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Exosomes derived from adipose-derived ")
stem cells overexpressing glyoxalase-1
protect endothelial cells and enhance
angiogenesis in type 2 diabetic mice with

limb ischemia
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Abstract

Background: Diabetic limb ischemia is a clinical syndrome and refractory to therapy. Our previous study demonstrated
that adipose-derived stem cells (ADSCs) overexpressing glyoxalase-1 (GLO-1) promoted the regeneration of ischemic
lower limbs in diabetic mice, but low survival rate, difficulty in differentiation, and tumorigenicity of the transplanted cells
restricted its application. Recent studies have found that exosomes secreted by the ADSCs have the advantages of
containing parental beneficial factors and exhibiting non-immunogenic, non-tumorigenic, and strong stable
characteristics.

Methods: ADSCs overexpressing GLO-1 (G-ADSCs) were established using lentivirus transfection, and
exosomes secreted from ADSCs (G-ADSC-Exos) were isolated and characterized to coculture with human
umbilical vein endothelial cells (HUVECs). Proliferation, apoptosis, migration, and tube formation of the
HUVECs were detected under high-glucose conditions. The G-ADSC-Exos were injected into ischemic hindlimb
muscles of type 2 diabetes mellitus (T2DM) mice, and the laser Doppler perfusion index, Masson'’s staining,
immunofluorescence, and immunohistochemistry assays were adopted to assess the treatment efficiency.
Moreover, the underlying regulatory mechanisms of the G-ADSC-Exos on the proliferation, migration,
angiogenesis, and apoptosis of the HUVECs were explored.
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Results: The G-ADSC-Exos enhanced the proliferation, migration, tube formation, and anti-apoptosis of the
HUVECs in vitro under high-glucose conditions. After in vivo transplantation, the G-ADSC-Exo group showed
significantly higher laser Doppler perfusion index, better muscle structural integrity, and higher microvessel’s
density than the ADSC-Exo and control groups by Masson’s staining and immunofluorescence assays. The
underlying mechanisms by which the G-ADSC-Exos protected endothelial cells both in vitro and in vivo might
be via the activation of eNOS/AKT/ERK/P-38 signaling pathways, inhibition of AP-1/ROS/NLRP3/ASC/Caspase-1/
IL-1B, as well as the increased secretion of VEGF, IGF-1, and FGF.

Conclusion: Exosomes derived from adipose-derived stem cells overexpressing GLO-1 protected the
endothelial cells and promoted the angiogenesis in type 2 diabetic mice with limb ischemia, which will be a
promising clinical treatment in diabetic lower limb ischemia.
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Background

Diabetes mellitus (DM) is a chronic health condition
and associated with several comorbidities. The probabil-
ity of diabetic patients suffering from ischemic lower ex-
tremity disease is 2-4 times that of non-diabetic
patients, and the risk of amputation is 4-5 times that of
normal people [1]. Diabetic lower limb ischemia has a
high incidence, insidious onset, and long and protracted
course. It often leads to non-healing diabetic foot ulcers
and ischemic necrosis of the lower extremities which re-
sult in minor and major amputation, multiple organ dys-
function syndrome, and death [2-4]. Conventional
therapeutic approaches in clinical practice such as drug
therapy, by-pass open surgery, and percutaneous translu-
minal angioplasty have resulted in an unsatisfying long-
term outcome [5].

Over the past decade, the rapid development of regen-
erative medicine has made the adipose-derived stem
cells (ADSCs) become one of the most promising stem
cells to use in lower extremity ischemia due to their
abundant sources, high enrichment property, high prolif-
eration rate, and low immunogenicity. Several research
studies have proved that the ADSCs promote skin
wound healing and ischemic tissue angiogenesis in ani-
mal models [6, 7]. However, advanced clinical prospect-
ive studies have shown an unsatisfying long-term clinical
effect of autologous transplantation of the ADSCs [8, 9].
Studies have revealed that autologous transplanted
ADSCs have limited survivability in the unfavorable en-
vironment around the target damaged vessels [10]. Add-
itionally, stem cells can hardly differentiate into specific
types of cells in vivo to replace the cells at the site of in-
juries [11]. Further, ADSCs transplantation has safety
risks such as microvascular embolism and tumor forma-
tion in vivo.

Lately, many researchers have discovered that ADSCs
play a role in promoting tissue repair mainly through
paracrine function in vivo [12]. Among the many sub-
stances secreted by the ADSCs, exosomes (Exos) have

become a research hotspot of “cell-free” treatment strat-
egies in the field of stem cell therapy in recent years.
Adipose-derived stem cell exosomes (ADSC-Exos) are
membranous microvesicles with a size of 40-160 nm
(100 nm on average), which can be fused out of the cell
through the membrane and then taken up by the target
cells through endocytosis. The ADSC-Exos mediate
positive biological therapeutic effects through their con-
tents of growth factors, cytokines, proteins, lipids, micro-
RNA, and mRNA, similar to the parent ADSCs. The
ADSC-Exos have no immunogenic and tumorigenic
properties and is highly stable and can be transported
for long distances through the biofluids. These cell-free
vesicles can be used to replace stem cells in transplant-
ation therapies [13]. Animal experiments have shown
that autologous transplanted ADSC-Exos can resist
apoptosis of target cells, promote proliferation, migra-
tion, and tube formation of endothelial cells, and pro-
mote angiogenesis in ischemic tissues, but the specific
underlying mechanism is still unclear [14]. Therefore,
the auto-transplantation of ADSC-Exo has good clinical
application potential in diabetic patients with lower limb
ischemia.

Studies have shown that the continuous high-glucose
environment in diabetic patients may destroy endothelial
cells and inhibit angiogenesis through advanced glycosyl-
ation end products, pro-inflammatory microenviron-
ment, and induction of oxidative stress mechanisms [15,
16]. As the key rate-limiting enzyme in the glyoxalase
system, GLO-1 catalyzes the transfer and isomerization
of methylglyoxal produced in glycolysis into S-D-
lactoylglutathione and then into lactic acid to reduce the
excessive accumulation of toxic end products caused by
the oxidative stress in cells. Studies have confirmed that
the overexpression of the GLO-1 downregulated the
ROS inside the vascular endothelial cells and protected
their functions [17]. The overexpression of GLO-1 in
bone marrow stem cells increased their angiogenic abil-
ity [18]. Our previous research also proved that the
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overexpression of the GLO-1 ameliorated the proangio-
genic ability of ADSCs in diabetic mice with hindlimb is-
chemia [19]. But the GLO-1-overexpressing-ADSCs (G-
ADSCs) exhibited an extremely low survival rate after
transplantation in vivo and the ethical issues related to the
lentiviral transfection restricted its clinical application [20].
Therefore, the objectives of the current study were to
acquire the G-ADSCs secreted exosomes (G-ADSC-
Exos); elucidate the effect of the G-ADSC-Exos on the
proliferation, migration, and tube formation of endothe-
lial cells under high glucose; and transplant the G-
ADSC-Exos into the ischemic lower limbs of type 2 dia-
betic (T2DM) mice to examine its therapeutic efficiency
in vivo. Furthermore, this study aimed to explore the
changes in the related signaling pathways and paracrine
factors to gain new ideas and theoretical bases for the
clinical treatment of diabetic lower limb ischemia.

Methods

Animals

Four-week-old wild-type (WT) C57/BL mice and 8-
week-old T2DM mice C57BL/Ks]-db/db (db/db) were
purchased from Shanghai Research Center for Model
Organisms (Shanghai, China) and reared specific
pathogen-free. All the in vivo animal experiments were
approved by the Animal Ethics Committee of Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine.

Isolation, culture, and characterization of ADSCs

The subcutaneous adipose tissue was acquired sterile
from the areas of groin and armpits of 4-week-old male
WT C57/BL6 mice, digested using NB4 collagenase
(Nordmark, Uetersen, Germany), shaken to form a
homogenous mixture, and seeded on culture plates with
Dulbecco’s modified Eagle medium (DMEM) containing
normal glucose (5.5 mmol/L), 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin for primary culture. The cultures were incubated
at 37 °C under 5% CO,. The ADSCs of the third passage
were collected, washed with phosphate-buffered saline
(PBS), and incubated with anti-mouse antibodies of
CD29, CD90, CD45, and CD34 for 25 min at 4 °C in the
dark. The isotype antibodies were used as negative con-
trols. Flow cytometry (Beckman Coulter, Fullerton, CA,
USA) was performed on the cells after washing 3 times
with PBS as described previously [21].

Glyoxalase-1 overexpression in the ADSCs

To stably obtain large numbers of ADSC-derived exo-
somes, lentiviral vectors were used for gene transfection
of ADSCs. The lentiviral vectors containing GLO-1 and
GFP (green fluorescent protein) gene were purchased
from Hanbio Biotechnology (Shanghai, China). The
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lentivirus was incubated with the ADSCs for 24 h at a
multiplicity of infection (MOI) of 30. The expression of
GFP in the ADSCs was observed using a fluorescence
microscope (Olympus IX81, Tokyo, Japan, http://www.
olympus-ims.com) to identify the transfection efficiency.
The expression of the GLO-1 in the G-ADSCs was con-
firmed at the levels of protein and mRNA by Western
blot and q-PCR, respectively.

Isolation and characterization of the G-ADSC-Exos

After the successful production of the ADSCs stably
overexpressing the GLO-1, the G-ADSC-derived exo-
somes (G-ADSC-Exos) were isolated as previously de-
scribed [22]. First, the cell samples were centrifuged at
300xg for 10 min and the supernatant was collected.
Then, the garnered supernatant was centrifuged at
2000xg for 10 min and the supernatant was collected. Fi-
nally, the garnered supernatant was centrifuged at 10,
000xg for 3 h and the supernatant was discarded while
saving the pellet. After resuspension of the precipitate
with PBS, nanoparticle tracking analysis (NTA) (Zeta-
View, Particle Metrix, Meerbusch, Germany) was per-
formed to measure the diameter of the exosomes. The
morphological characteristics of the exosomes were ob-
served using a transmission electron microscope (TEM)
(JEM-2100F, Japan Electronics, Tokyo, Japan). The exo-
somal markers such as CD9, CD63, CD81, and TSG101
and the expression of the GLO-1 in the G-ADSC-Exos
were looked at using the Western blot.

Coculture of HUVECs and G-ADSC-Exos under high-
glucose environment

Human umbilical vein endothelial cells (HUVECs) were
purchased from the Shanghai Cell Resource Center at
the Institute of Life Sciences (Shanghai, China) and cul-
tured with high-glucose (33.3 mmol/l) DMEM with 5%
fetal bovine serum (Gibco, Waltham, MA, USA) and 1%
antibiotic/antimycotic solution (Gibco) as previously de-
scribed [23]. The HUVECs were then cocultured with
CM-Dil labeled G-ADSC-Exos at 37 °C under 5% CO,
for 24 h. The G-ADSC-Exos engulfed by the HUVECs
were observed using a fluorescence microscope (Olym-
pus IX81, Tokyo, Japan, http://www.olympus-ims.com).
The DAPI was used to stain nuclei, and phalloidin was
used to stain the cytoskeletons of the HUVECs.

Cell proliferation and apoptosis assay of HUVECs

The cell counting kit-8 (CCK-8; Abcam, Cambridge, UK,
https://www.abcam.cn) was used to identify the most ef-
fective therapeutic concentration of the G-ADSC-Exos
on the HUVECs. The HUVECs were seeded on 96-well
plates at a density of 2 x 10 cells/well in high-glucose
conditions and cocultured with PBS, 25 pg/mL ADSC-
Exos, 50 ug/mL ADSC-Exos, 100 ug/mL ADSC-Exos, 25
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pug/mL G-ADSC-Exos, 50 pg/mL G-ADSC-Exos, and
100 pg/mL G-ADSC-Exos, respectively. The CCK-8 so-
lution was added to the wells at 10 pL/well at 0, 24, 48,
and 72 h, after the incubation for 2 h at 37 °C. A micro-
plate spectrophotometer (Varioskan; Thermo Fisher Sci-
entific, Eugene, OR, USA) was employed to measure the
optical density (OD) at 450 nm wavelength.

For apoptosis assay, the HUVECs were cultured in
high-glucose DMEM for 48 h adding PBS, 100 pg/mL
ADSC-Exos, and 100 pg/mL G-ADSC-Exos, respectively.
The Annexin V PE/7-AAD apoptosis detection kit
(Solarbio Science & Technology Co. Ltd., Beijing, China)
and flow cytometry (Beckman Coulter, Fullerton, CA,
USA) were used to measure the apoptosis ratio as previ-
ously mentioned [24]. Finally, the Western blot assay
was performed on the lysate of the HUVECs cocultured
with PBS, ADSC-Exos, and G-ADSC-Exos using anti-
bodies against Caspase-3, Bcl-2, Bax, and B-actin (1:500;
Abcam, Cambridge, UK).

Wound-healing, transwell migration, and tube formation
assay of the HUVECs

To elucidate how the G-ADSC-Exos influenced the mi-
gration and angiogenic ability of the HUVECs under
high-glucose conditions during the process of wound-
healing, transwell migration, and tube formation assay
were performed as previously described [21]. For the
wound-healing assay, after scraping and washing with
PBS, the HUVECs and 100 pg/mL G-ADSC-Exos were
co-incubated under a high-glucose environment for 24
h, and then the coculture was viewed using an inverted
microscope (Olympus, Tokyo, Japan, http://www.
olympus-ims.com) at 0 and 24 h. The Image ] software
(National Institutes of Health, Bethesda, MD, USA,
https://imagej.nih.gov/ij/) was used to measure the area
of the gaps.

The transwell migration assay was performed with a
Boyden chamber and a polyethylene terephthalate (PET)
membrane (R&D Systems Inc., Minneapolis, MN, USA).
One hundred micrograms per milliliter G-ADSC-Exos
and 2 x 10> HUVECs were added onto the upper cham-
ber containing 100 uL high-glucose DMEM with 0.5%
FBS, and a 500-pL high-glucose DMEM was added to
the lower chamber. After 24 h, a cotton swab was used
to wipe the Matrigel and cells from the upper chamber,
4% paraformaldehyde was used to fix the HUVECs mi-
grated through the PET membrane, and then 1% crystal
violet in 2% ethanol was used to stain the fixed
HUVECs. An inverted microscope (Olympus, Tokyo,
Japan, http://www.olympus-ims.com) was adopted to
capture the images.

For the tube formation assay, the HUVECs were
cocultured with 100 pg/mL G-ADSC-Exos in high-
glucose DMEM for 48 h, then seeded on Matrigel in a
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culture dish and incubated at 37 °C for 12 h. An inverted
microscope (Olympus, Tokyo, Japan http://www.
olympus-ims.com) was adopted to capture the images,
and the Image] software (National Institutes of Health,
Bethesda, USA, https://imagej.nih.gov) was utilized to
calculate the cumulative tubular growth. All the experi-
ments mentioned above were performed three times.

Construction of T2DM mouse limb ischemia model and
treatment of limb ischemia

Twenty-four male 8-week-old T2DM C57BL/Ks]-db/db
mice (Shanghai Research Center for Model Organism,
China) were anesthetized with the intraperitoneal injec-
tion of 0.3 ml/kg of 1% chloral hydrate. The skin of the
left hindlimb was shaved, disinfected with iodophor, and
the sterile drapes were placed. A longitudinal incision of
5 mm from the groin to the inner thigh was made, the
membranous vascular sheath was gently pierced to ex-
pose and separate the femoral artery, vein, and nerve
under a 20-fold Olympus SZ61 stereoscopic microscope
(Olympus, Tokyo, Japan, http://www.olympus-ims.com).
The femoral artery was ligated at the distal end of the
common femoral artery and the proximal end of the
superficial femoral artery with 7-0 surgical sutures, re-
spectively. This model by a simple low ligation of the
femoral artery was reported to mostly mimic clinical
peripheral vascular disease, and suitable for studying the
regeneration of blood vessels and striated muscle in the
field of regenerative medicine [25]. The 24 mice were
randomly divided: the ADSC-Exo group (n = 8), the G-
ADSC-Exo group (n = 8), and the PBS control group (n
= 8). After 24 h, the sites of the gastrocnemius, gracilis,
and quadriceps muscles in the three groups received in-
jections of 2 mL PBS with 100 pg/mL ADSC-Exos, 2 mL
PBS with 100 pg/mL G-ADSC-Exos, and 2 mL PBS, re-
spectively. The blood flow was evaluated with a laser
Doppler perfusion imager (moorFLPI; Moor Instru-
ments, Devon, UK) noninvasively on the first, seventh,
and 28th day after implantation. The blood perfusion ra-
tio of the ischemic limbs compared to the contralateral
limbs was calculated.

Histological analysis

The mice from the three groups were anesthetized and
perfusion-fixed on day 28. The hindlimb muscles were
harvested and the Masson’s trichrome staining was ap-
plied to evaluate the structural integrity of the ischemic
muscles. The immunohistochemical and immunofluor-
escence staining were adopted to observe the density of
microvessels as described previously [21]. For the im-
munofluorescence staining of the muscle sections, the a-
smooth muscle actin (a-SMA) was stained with FITC
(Abcam), and the nucleus was stained with DAPI
(Dako).
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Detection of paracrine factors in the G-ADSC-Exos

The protein expression of tumor necrosis factor-a
(TNF-a), vascular endothelial growth factor (VEGEF),
insulin-like growth factor-1 (IGF-1), hepatocyte growth
factor (HGF), platelet-derived growth factor (PDGE),
epidermal growth factor (EGF), and fibroblast growth
factor (FGF) in the ADSC-Exos and G-ADSC-Exos were
measured using ELISA kits (R&D Systems Inc., Minne-
apolis, MN, USA) in vitro. All the experiments men-
tioned above were performed three times.

Detection of ROS production in the HUVECs

After cocultured under high-glucose conditions with
PBS, 100 pg/mL ADSC-Exos, and 100 pg/mL G-ADSC-
Exos for 48 h, respectively, the HUVECs were labeled
with 2, 7-dichlorofluorescein diacetic acid (DCFH-DA),
and the level of intracellular ROS (reactive oxygen spe-
cies) was detected with a ROS analysis kit (Beyotime,
Shanghai, China). Briefly, the adherent HUVECs were
incubated with the DCFH-DA at a final concentration of
5 mM at 37 °C for 20 min and then washed three times
with PBS. An inverted fluorescence microscope (Olym-
pus IX81, Tokyo, Japan, http://www.olympus-ims.com)
was used to analyze the production level of ROS in the
HUVECs immediately.

Detection of signaling pathways in vitro and in vivo

For the in vitro experiment, total protein was isolated
from the HUVECs cocultured with PBS, 100 pg/mL
ADSC-Exos and 100 pg/mL G-ADSC-Exos under high-
glucose conditions for 48 h, respectively. And for in vivo
experiment, total protein was isolated from the muscle
tissues of the ADSC-Exo group, the G-ADSC-Exo group,
and the PBS group, respectively, and the proteins were
probed with the following antibodies: anti-eNOS and p-
eNOS antibodies, anti-AKT and p-AKT antibodies, anti-
ERK antibody, anti-P-38 and p-P-38 antibodies, and
anti-AP-1, anti-ASC, anti-Caspase-1, anti-NLRP3, anti-
IL-1-B, and anti-B-actin antibodies (1:500; Abcam). Sig-
nals were detected after incubating with an HRP-labeled
secondary antibody and a chemiluminescent substance
(Roche, Basel, Switzerland), and then the images were
collected with a LAS3000 machine (GE Healthcare Life
Sciences, Pittsburgh, USA).

Statistical analysis

The mean + standard deviation was used to describe
parametric values. The one-way analysis of variance and
two-tailed Student’s ¢-test were performed to compare
data between groups using GraphPad Prism version 6.0
(GraphPad, La Jolla, CA, USA, http://www.graphpad.
com) and SPSS version 25.0 (IBM-SPSS Inc., Armonk,
NY, USA, https://www.ibm.com). A p < 0.05 was defined
as statistically significant.
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Results

Establishment of ADSCs stably overexpressing GLO-1

The cells passaged to the third generation in vitro were
spindle-shaped and fibroblast-like under the microscope.
Identification of the ADSC surface markers using flow
cytometry showed that cells were positive for CD29
(83.1% + 2.7%) and CD90 (76.2% + 3.3%), and negative
for CD45 (0.3% + 0.1%) and CD34 (0.2%+0.1%), which
was consistent with the previously reported surface
marker characteristics of the ADSCs (Fig. 1A, B) [21].
Since the isolation and collection of a large number of
exosomes from the G-ADSCs required the stable overex-
pression of the GLO-1 in passaged and amplified G-
ADSCs, we chose the lentivirus transfection method as
previously described [19]. The emission from the green
fluorescence G-ADSCs was observed employing fluores-
cence microscopy (Fig. 1C), Western blot (Fig. 1D, E),
and q-PCR (Fig. 1F), and the respective analyses together
proved the successful overexpression of the GLO-1 in
the G-ADSCs.

Isolation and characterization of the G-ADSC-Exos
Exosomes derived from the ADSCs and G-ADSCs were
successfully isolated with the exosomal membrane exhi-
biting a saucer-like structure under the transmission
electron microscope (Fig. 2A). The NTA analysis dem-
onstrated that 99.2% of exosomes were 161.7 nm in
diameter (Fig. 2B). The Western blot and statistical ana-
lysis showed that the both ADSC-Exos and G-ADSC-
Exos expressed exosomal surface markers of CD9,
CD63, CD81, and TSG101, while G-ADSC-Exos
expressed a significantly higher level of the GLO-1 (P <
0.001), which indicated the establishment of bio-
modified exosomes with the high abundance of the
GLO-1 protein (Fig. 2C, D).

The G-ADSC-Exos ameliorated the viability and inhibited

the apoptosis of HUVECs under high-glucose conditions

After co-incubation for 24 h, the CM-Dil labeled G-
ADSC-Exos were red particles localized around the
blue-stained nucleus within the green-stained cytoskel-
eton of the HUVECs under a fluorescence microscope,
which proved the engulfment of the G-ADSC-Exos by
the HUVECs (Fig. 3A). The CCK-8 analysis demon-
strated that at 72 h, 100 pg/mL G-ADSC-Exos was sig-
nificantly more effective compared with < 100 pg/mL
ADSC-Exos and < 100 pg/mL G-ADSC-Exos (P < 0.05),
which indicated the better enhancing effect of G-ADSC-
Exos than ADSC-Exos on the proliferation of the
HUVECs under high-glucose conditions, and the most
effective therapeutic concentration of G-ADSC-Exos was
100 pg/mL (Fig. 3B). Hence, the concentration of 100
pg/mL was adopted in the following experiments for G-
ADSC-Exos and ADSC-Exos cocultured with the
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Fig. 1 Characterization of the ADSCs and the Glyoxalase-1 overexpression in ADSCs. P3-ADSCs in vitro were spindle-shaped and fibroblast-like
under the microscope (A). Identification of the ADSC surface markers using flow cytometry showed that the cells were positive for CD29 and
CD90, and negative for CD45 and CD34 (B). The G-ADSCs emitted green fluorescence under a fluorescence microscope (C). Western blot (D, E)

in the G-ADSCs. All experiments above were repeated three times (n =
3). A two-tailed Student’s t-test was performed to compare data between groups. *P < 0.05; **P < 0.01; scale bar = 100 um. P3, passage 3; G-

Relative mRNA expression

HUVECs. As for apoptosis assay, the Western blot dem-
onstrated that the HUVECs cocultured with the ADSC-
Exos and G-ADSC-Exos expressed a significantly lower
level of Caspase-3 than the PBS group (P < 0.05), but
the difference was not significant in the ADSC-Exo and
G-ADSC-Exo groups. The G-ADSC-Exo group showed
a significantly higher Bcl-2/Bax ratio than both the
ADSC-Exo and control groups (P < 0.01), indicating the
better anti-apoptotic effect of the G-ADSC-Exos over
the ADSC-Exos on the HUVECs (Fig. 3C, D). The flow
cytometry analysis indicated that the G-ADSC-Exo
group possessed a lower percentage of early apoptosis
(1.0 = 0.2%) than the both ADSC-Exo (2.1 + 0.4%) and
control groups (8.2 + 1.4%), which were significantly dif-
ferent (P < 0.05) (Fig. 3E, F). The above results proved
that the G-ADSC-Exos improved the viability and inhib-
ited the apoptosis of the HUVECs under high-glucose
conditions.

The G-ADSC-Exos improved the migration and tube
formation of the HUVECs under high-glucose conditions
The wound-healing assay revealed a significantly higher
wound closure percentage in the G-ADSC-Exo-treated
HUVECs (56 + 9%) than the ADSC-Exo group (29 +
13%) and the PBS group (22 + 11%) at 24 h under high-
glucose conditions (P < 0.05) (Fig. 4A, B). While the
transwell assay revealed that the number of the migrated
HUVECs was significantly larger in the G-ADSC-Exo
group (122 + 10 cells/field) than the both ADSC-Exo
group (58 + 11 cells/field) and control group (35 + 7
cells/field) (P < 0.01) (Fig. 4C, D). Pertinent to tube for-
mation assay, the HUVECs cocultured with the G-
ADSC-Exos exhibited significantly higher cumulative
tubular length than the ADSC-Exo and PBS groups (G-
ADSC-Exo, 1.9 + 0.2-folds; ADSC-Exo, 1.2 + 0.3-folds of
the PBS group, P < 0.05) (Fig. 4E, F). The results above
verified that the G-ADSC-Exos significantly improved
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the migration and angiogenic ability of the HUVECs
under high-glucose conditions.

The G-ADSC-Exos enhanced the angiogenesis and blood
perfusion and protected the muscle in the T2DM mouse
limb ischemia model

In this animal experiment, a T2DM mouse model of
simple low ligation of the femoral artery was constructed
to primarily mimic the clinical peripheral vascular dis-
ease in T2DM patients, which has the process of vascu-
lar bed remodeling, progressive capillary loss, impaired
neovascularization, and deteriorated ischemia [25, 26].
After transplantation of the exosomes, the blood flow of
the hindlimbs was assessed and imaged by the laser
Doppler perfusion imager on days 0, 7, and 28 (Fig. 5A).
The captured images showed a significantly higher blood
perfusion ratio of the G-ADSC-Exo group than the both
ADSC-Exo and PBS control groups (G-ADSC-Exo
group, 0.95 + 0.13; ADSC-Exo group, 0.68 + 0.15; PBS

control group, 0.22 + 0.08; P < 0.05) on the day 28 (Fig.
5B). The Masson’s trichrome staining and statistical ana-
lysis indicated a significantly higher structural integrity
of the ischemic muscles in the G-ADSC-Exo group than
the both ADSC-Exo and PBS control groups (relative
muscle content: G-ADSC-Exo group, 2.1 + 0.3-folds;
ADSC-Exo group, 1.4 + 0.3-folds as compared with the
control group; P < 0.05) (Fig. 5C, D). And the immuno-
histochemistry staining of CD31 in the hindlimb muscles
showed a significantly higher microvessel’s density in the
G-ADSC-Exo group than the ADSC-Exo and control
group (G-ADSC-Exo group, 20 + 3 capillaries/field;
ADSC-Exo group, 10 + 1 capillaries/field; PBS control
group, 6 = 2 capillaries/field; P < 0.01) (Fig. 5E, F). The
immunofluorescence staining of a-SMA and nucleus
staining by DAPI, and statistical analysis further verified
that the G-ADSC-Exo group possessed significantly
higher microvessel’s density than the other two groups
(G-ADSC-Exo group, 21 + 3 capillaries/field; ADSC-Exo
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Fig. 3 Cell proliferation and apoptosis assay of the HUVECs. The CM-Dil labeled G-ADSC-Exos contained red particles localized around the blue-
stained nucleus within the green-stained cytoskeleton of the HUVECs under the fluorescence microscope (A). The CCK-8 analysis indicated that
the most effective therapeutic concentration of the G-ADSC-Exos was 100 pg/mL (B). The G-ADSC-Exo group showed a significantly higher Bcl-2/
Bax ratio than both ADSC-Exo and control groups (C, D). The G-ADSC-Exo group showed a significantly lower apoptotic percentage than both
ADSC-Exo and control groups by flow cytometry analysis with a sample size of 10,000 cells with 3 biological replicates (E, F). All experiments
above were repeated three times (n = 3). The one-way analysis of variance was performed to compare data between groups. Scale bar = 20 um;

group, 10 + 2 capillaries/field; PBS control group, 4 + 1
capillaries/field; P < 0.01) (Fig. 5G, H). The above in vivo
results indicated that the G-ADSC-Exos augmented the
angiogenesis and blood perfusion and maintained the
structural integrity of muscle in the T2DM mouse limb
ischemia model.

GLO-1 increased the paracrine factors in the ADSC-Exos
The ELISA analysis of paracrine factors in the G-ADSC-
Exos and ADSC-Exos demonstrated that the expression of
VEGEF, IGF-1, and FGF were upregulated in the G-ADSC-
Exos than in the ADSC-Exos, and the differences were
statistically significant (all P < 0.05). However, differences
in the expression of TNF-a, HGF, PDGF, and EGF were
not significant between the two groups (Fig. 6). The above
result suggested that the G-ADSC-Exos contained more
paracrine factors which might benefit the biological func-
tions of the HUVECs.

The regulation of the G-ADSC-Exos on the signaling
pathways and ROS level in the HUVECs in vitro and

in vivo

Several previous studies demonstrated that the GLO-1
was the key rate-limiting enzyme in the glyoxalase sys-
tem which reduced the accumulation of ROS in

endothelial cells, and the ROS-NLRP3 pathway was
proved to mediate the inflammation of endothelial cells
under high-glucose conditions, leading to apoptosis and
bio-functional disorders of the endothelial cells [27-29].
Hence, we focused on the ROS-NLRP3-related signaling
molecules such as ASC (apoptosis-associated speck-like
protein containing a CRAD), Caspase-1, and IL-1p as
well as the classical signaling molecules such as eNOS,
AKT, ERK, P-38, and AP-1. The Western blot and statis-
tical analysis found an elevation in the phosphorylation
of eNOS/AKT/ERK/P-38 in the G-ADSC-Exo group
than the ADSC-Exo and PBS group in vitro and in vivo
(P < 0.05), while the G-ADSC-Exo group showed signifi-
cantly lower expression of AP-1, ASC, Caspase-1,
NLRP3, and IL-1B than the ADSC-Exo and control
groups both in vitro and in vivo (all P < 0.05) (Fig. 7A,
B, E, F). As for the ROS level detected by a fluorescence
microscope, the G-ADSC-Exo-treated HUVECs showed
a significantly lower fluorescence intensity than both
ADSC-Exo and PBS control groups under high-glucose
conditions (P < 0.01) (Fig. 7C, D), which indicated a
lower expression of ROS in the HUVECs. The activation
of the eNOS/AKT/ERK/P-38 signaling pathways has
been proved essential to the proliferation and migration
of the HUVECs [30], while the downregulation of the
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A

AP-1, ASC, Caspase-1, NLRP3, IL-1f, and ROS might
reduce the inflammation in the HUVECs induced by the
high-glucose environment, which may also explain the
better angiogenic ability of the HUVECs treated with G-
ADSC-Exos under high-glucose conditions.

Discussion

In the current study, the G-ADSC-Exos was efficiently
isolated and identified, and the HUVECs cocultured with
the G-ADSC-Exos exhibited significantly improved pro-
liferation, migration, and tube formation and anti-
apoptotic abilities in vitro in a high-glucose environ-
ment. A T2DM mouse model of simple low ligation of
the femoral artery was constructed and in vivo trans-
plantation of the G-ADSC-Exos significantly improved

the blood perfusion, muscle structural integrity, and
microvessel density in the ischemic hindlimbs. A prelim-
inary study on the probable mechanisms revealed that
the G-ADSC-Exos upregulated the eNOS/AKT/ERK/P-
38 signaling, downregulated the AP-1/ROS/NLRP3/
ASC/Caspase-1/IL-1p signaling pathway in the endothe-
lial cells, and increased the secretion of VEGF, IGF-1,
and FGF, which might explain the enhanced therapeutic
effect of the G-ADSC-Exos on endothelial cells in a
high-glucose environment.

This study, in general, was a continuation of our previ-
ous experiment which proved that the GLO-1 overex-
pression effectively protected the ADSCs against the
ROS and improved the ADSC-mediated neovasculariza-
tion in the diabetic hindlimb ischemia, but the low
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survival rate of the G-ADSCs after transplantation and
use of the lentiviral transfection method made it an inef-
ficient and unethical approach to treat diabetic hindlimb
ischemia. Recently, researchers have been developing
exosomes as stable natural nanocarriers to precisely de-
liver molecules and drugs to the targeted cells or tissues

tection in myocardial infarction [36], and Wang et al.
discovered that exosomes derived from miR-155-5p-
overexpressing synovial MSCs enhanced the bio func-
«‘«0 Aé;‘ \0«” Q,é Qoé‘ é;‘ & tions of chondrocytes to prevent osteoarthritis [37]. In
our preliminary experiment, we isolated the G-ADSC-
Exos and demonstrated the high expression of GLO-1

o ADSC-Exo [31]. The specific development approaches of the exo-
6004 “ G-ADSC-Exo somes included surface engineering, genetic engineering,
— 500 T chemical modification, and membrane fusion [32-34].
E 400+ m I Of which the genetic engineering generated overexpres-
8 350 T sion of a specific protein or microRNA and exhibited
2 2001 satisfactory outcome: Chen et al. found that the GDNE-
= - modified human ADSCs-derived exosomes ameliorated
g 2] peritubular capillary loss in tubulointerstitial fibrosis
© 1004 [35], Sun et al. revealed that the exosomes derived from
g 50 the HIF-la overexpressed mesenchymal stem cells
‘é 50 - (MSCs) enhanced the angiogenesis to provide cardiopro-
3

Fig. 6 Detection of paracrine factors in the G-ADSC-Exos. The ELISA
showed that the expression of VEGF, IGF-1, and FGF were

significantly upregulated in the G-ADSC-Exos than the ADSC-Exos, protein in the G'ADSC'FXOS' The ADSC'EXOS Was suc-
but the differences in the expression of TNF-a, HGF, PDGF, and EGF cessfully genetically engineered to achieve efficient tar-
were not significant between the two groups. All experiments above geted delivery of GLO-1.

were repeated three times (n = 3). A two-tailed Student’s t-test was
performed to compare data between groups. *P < 0.05; G-ADSC-
Exos, G-ADSC-derived exosomes

In diabetic lower limb ischemia, the tissue microenvir-
onment possesses the characteristic of both ischemia
and persistent hyperglycemia, which lead to the
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Fig. 7 Detection of signaling pathways in vitro and in vivo and the ROS production in the HUVECs. Western blot indicated an elevation in the
phosphorylation of eNOS/AKT/ERK/P-38 in the G-ADSC-Exo group than the ADSC-Exo and PBS group in vitro and in vivo, while the G-ADSC-Exo
group showed significantly lower expression of AP-1, ASC, Caspase-1, NLRP3, and IL-1(3 than the ADSC-Exo and control group both in vitro and
in vivo (A, B, E, F). The G-ADSC-Exo-treated HUVECs demonstrated a significantly lower fluorescence intensity than both ADSC-Exo and control
groups under high-glucose conditions (C, D). All experiments above were repeated three times (n = 3). The one-way analysis of variance was
performed to compare data between groups. *P < 0.05; **P < 0.01; scale bar = 50 pum; G-ADSC-Exos, G-ADSC-derived exosomes

J

extensive accumulation of ROS, exacerbating oxidative  and migration of the HUVECs. Taken together, we inferred
stress and increasing inflammation in endothelial cells that the above alterations in the signaling pathways were
[38]. Recent studies showed that the NLRP3 (NACHT, accounted for the improvement in proliferation, migration,
LRR, and PYD domains-containing protein 3) inflamma- and angiogenic ability of endothelial cells treated by G-
some is a cytoplasmic protein complex mainly composed =~ ADSC-Exos.

of the receptor protein, ASC, and pro-caspase-1. The pro- However, the current study also had some limitations.
caspase-1 cleaves itself to produce active caspase-1, which  First, although the T2DM mouse model of simple low
then cleaves to form the pro-IL-1p and pro-IL-18, and re-  ligation of the femoral artery has been reported to best
leases their mature forms, mediating inflammation. The  mimic the diabetic lower limb ischemia of clinical pa-
NLRP3 inflammasome has been reported as a key protein  tients [41], there still exist some differences in patho-
oligomer that causes endothelial cell inflammation and in-  physiological changes. The low ligation of the mouse
jury. The intracellular ROS can dissociate into thioredoxin-  femoral artery usually causes an acute occlusion of the
binding protein 2 (TXNIP, Thioredoxin-interacting pro-  trunk artery, whereas the clinical diabetic lower limb is-
tein) and thioredoxin (TRX, Thioredoxin). The TXNIP  chemia often begins with chronic occlusions of small ar-
activates the NLRP3 inflammasome, and thus the ROS- teries. Hence, further efforts should be made to perfect
TXNIP-NLRP3 pathway mediates inflammation and causes  the mouse model mimicking the exact pathophysio-
endothelial dysfunction [28, 29, 39]. The ROS acts as a  logical changes of a clinical diabetic lower limb ischemia.
common signal to activate the NLRP3 inflammasomes. The =~ Second, the current study only performed a preliminary
ROS inhibitors or scavengers inhibit the function of the exploration of the underlying mechanisms by which the
NLRP3 inflammasomes, and the mitochondrial-derived G-ADSC-Exos mediates the physiological functions of
ROS is pivotal in the activation of NLRP3 inflammasomes  endothelial cells in a high-glucose environment. In this
[40]. The GLO-1, as the key rate-limiting enzyme in the study, we only identified the cytokines such as VEGF,
glyoxalase system, has been proved to effectively reduce the =~ IGF-1, and FGF besides the GLO-1, ROS, NLRP3, and
accumulation of ROS and improve the angiogenesis of eNOS/AKT/ERK/P-38 pathways, and further study on
endothelial cells [17-19]. In this study, we uncovered the the specific underlying mechanisms including the down-
downregulation of ASC, Caspase-1, NLRP3, IL-1B, and stream signaling pathways of VEGF, IGF-1, and FGF are
ROS as well as an inflammation-related transcription factor — needed. Lastly, microRNAs have been reported to be
AP-1 in the G-ADSC-Exo group in vitro and in vivo, which  pivotal in the contents of exosomes [42] and further elu-
indicated a reduction of inflammation in the endothelial cidation on microRNAs is required in the future. Studies
cells. Moreover, the upregulation of classical eNOS/AKT/ on miRNA sequencing from the G-ADSC-Exos have
ERK/P-38 pathways positively regulated the proliferation  already been initiated by our research group, which will
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help better understand the composition and functions of
the G-ADSC-Exos.

Conclusion

This study found the crucial role of the G-ADSC-Exos
in enhancing the viability, migration, and tube formation
and possessing the anti-apoptotic property of the
HUVECs in high-glucose in vitro environment. The
in vivo transplantation of the G-ADSC-Exos promoted
the angiogenesis and blood perfusion and protected the
muscle in the T2DM mouse limb ischemia model, and
the probable underlying mechanisms were the activation
of eNOS/AKT/ERK/P-38 signaling pathways, inhibition
of AP-1/ROS/NLRP3/ASC/Caspase-1/IL-1f, as well as
increased secretion of VEGF, IGF-1, and FGF. Hence,
the G-ADSC-Exos may be a promising therapeutic op-
tion for diabetic patients suffering from lower limb
ischemia.
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