EVs treated
with miR-26a-5p inhibitor led to decreased cell viability and
increased apoptosis (Fig. 5,D and E).
In addition,Western blot analysis was used to detect apopto-

sis-related proteins in MP5 cells after each treatment. Treat-
ment with miR-26a-5p mimic or ADSC-derived EVs resulted
in increased Bcl-2 protein expression accompanied by a notable
decrease in Bax, cleaved caspase-3, and caspase-3 expression.
In contrast, ADSC-derived EVs treated with miR-26a-5p inhib-
itor exhibited markedly decreased Bcl-2 protein expression,
whereas the expression of Bax, cleaved caspase-3, and caspase-
3 was significantly elevated (Fig. 5F). These results indicate that
delivery of miR-26a-5p into MP5 cells by ADSC-derived EVs
inhibits HG-induced apoptosis.

miR-26a-5p transferred by ADSC-derived EVs inhibited
HG-induced apoptosis of MP5 cells by targeting TLR4

The website TargetScan (RRID:SCR_010845) was able to
predict specific binding sites between TLR4 and miR-26a-5p at
nucleotides 4477–4484 (Fig. 6A). A Dual-Luciferase reporter
gene assay was used to confirm that TLR4 was a target of miR-
26a-5p. Cotransfection of miR-26a-5p mimic and TLR4-
3'UTR-WT resulted in a marked decrease in fluorescence in-

tensity compared with the mimic negative control (NC) 1
TLR4-3'UTR-WT cotransfection; however, fluorescence intensity
was unchanged in the presence of mimic NC 1 TLR4-3'UTR-
MUTormiR-26a-5pmimic1 TLR4-3'UTR-MUT (Fig. 6B).
RT-qPCR of MP5 cells transfected with miR-26a-5p mimic

or inhibitor resulted in a noticeably increased miR-26a-5p
expression and a significantly decreased TLR4 expression,
whereas opposite effects were detected after treatment with
miR-26a-5p inhibitor (Fig. 6, C and D). Western blot analysis
revealed that HG treatment ofMP5 cells significantly increased
TLR4 protein expression compared with treatment with NG or
MA treatment, and this could be reversed by treatment with
EVs from ADSCs (Fig. 6E). This suggests that miR-26a-5p
transferred by ADSC-derived EVs could directly target the
TLR4 gene.
To detect the effect of the TLR4 gene regulated by ADSC-

derived EVs on HG-induced MP5 cells, HG-treated MP5 cells
were overexpressed with TLR4 and then treated with ADSC-
derived EVs. First, Western blot analysis was used to detect the
cellular protein expression of TLR4 upon each treatment. It
was found that under HG conditions, compared with pcDNA-
3.1 treatment, pcDNA-TLR4 significantly upregulated the pro-
tein expression of TLR4, which was reversed by treatment of
pcDNA-TLR4- and ADSC-derived EVs (Fig. 6F).
Subsequently, CCK-8 assay was performed to detect MP5

cell viability, and flow cytometry was used to detect cell apopto-
sis. The results displayed that under HG conditions, relative to
pcDNA-3.1 treatment, pcDNA-TLR4 significantly inhibited
the protein cell viability while promoting cell apoptosis; how-
ever, promoted cell viability and inhibited cell apoptosis were
detected after treatment with pcDNA-TLR4- and ADSC-
derived EVs (Fig. 6G andH).
In addition, Western blot analysis was used to detect apopto-

sis-related proteins in HG-treated MP5 cells after treatment
with each plasmid. pcDNA-TLR4 treatment markedly decreased
Bcl-2 protein expression while significantly increasing cleaved
caspase-3, caspase-3, and Bax protein expression relative to that
of pcDNA-3.1 treatment. The opposite results were found after
the treatment of HG-induced MP5 cells transfected with
pcDNA-TLR4 and exposed to EVs fromADSCs containing miR-
26a-5p (Fig. 6I). Combined with the above results, we concluded
that miR-26a-5p delivered by ADSC-derived EVs targets TLR4,
inhibitingHG-inducedMP5 cell apoptosis.

EVs from ADSCs inhibited HG-induced apoptosis of MP5 cells
by downregulating TLR4 and the NF-kB/VEGFA signaling
pathway

Subsequently, we explored the role of ADSC-derived EVs in
the progression of DN via the regulation of the NF-kB pathway
and VEGFA. We first investigated whether miR-26a-5p carry-
ing EVs from ADSCs could inhibit the NF-kB pathway by

Figure 4. ADSC-derived EVs inhibit apoptosis of MP5 cells induced by HG. A, the PKH67-labeled ADSC-derived EVs observed under a fluorescence micro-
scope (green fluorescence, PKH67; blue fluorescence, 49,6-diamidino-2-phenylindole) (scale bar, 25mm). B, viability of MP5 cells after 24 h, 48 h, and 72 h of treat-
ment as detected by CCK-8 assay. C, apoptosis of MP5 cells after treatment at 48 h, as detected by flow cytometry. D, the protein expression of apoptosis-
related proteins (caspase-3, cleaved caspase-3, Bcl-2, Bax) in MP5 cells as detected by Western blotting analysis, normalized to GAPDH. Data are expressed as
mean 6 standard deviation. B–D, data among multiple groups were compared using one-way ANOVA, followed by Tukey’s post hoc test. A, repeated-meas-
ures ANOVA was used to compare data among multiple groups at different time points, followed by Bonferroni post hoc test. The experiment was repeated
three times. *, p, 0.05 versusNG orMA. #, p, 0.05 versusHG.
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downregulating TLR4 expression. After TLR4 overexpression,
MP5 cells induced by HG were further treated with ADSC-
derived EVs. Immunofluorescence staining revealed that HG
treatment of MP5 cells resulted in p65 localization to the nu-
cleus. EVs from ADSCs were able to reduce p65 nuclear local-
ization, keeping more p65 in the cytoplasm. The effects of EVs
could be negated by the overexpression of TLR4, which led to
the nuclear localization of p65 protein again (Fig. 7A).
Western blot analysis compared the protein expression of NF-

kB pathway-related proteins IKKb, IkBa, and p65 and the extent
of their phosphorylation in the cells after each treatment. Treat-
ment with EVs from ADSCs and pcDNA-3.1 control plasmid led
to significantly decreased protein expression of IKKb, IkBa, and
p65 and the extent of their phosphorylation during HG induc-
tion, whereas each of these proteins was upregulated by ADSC-
derived EVs cotreatedwith pcDNA-3.1-TLR4 (Fig. 7B).
To verify whether EVs from ADSCs can inhibit apoptosis

associated with HG treatment by inhibiting the NF-kB path-
way, HG-induced MP5 cells were treated with ADSC-derived
EVs and the NF-kB pathway activator, phorbol-12-myristate-
13-acetate (PMA; 1 mg/ml). Western blot analysis indicated

that PMA treatment significantly increased the protein expres-
sion of IKKb, IkBa, p65, and VEGFA, as well as the extent of
their phosphorylation in HG-induced MP5 cells compared
with that of treatment with DMSO. Combined treatment with
PMA and ADSC-derived EVs significantly decreased all these
indicators compared with PMA treatment alone (Fig. 7C).
PMA treatment also notably decreased cell viability, as meas-
ured by CCK-8 assay, and increased cell apoptosis, as measured
by flow cytometry, relative to treatment with DMSO. This
effect was reversed by treatment with PMA and ADSC-derived
EVs combined (Fig. 7,D and E).
HG-induced MP5 cells were further treated with ADSC-

derived EVs after overexpression of VEGFA. VEGFA protein
expression was significantly decreased after treatment with
ADSC-derived EVs, whereas further overexpression of VEGFA
upregulated the VEGFA protein expression (Fig. 7F). HG-
induced MP5 cells treated with ADSC-derived EVs plus
pcDNA-3.1 displayed increased viability and decreased apopto-
sis of MP5 cells compared with that of cells treated with PBS.
This was reversed by treatment with ADSC-derived EVs and
pcDNA-3-VEGFA (Fig. 7G). These data suggest that ADSC-
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Figure 5. ADSC-derived EVs inhibit HG-induced apoptosis of MP5 cells by transferring miR-26a-5p. A, the expression of miR-26a-5p in MP5 cells as
detected by RT-qPCR. B, Cy3-miR-26a-5p mimic was transfected into ADSCs and then cocultured with MP5 cells. The red fluorescence was observed under a
fluorescencemicroscope (scale bar, 25mm). C, RT-qPCR detection of miR-26a-5p expression inMP5 cells.D, MP5 cell viability as detected by CCK-8 assay. E, the
apoptosis of MP5 cells as detected by flow cytometry. F, the protein expression of apoptosis-related proteins (caspase-3, cleaved caspase-3, Bcl-2, Bax) in MP5
cells as detected by Western blot analysis, normalized to GAPDH. In panel A, *, p , 0.05 versus NG or MA; #, p , 0.05 versus HG 1 MSCs-Exo. In panels B–F,
*, p , 0.05 versus HG1 mimic-NC; #, p, 0.05 versus HG1 miR-26a-5p mimic or HG1 Exo-inhibitor-NC. Data are expressed as mean6 standard deviation.
Data amongmultiple groups were compared using one-way ANOVA, followed by Tukey’s post hoc test. The experiment was repeated three times.

Role of EV-delivered miR-26a-5p in DN

12874 J. Biol. Chem. (2020) 295(37) 12868–12884



derived EVs inhibit TLR4 expression, resulting in the downreg-
ulation of NF-kB/VEGFA and inhibition of HG-induced MP5
cell injury.

Delivery of miR-26a-5p by ADSC-derived EVs reduced the
pathological symptoms and cell apoptosis in spontaneous
diabetic mice

To explore the effects of miR-26a-5p delivered by ADSC-
derived EVs in a mouse model of DN, ADSC-derived EVs and/
or miR-26a-5p antagomir were injected into C57BL/KsJ db/db
mice via the tail vein. Mice were then observed for changes in
urine protein, Scr, and BUN levels, and the histopathological
changes of mice were detected using PAS staining. As illus-
trated, diabetic mice treated with PBS and antagomir NC dis-
played accumulated extracellular matrix in their kidney tissues,
viability of mesangial cells, thickening of basement membrane,
and nuclear lamina dispersion, with increased proteinuria in
the lumen, hyaline degeneration, and severe vacuolar degenera-
tion of renal tubular epithelial cells. ADSC-derived EVs and
antagomir NC treatment led to decreased levels of urine pro-
tein, Scr, and BUN in DN modeled mice and alleviated histo-
pathological changes compared with those of PBS and antago-
mir NC treatment. Treatment with ADSC-derived EVs and
miR-26a-5p antagomir treatment markedly increased the levels
of urine protein, Scr, and BUNwhile aggravating the histopath-

ological changes in the mice compared with treatment with
ADSC-derived EVs and antagomir NC (Fig. 8, A and B).
TUNEL staining showed that treatment with both ADSC-
derived EVs and antagomir NC significantly reduced cell apo-
ptosis compared with that of DN mice treated with PBS and
antagomir NC. Apoptosis was notably increased in DN mice
treated with both ADSC-derived EVs and miR-26a-5p antago-
mir compared with treatment with ADSC-derived EVs and
antagomir NC (Fig. 8C).
RT-qPCR was used to analyze miR-26a-5p and TLR4 expres-

sion in the renal tissues of mice in response to different treat-
ments. Treatment with ADSC-derived EVs and antagomir NC
significantly increased miR-26a-5p expression and decreased
TLR4 expression compared with PBS plus antagomir NC treat-
ment; however, treatment with ADSC-derived EVs plus miR-
26a-5p antagomir decreased miR-26a-5p expression and
increased TLR4 expression compared with treatment with
ADSC-derived EVs and antagomir NC (Fig. 8D).
Western blot analysis was used to detect the levels of apopto-

sis-related proteins TLR4 and VEGFA as well as NF-kB path-
way-related proteins. Treatment with ADSC-derived EVs and
antagomir NC led to marked decreases in Bax, cleaved caspase-
3, caspase-3, IKKb, IkBa, p65, and VEGFA protein expression
as well as in the extent of IKKb, IkBa, and p65 phosphoryla-
tion, accompanied by an increase in the protein expression of
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Bcl-2 compared with PBS and antagomir NC treatment. These
changes were reversed upon treatment with ADSC-derived
EVs and miR-26a-5p antagomir (Fig. 8E). Overall, delivery of
miR-26a-5p by ADSC-derived EVs significantly reduces the
pathological symptoms and cell apoptosis in spontaneously dia-
betic mice.

Discussion

DN is a fatal complication of diabetes characterized by meta-
bolic disorders and chronic inflammation (25). Increased dia-
betic podocyte dysfunction aggravates diabetes-induced kidney
injury (26). Because EVs have been shown to confer protection
against renal diseases (27), we studied the effects of miR-26a-5p
delivery by EVs derived from ADSCs on the pathological symp-
toms of DN. Delivery of miR-26a-5p by ADSC-derived EVs
alleviated several pathological symptoms associated with DN.
Initially, we found that miR-26a-5p was highly expressed in

EVs obtained from adipose tissue-derived MSCs; however,
miR-26a-5p was poorly expressed and TLR4 was highly
expressed in DN. As previously reported, miR-26a-5p is highly

expressed in exosomes secreted from ADSCs (28). Similarly, a
previous study found that miR-26a expression was low in bi-
opsy samples from patients with DN (29). Moreover, meta-
analysis revealed that miR-26a-5p expression was downregu-
lated in DN (15), consistent with our results. In addition, high
expression of TLR4 was detected in the glomerular basement
membrane, proximal convoluted tubule, and the renal intersti-
tial area of the kidney from rats with DN (30). Finally, another
study also observed upregulation of TLR4 in db/db mice and
SV40-MES-13 cells compared with that of the normal controls
(31).
We subsequently demonstrated that EVs derived from

ADSCs were able to alleviate the pathological symptoms of DN,
as evidenced by a reduction in protein urine, Scr, and BUN, and
suppress glomerular podocyte apoptosis in spontaneous dia-
betic mice. EVs also prevented apoptosis in HG-induced MP5
cells characterized by a reduction in Bax, cleaved caspase-3,
and caspase-3 and increased Bcl-2. Transplantation of ADSCs
has been highlighted as a potential therapy for DN (32). Con-
sistent with our results, stem cell-derived EVs were capable of
suppressing fibrosis in a mouse model of DN (33). In addition,

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

0.0

0.5

1.0

1.5

2.0

HG
HG + Evs + pcDNA-3.1
HG + Evs + pcDNA-TLR4

HG
H

G
 +

 E
vs

 +
 p

cD
N

A-
3.

1
H

G
 +

 E
vs

 +
 p

cD
N

A-
TL

R
4

HG

HG + 
Evs

 + 
pc

DNA-3.
1

HG + 
Evs

 + 
pc

DNA-TLR
4

*

#

*

#

*

#

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

0

1

2

3

HG + DMSO
HG + PMA
HG + PMA + ADSCs-Evs

HG + 
DMSO

HG + 
PMA

HG + 
PMA + 

ADSCs-E
vs

HG + DMSO
HG + PMA
HG + PMA + ADSCs-Evs

HG + DMSO
HG + PMA
HG + PMA + ADSCs-Evs

*

# *
#

*
#

Ap
op

to
si

s 
ra

te
 (%

)

0

10

20

30

40

50

*

#

C
el

l p
ro

lif
er

at
io

n 
ra

te
0

2

4

6

8

10
E

H

F

*

#

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 o
f V

EG
FA

0.0

0.2

0.4

0.6

0.8
 VEGFA

GAPDH

1.0
*

*

Ap
op

to
si

s 
ra

te
 (%

)

0

5

10

15

20

25

*

#

HG
HG + Evs + pcDNA-3.1
HG + Evs + VEGFA

HG

HG + 
Evs

 + 
pc

DNA-3.
1

HG + 
Evs

 + 
VEGFA

C
el

l p
ro

lif
er

at
io

n 
ra

te

0

2

4

6

8

10

G
*

#

HG + PBS
HG + Evs + pcDNA-3.1
HG + Evs + pcDNA-VEGFA

HG + PBS
HG + Evs + pcDNA-3.1
HG + Evs + pcDNA-VEGFA

p-IKKβ/IKKβ

p-IKKβ

IKKβ

p-IκBα/IκBα

p-IκBα

IκBα

p-p65/p65

p-p65

p65

GAPDH

87 kDa

87 kDa

40 kDa

40 kDa

65 kDa

65 kDa

37 kDa

87 kDa

87 kDa

40 kDa

40 kDa

65 kDa

65 kDa

37 kDa

27 kDa

37 kDa

P65 DAPI Merge
p-IKKβ

IKKβ

p-IκBα

IκBα

p-p65

p65

GAPDH

p-IKKβ/IKKβ p-IκBα/IκBα p-p65/p65

 25 μm  25 μm  25 μm

 25 μm  25 μm  25 μm

 25 μm  25 μm  25 μm

A B C

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

D
HG + DMSO HG + PMA HG + PMA + ADSCs-Evs

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

HG + PBS HG + Evs + pcDNA-3.1 HG + Evs + pcDNA-VEGFA

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

Annexin V FITC

PI

Figure 7. EVs derived from ADSCs deliver MiR-26a-5p, which targets TLR4, downregulates NF-kB/VEGFA, and inhibits the apoptosis of MP5 cells
induced by HG. A, immunofluorescence staining of p65 protein in MP5 cells (scale bar, 25 mm). B, the protein expression of NF-kB pathway-related proteins
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ADSC-derived EVs alleviated streptozotocin-induced DN in
rats (34). Furthermore, this study found that ADSC-derived
EVs alleviated signs of DN by delivering miR-26a-5p to nearby

cells. In line with our findings, exosomal miR-26a inhibited
muscle wasting and renal fibrosis in a mouse model of obstruc-
tive kidney disease (35) and suppressed cardiac fibrosis in
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chronic kidney disease (36). Notably, ADSC-derived exosomes
transferredmiR-181-5p to injured liver cells, preventing liver fi-
brosis (37). Urinary protein, blood urea nitrogen, and serum
creatinine levels were measured to determine the kidney func-
tion, and attenuation of DN was associated with reduced levels
of Scr, BUN, and urine protein in the streptozotocin-induced
DN rat (38, 39). At the same time, accelerated apoptosis and re-
nal injury in diabetic rats were associated with decreased Bcl-2
and increased BAX cleaved caspase-3 levels (40, 41). These
reports support our findings that delivery of miR-26a-5p into
MP5 cells by ADSC-derived EVs suppressed the progression
of DN.
Furthermore, we found that miR-26a-5p delivered by ADSC-

derived EVs targeted TLR4 inHG-inducedMP5 cells, inactivat-
ing the NF-kB/VEGFA pathway. Interestingly, upregulated
TLR4 increases the susceptibility of diabetic rats to acute kid-
ney injury following myocardial infarction (42). Moreover,
reduced expression of TLR4 and NF-kB nuclear translocation
caused by catalpol expression suppressed HG-induced podo-
cyte injury (43). DN progression is characterized by the activa-
tion of NF-kB in tubular epithelial cells (44), and silencing of
VEGA attenuated podocyte injury induced by HG (9). To-
gether, these reports support our findings that TLR4 plays a
role in the pathological progression of DN. Additionally, inhibi-
tion of TLR4 expression downregulated NF-kB in vitro, thereby
alleviating the development of atherosclerosis (45). Therefore,
it could be concluded that miR-26a-5p, when delivered by
ADSC-derived EVs into MP5 cells, targets TLR4, thereby inac-
tivating the NF-kB/VEGFA signaling pathway and regulating
MP5 cell injury.
Our findings demonstrated that delivery of miR-26a-5p by

ADSC-derived EVs alleviates the pathological symptoms of DN
by targeting TLR4, which subsequently inactivates the NF-kB/
VEGFA signaling pathway (Fig. 9). This suggests a protective
role for miR-26a-5p-containing EVs derived from ADSCs dur-
ing DN, providing a novel therapeutic target for the prevention
of DN in the clinical setting. Moreover, this study was the first
to discover the effect of the miR-26a-5p/TLR4 axis in DN.
Nevertheless, further studies based on human specimens are
required to confirm the underlyingmolecular mechanism.

Materials and methods

Ethics statement

This study was approved by the medical ethics committee of
Huaihe Hospital, Henan University. All animal experiments
were performed according to the provisions of the Guide for
the Care and Use of Laboratory Animals from the National
Institutes of Health (46).

Bioinformatic analysis

MiRs present in MSC-derived EVs were obtained from the
EVmiRNA database (RRID:SCR_018795). The diabetes-related
gene expression data set GSE21340 was downloaded from the
GEO database (RRID:SCR_005012), which included 10 nor-
mal samples and 5 diabetes samples. Differential expression
analysis was conducted using the R language “limma” pack-
age (47) using normal samples as controls. The threshold for
differential expression analysis was set at a log2 fold change
of .1 and p value of ,0.05. Downstream targets genes of
different miRs were predicted using the miRanda database
(RRID:SCR_017496) and the Starbase database (RRID:SCR_
016303), and the intersecting genes were overlaid with the
differential expression results from the GSE21340 data set.
A map for binding sites between miRs and genes was
delineated after searching the above miR database.

Experimental materials

Mannitol (MA) (SM8120) was purchased from Solarbio (Bei-
jing, China), and Roswell Park Memorial Institute 1640
(SH30809.01B), Dulbecco's modified Eagle's medium/nutrient
mix F12 (DMEM/F12) (SH30023.01B), and BSA (SH30574.03)
were purchased from HyClone Company (Logan, UT, USA).
Collagenases I (17100-017), II (17101-015), and IV (17104-019)
and 0.25% trypsin (15050065) were purchased from Gibco
Company (Grand Island, NY, USA). Propidium iodine (25535-
16-4), RNase A (9001-99-4), dexamethasone (D4902), b-glycer-
ophosphate (G9422), ascorbic acid (A7562), insulin (I5500),
ninhydrin (I7378), and 3-isobutyl-1-methylxanthine (IBMX;
I7018) were purchased from Sigma-Aldrich Chemical Com-
pany (St. Louis, MO, USA). Triton X-100 (1%) (SBJ-1141) was
purchased from SBJbio Selleck Uscn Life Science Inc. (Shang-
hai, China), and phorbol-12-myristate-13-acetate (PMA)
(TLRL-PMA) was from Invitrogen (Carlsbad, CA, USA). The
primers for miR-26a-5p inhibitor, miR-26a-5p mimic, and
pCDNA-TLR4 were designed and synthesized by GenePharma
(Shanghai, China), whereas the miR-26a-5p antagomir was
purchased from Biomics Biotechnologies (Jiangsu, China).

Animal treatment

C57BL/KsJ db/m male mice aged 7 weeks and weighing 18–
22 g (control mice, n = 6) and C57BL/KsJ db/db mice (a total of
18 spontaneous diabetic mice assigned into three groups, n = 6)
were purchased from Cavens Laboratory Animal (SCX, 2016-
0010, Changzhou, China). Three to five mice were placed in
each cage, with controlled, alternating 12-h day/night cycles
and temperature of 22 6 2 °C, with free access to food and
water.When reared to the age of 12 weeks, mice were subjected
to characterization of DN phenotype by histopathological

Figure 8. Delivery of miR-26a-5p by ADSC-derived EVs reduces the pathological symptoms and cell apoptosis in spontaneously diabetic mice (n = 6
mice per group). A, the levels of urine protein, Scr, and BUN of mice. B, histopathological characterization of DN determined by PAS staining (the black arrows
indicate accumulation of extracellular matrix and thickening of basement membrane) (scale bar, 25 mm). C, the apoptosis of glomerular podocytes detected
by TUNEL staining. The black arrow indicates apoptotic cells (the brownish-yellow cells) (scale bar, 25 mm). D, the expression of miR-26a-5p and TLR4 in MP5
cells as detected by RT-qPCR. E, the protein expression of apoptosis-related proteins (caspase-3, cleaved caspase-3, Bcl-2, Bax) in renal tissues of mice as
detected by Western blot analysis, normalized to GAPDH. Data are expressed as mean 6 standard deviation. Data among multiple groups were compared
using one-way ANOVA, followed by Tukey’s post hoc test. The experiment was repeated three times. *, p, 0.05 versus PBS1 antagomir-NC. #, p, 0.05 versus
ADSCs-Exo1 antagomir-NC.
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examination using periodic acid Schiff (PAS) staining accord-
ing to the published literature (13). At 13 weeks of age, mice
underwent injection with either phosphate-buffered saline
(PBS), ADSC-derived EVs, or miR-26a-5p antagomir via tail
vein for a 12-week therapy.

Cell isolation and culture

The mice were anesthetized with pentobarbital (200 mg/kg
i.p.), and the subcutaneous adipose tissues of the groin were
extracted. ADSCs were isolated after collagenase digestion. In
short, the fat tissues were cut and washed twice with PBS buffer
and centrifuged at 1200 rpm for 10 min. Following the removal
of the supernatant, prepared collagenase was added to the pre-
cipitates. Detachment was allowed to proceed at 37 °C for
40 min and was terminated by the addition of complete me-
dium. Cells were then filtered using a 40-mm cell filter, centri-
fuged at 1500 rpm for 8 min, resuspended with complete Ros-
well Park Memorial Institute 1640 medium, and finally
cultured in a humidified incubator at 37 °C with 5%CO2.
In the miR-26a-5p inhibitor experiment, ADSCs were trans-

fected with an miR-26a-5p inhibitor or NC for 48 h, and then
ADSC-derived EVs were isolated for further experimentation.
Mouse glomerular podocytes, MP5 cells, were purchased from
the Institute of Basic Medicine, China Academy of Chinese
Medical Sciences (Beijing, China) (3111C0001CCC000230).
MP5 cells were cultured in DMEM containing 10% fetal bovine
serum (FBS) in a humidified incubator at 37 °C with 5% CO2.
MP5 cells were treated with one 5.5 mM D-glucose (NG),

5.5 mM D-glucose1 24.5 mM MA, 30 mM D-glucose (HG), or HG
treatment with an increasing concentration of ADSC-derived
EVs over 24 h, 48 h, and 72 h. Finally,MP5 cells were treated with
NG,MA,HG, orHGplus ADSC-derived EVs for 48 h.

In vitro differentiation of pluripotent ADSCs

Osteoblast differentiation was induced as follows. ADSCs
(13 105 cells/well) were inoculated into a 6-well culture plate,
and once they were adherent to the wall, the cells were cultured
with osteoblast culture medium (prepared with DMEM supple-
mented with 0.17 mM vitamin C, 0.5% FBS, 10 mM b-glycero-
phosphate, 100 nM dexamethasone, and 1% penicillin/strepto-
mycin, all purchased from Sigma-Aldrich Chemical Company
[St. Louis, MO, USA]). The cells were cultured at 37 °C with 5%
CO2 for 21–28 days, with the medium being replaced every 2
days. After calcified nodules were observed under a light micro-
scope, the cells were washed twice with PBS, fixed with 4%
paraformaldehyde for 15 min, washed twice with deionized
water, and stained with Alizarin Red S for 30 min. After stain-
ing, cells were washed twice with deionized water and observed
under an optical microscope.
Adipocyte differentiation was induced as follows. ADSCs

(13 105 cells/well) were inoculated into a 6-well culture plate,
and the cells were cultured with adipogenic differentiation cul-
ture medium composed of DMEM supplemented with gluta-
mine, 10% FBS, 1 mM rosiglitazone, 1 mM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, 10 mg/ml insulin, 0.2 mM

indomethacin, and 1% penicillin/streptomycin. After 3 days,
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Figure 9. The molecular mechanism by which ADSC-derived EVs alleviate injury caused by DN. EVs derived from ADSCs enter mouse glomerular podo-
cytes, MP5 cells. MiR-26a-5p contained in the ADSC-derived EVs targets and inhibits TLR4, inactivating the NF-kB/VEGFA pathway in HG-induced MP5 cells,
characterized by decreased IKKb, IkBa, and p65 protein expression and a decrease in the extent of the phosphorylation of those proteins. This leads to
enhanced viability and suppresses apoptosis of MP5 cells.
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the medium was replaced every other day with low-glucose
DMEM containing glutamine, 10% FBS, 1% penicillin/strepto-
mycin, 1 mM rosiglitazone, and 10 mg/ml insulin. The cells
were cultured at 37 °C with 5% CO2 for 21–28 days. When the
fat droplets were obviously visible under optical microscopy,
the cells were washed with deionized water, fixed with 4% para-
formaldehyde for 15 min, rinsed with PBS, and then incubated
with 65% isopropanol for 4 min. The cells were then stained
with new, filtered oil red O for 4 min, washed with deionized
water, counterstained with hematoxylin, and observed using an
optical microscope.
Chondroblast differentiation was subsequently induced.

ADSCs (2 3 106 cells/tube) were cultured in a 15-ml centri-
fuge tube at 37 °C with 5% CO2 for 24 h and then incubated in
chondrogenic medium composed of DMEM (4.5 g/liter glu-
cose) supplemented with 100 nM dexamethasone, 0.35 mM

proline, 0.17 mM vitamin C, 1 mM sodium pyruvate, 1% insu-
lin-transferrin-selenium, 10 ng/ml transforming growth fac-
tor beta 3 (TGFb-3), and 1% penicillin/streptomycin (Sigma-
Aldrich Chemical Company, St. Louis, MO, USA) at 37 °C
with 5% CO2 for 21–28 days, during which the medium was
replaced every 2 days. After the cells were cultured into
spheres with a diameter of 1.5–2 mm, the cells were sliced
and stained with Alcian blue. Briefly, the cells are washed
twice with deionized water, fixed with 4% paraformaldehyde
for 15 min, and cut into 10-mm frozen sections. Finally, the
sections were stained with 0.5% Alcian blue dye for 30 min
and observed under an optical microscope.

Isolation of EVs

At the third passage, ADSCswere inoculated into a 6-cm cul-
ture dish and cultured at 37 °C with 5% CO2. When the cell
density reached 70–80%, the cells were cultured in fresh me-
dium containing EVs-free FBS for 24 h, followed by ultracentri-
fugation at 100,0003 g for 18 h and filtration using a 0.22-mm
filter to obtain EV-free FBS. After 24 h of culture, conditioned
mediumwas collected and EVs were extracted by ultracentrifu-
gation. In short, the cell culture medium was centrifuged at
300 3 g for 10 min, at 2000 3 g for 15 min, and at 12,000 3 g
for 30 min, respectively, to remove floating cells and cell frag-
ments. Following filtration using a 0.22-mm filter, the superna-
tant was collected and ultracentrifuged at 100,000 3 g at 4 °C
for 2 h, washed with PBS, ultracentrifuged for the second time
under the same conditions, and resuspended with PBS. ADSC-
derived EVs were immediately used in subsequent experimen-
tation or stored at280 °C (48).

Characterization of EVs

The size distribution of isolated EVs wasmeasured by dynamic
light scattering (DLS) using a NanosizerTM instrument (Malvern
Instruments, Malvern, UK). The morphology of EVs was
observed using a Hitachi H-7650 transmission electron micro-
scope (TEM; Hitachi, Tokyo, Japan). EVs were dissolved in radio-
immune precipitation assay buffer and quantified using a bicin-
choninic acid (BCA) protein analysis kit (Thermo Fisher
Scientific, Rockford, IL, USA). CD63 (ab216130, 1:1000), tumor

susceptibility gene 101 (Tsg101) (ab30871, 1:1000), and calnexin
(ab22595, 1:1000) were detected byWestern blot analysis.

Uptake test of EVs

To determine the uptake of ADSC-derived EVs by MP5
cells, EVs were labeled with green fluorescent dye (PKH67,
Sigma-Aldrich Chemical Company [St. Louis, MO, USA])
and incubated with MP5 cells at 37 °C for 3 h. Following sev-
eral PBS rinses, the cells were fixed with 4% paraformalde-
hyde for 15 min, washed with PBS, and then stained
with 49,6-diamidino-2-phenylindole (0.5 mg/ml; Invitrogen,
Carlsbad, CA, USA). The green fluorescence in MP5 cells
was observed under a fluorescence microscope. To detect
whether miRs can be transferred from EVs into MP5 cells,
MP5 cells treated with ADSC-derived EVs for 3 h were col-
lected for RNA extraction, and miR expression was detected
by RT-qPCR.
ADSCs were transfected with Cy3-miR-26a-5p mimic (Ribo-

bio, Guangzhou, China) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) and then cocultured with MP5 cells. The
uptake of Cy3-miR-26a-5p mimic by MP5 cells was observed
via fluorescencemicroscopy.

Determination of urine protein, Scr, and BUN levels

The urine of mice was collected after 12 weeks of treatment
and then analyzed using a BCA kit. In short, BCAworking solu-
tion was mixed with urine, followed by incubation at 37 °C for
30 min. Optical density values were detected at 562 nm. After
treatment with EVs, the plasma was collected via the abdomi-
nal aorta, kept at room temperature for 2 h, and centrifuged at
3500 rpm for 5 min. The levels of Scr and BUN were measured
using detection kits (Scr, C011-1, Jiang Cheng Biotechnology,
Nanjing, China; BUN, C013-2, Jiang Cheng Biotechnology,
Nanjing, China).

Cell transfection

ADSCs were transfected with inhibitor NC, miR-26a-5p in-
hibitor, pcDNA-3.1, pcDNA-TLR4, and pcDNA-VEGFA. miR-
26a-5p inhibitor and inhibitor NC were synthesized by Invitro-
gen (Carlsbad, CA, USA); pcDNA-3.1/TLR4/VEGFA plasmids
were purchased from GenePharma (Shanghai, China). The
experiment was carried out according to the instructions of the
Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA, USA). In
brief, cells were inoculated into a 6-well plate 24 h before trans-
fection. After 6 days of culture, cells were resuspended in con-
ditioned medium and then seeded into a new 6-well plate, fol-
lowed by transfection according to the above grouping. After
transfection, the cells were incubated at 37 °C with 5% CO2 for
6–8 h and further cultured for 24–48 h with complete medium
after centrifugation.

Dual-Luciferase reporter gene assay

The synthetic TLR4 3'UTR gene fragment was introduced
into the psiCHECK-2 vector (Promega Corporation, Madison,
WI, USA). The complementary sequence mutation site of the
seed sequence was designed based on the TLR4 WT and then
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inserted into the psiCHECK-2 vector reporter plasmids. The
correctly sequenced luciferase reporter plasmids of TLR4
3'UTR-WT (100 ng) and TLR4 3'UTR-mutant type (MUT)
(100 ng) were cotransfected into HEK-293T cells with either
miR-26a-5p mimic or mimic-NC (2 nM, Dharmacon Inc., Chi-
cago, IL, USA, and CRL-1415, Xinyu Biotechnology Co., Ltd.,
Shanghai, China), respectively. After 48 h of transfection, cells
were collected and lysed. The luciferase activity was detected
using a luciferase detection kit (RG005, Beyotime Biotechnol-
ogy Co., Shanghai, China) on a GloMax 20/20 luminometer flu-
orescence detector (Promega Corporation, Madison, WI,
USA).

Cellular immunofluorescence assay

Cells were fixed with 4% paraformaldehyde for 5 min after
they were half-dried. Next, the formaldehyde was removed, and
0.5%Triton X-100 preparedwith PBSwas used to clear the cells
for 15 min. Next, the cells were sealed with 1% BSA at room
temperature for 30 min. After removal of the sealing solution,
the cells were incubated on a coverslip along with the primary
antibody against p65 (no. 8242, 1:200, Cell Signaling Technolo-
gies [CST], Beverly, MA, USA) at 4 °C overnight and then with
the fluorescence-labeled secondary antibody (ab250115,
Abcam Inc., Cambridge, MA, USA) at room temperature for 1
h in the dark. Finally, blocking agent (no. MM1402-5ML, MK
Bio Science Co., Ltd., Suwon-si, Gyeonggi-do, Korea) contain-
ing 49,6-diamidino-2-phenylindole was used to seal the cover-
slip, and the cells were observed under a fluorescence micro-
scope (Olympus Inc., Tokyo, Japan).

Flow cytometry

Flow cytometry was used to detect the representative surface
markers of ADSCs. In short, ADSCswere detached with trypsin
to form a single-cell suspension, washed by PBS (without cal-
cium and magnesium), and then blocked with 10% normal goat
serum to prevent nonspecific binding. Afterward, a series of
monoclonal antibodies to CD14, CD19, CD29, CD34, CD44,
CD45, CD73, CD90, HLA-A, -B, and -C, and HLA-DR (1:100,
BioLegend, San Diego, CA, USA) labeled with FITC dye were
incubated along with the cells for 30 min. A blank control and
an FITC single-step staining control were set up, followed by a
PBS rinse. Finally, the cells were resuspended with 10% normal
goat serum and analyzed with a CyAn ADP analyzer (Beckman
Coulter Life Sciences, Brea, CA, USA).
To assess apoptosis, cells were detached with 0.25% EDTA-

free trypsin, centrifuged at 1500 rpm for 5 min, resuspended to
precipitate, and washed with PBS. After centrifugation at 1500
rpm for 5 min, the cells were resuspended again with 300 ml
binding buffer, followed by incubation with 5 ml annexin V-
FITC at room temperature in the dark for 5 min. Subsequently,
the cells were stained with 10 ml propidium iodine for 10 min,
after which the apoptosis was detected using a flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

CCK-8 assay

MP5 cells (3000 cells/well) treated with HG or ADSC-
derived EVs were inoculated into 96-well plates, followed by

incubation for 24, 48, and 72 h. Next, 10 ml CCK-8 reagent was
added into each well and incubated for 2 h. The optical density
at 450 nm was detected using a microplate reader (Multiskan
MK3; Thermo Fisher Scientific, Rockford, IL, USA).

TUNEL staining

In the detection of apoptosis, tissue sections were evaluated
according to the reagent specifications (Biobox, BA27). In
short, the samples were labeled with DNA fragments in
TUNEL solution containing terminal deoxynucleotidyltrans-
ferase and streptavidin-FITC. After washing, cells were incu-
bated with paraformaldehyde-conjugated anti-FITC in a dark
room at 37 °C for 30 min, followed by addition of DAB reaction
solution to the slide and 49,6-diamidino-2-phenylindole stain-
ing. Following hydrochloric acid alcohol differentiation and
ethanol dehydration, the samples were incubated with xylene
and sealed with neutral resin. The images were processed and
analyzed under a microscope (IX53, Olympus Inc., Tokyo,
Japan).

RT-qPCR

Trizol reagent (Invitrogen, Carlsbad, CA, USA) was used to
extract total RNA from cultured cells or tissues. Complemen-
tary DNA (cDNA) was synthesized from 1 mg total RNA using
a Revert Aid first-strand cDNA synthesis kit (Fermentas, Bur-
lington, Ontario, Canada). RT-qPCR analysis then was carried
out with the use of the SYBR Premix ExTaqTM II in an ABI
PRISM® 7900HT system (Takara Holdings Inc., Kyoto, Japan).
GAPDHwas used as an internal reference for determining rela-
tive mRNA expression using relative quantification (22DDCt

method). The PCR primers used in this study are shown in
Table 1. MiRs delivered by EVs were isolated using a SeraMir
exosome RNA purification kit (System Biosciences, Mountain
View, CA, USA). By following the instructions provided by the
TaqManmicroRNA assist kit (Applied Biosystems, Foster City,
CA, USA), miR was converted to cDNA. The FastStart Univer-
sal SYBR Greenmaster mix (Roche, Indianapolis, IN, USA) was
used for the RT-qPCR reaction, along with the miR-specific
forward primers provided by Sangon Biotechnology (Shanghai,
China) and general reverse primers provided by the TaqMan
microRNA assay kit. The expression of miRs was normalized
to U6.

Western blot analysis

Proteins were resolved by SDS-PAGE, transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA), and blocked with 5% milk and 0.1% TBS contain-
ing Tween 20 for 1 h. Membranes were immunoblotted with
primary antibodies to TLR4 (ab13867, 1:1000), VEGFA
(ab46154, 1:1000), Bcl-2 (ab196495, 1:1000), Bax (ab53154,
1:500), caspase-3 (ab44976, 1:500), and cleaved caspase-3
(ab2302, 1:500), which were all purchased from Abcam Inc.
(Cambridge, MA, USA), and to phosphorylated (p)-IkB ki-
nase b (IKKb) (no. 2078, 1:1000), IKKb (no. 8943, 1:1000), p-
IkBa (no. 2859, 1:1000), IkB kinase a (IkBa) (no. 4812,
1:1000), p-p65 (no. 3031, 1:1000), and p65 (no. 8242, 1:1000),
which were purchased from Cell Signaling Technology
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(Danvers, MA, USA). Next, the membranes were probed
with horseradish peroxidase-conjugated anti-rabbit IgG sec-
ondary antibodies purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). We developed blots using
enhanced chemiluminescence reagent (Thermo Fisher Sci-
entific, Rockford, IL, USA), captured the images using the
ChemiDoc XRS Plus luminescent image analyzer (Bio-Rad
Laboratories, Hercules, CA, USA), and quantified band area
using Image J software. The relative expression of the target
protein was normalized to the band intensity of GAPDH.

Statistical analysis

Data analysis was performed utilizing SPSS 21.0 (IBM Corp.,
Armonk, NY, USA). Data are expressed as mean 6 standard
deviation. The data between two groups obeying normal distri-
bution and homogeneous variance in paired design were com-
pared using a paired t test and those in unpaired design using
unpaired t test. Data among multiple groups were compared
using one-way analysis of variance (ANOVA), with a Tukey’s test
conducted for post hoc analysis. Data among multiple groups at
different time points were compared by repeated-measures
ANOVA, followed by Bonferroni post hoc test. Pearson’s correla-
tion analysis was applied for correlation analysis. The Kaplan-
Meier method was used to calculate the survival rate of patients,
and log-rank test was employed for single-factor analysis. A p
value of,0.05 indicated a statistically significant difference.

Data Availability

All the data are in themanuscript.
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Table 1
Primer sequences for RT-qPCRa

Gene Primer sequence (59–39)

miR-26a-5p F, GCGCGCGTAACAGTGTACAGC
R, GTCGTATCCAGTGCAGGGTCC

U6 F, CTCGCTTCGGCAGCACA
R, AACGCTTCACGAATTTGCGT

TLR4 F, CACTGTTCTTCTCCTGCCTGAC
R, TGGTTGAAGAAGGAATGTCATC

GAPDH F, AGACAGCCGCATCTTCTTGT
R, TGATGGCAACAATGTCCACT

aRT-qPCR, reverse transcription-quantitative PCR; miR, microRNA; TLR4, Toll-like
receptor 4; F, forward; R, reverse.
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