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Abstract

Background: Spinal cord ischemia reperfusion injury (SCIRI) is a complication of aortic aneurysm repair or spinal cord
surgery that is associated with permanent neurological deficits. Mesenchymal stem cell (MSC)-derived small extracel-
lular vesicles (sEVs) have been shown to be potential therapeutic options for improving motor functions after SCIRI.
Due to their easy access and multi-directional differentiation potential, adipose-derived stem cells (ADSCs) are prefer-
able for this application. However, the effects of ADSC-derived sEVs (ADSC-sEVs) on SCIRI have not been reported.

Results: We found that ADSC-sEVs inhibited SCIRI-induced neuronal apoptosis, degradation of tight junction pro-
teins and suppressed endoplasmic reticulum (ER) stress. However, in the presence of the ER stress inducer, tunicamy-
cin, its anti-apoptotic and blood-spinal cord barrier (BSCB) protective effects were significantly reversed. We found
that ADSC-sEVs contain tumor necrosis factor (TNF)-stimulated gene-6 (TSG-6) whose overexpression inhibited ER
stress in vivo by modulating the PI3K/AKT pathway.

Conclusions: ADSC-sEVs inhibit neuronal apoptosis and BSCB disruption in SCIRI by transmitting TSG-6, which sup-
presses ER stress by modulating the PI3K/AKT pathway.

Keywords: Small extracellular vesicle, Adipose-derived stem cells, Spinal cord ischemia reperfusion injury,
Endoplasmic reticulum stress, Tumor necrosis factor (TNF)-stimulated gene-6

Introduction
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by tight junction proteins including zonula occludens-1
(ZO-1), claudin-5 and occludin, which limit the entry
of peripheral blood cells and plasma components into
the spinal cord. Upon damage by ischemia-reperfusion
injury, opening of tight junction pathways leads to BSCB
disruption, and the neurotoxic products ultimately cause
neuronal apoptosis and neurological deficits. Accumulat-
ing evidence shows that BSCB disruption and neuronal
apoptosis are potential therapeutic targets for SCIRI.
Stem cell-based therapies have been shown to improve
motor functions after SCIRI [5-7]. Due to their avail-
ability, abundant sources and multidirectional differen-
tiation potential, adipose-derived stem cells (ADSCs) are
the preferred sources for therapeutic stem cells. Indeed,
ADSCs have been widely used for the clinical manage-
ment of a variety of neurological diseases, including
spinal cord injuries, ischemic brain injuries and trau-
matic brain injuries [8—10]. The potential risks of tumor
formation and poor cell survival of mesenchymal stem
cells (MSCs) that are attributed to immune rejection and
ischemia limit the clinical applications of direct stem cell
transplantation [11-13]. Transplanted stem cells exert
therapeutic effects on the targeted tissues through the
paracrine pathway in which the small extracellular vesi-
cles (sEVs) play a crucial role [14]. MSC-derived sEVs
are the smallest bilayer nanovesicles, containing vari-
ous proteins, lipids and regulatory nucleic acids [15-18].
They are released from various cell types and partici-
pate in a wide range of intercellular communication and
metabolic signaling pathways [19]. Our previous litera-
ture studies have demonstrated that sEVs can improve
motor function after spinal cord injury [20-24]. In addi-
tion, ADSC-derived extracellular vesicles (ADSC-sEVs)
exert a therapeutic effect on various central nervous sys-
tem diseases [25—27]. Thus, we hypothesized that ADSC-
derived sEVs can also promote motor function recovery
after SCIRL. Tumor necrosis factor-a-stimulated gene-6
(TSG-6) is a multifunctional glycoprotein secreted by
mesenchymal stem cells or immune cells in response to
inflammation irritation [28]. It was demonstrated that
TSG-6 exhibits anti-inflammatory and tissue protective
properties across a wide range of disease models [28, 29].
However, whether TSG-6 plays a critical role in SCIRI
is still unknown. Endoplasmic reticulum (ER) stress is
a central mechanism for the occurrence of neuronal
ischemia reperfusion injury [30]. The ER is an essential
organelle for responding to cellular stress. However, cel-
lular stress dysregulates normal ER functions. Persistent
ER stress inhibits the capacity of the unfolded protein
responses (UPRs) to maintain ER homeostasis and, sub-
sequently, leads to cell apoptosis [31]. In addition, bone
marrow mesenchymal stem cell-derived sEVs amelio-
rate intervertebral disk degeneration by inhibiting ER
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stress [32]. However, it has not been established whether
ADSC-sEVs can suppress ER stress in SCIRI.

We show, for the first time, that ADSC-sEVs reduce
neuronal apoptosis and inhibit BSCB disruption by sup-
pressing ER stress. Moreover, the role of the candidate
protein in ADSC-sEVs-induced modulation of ER stress
was assessed. In summary, this study aimed at evaluat-
ing the therapeutic effects and underlying mechanisms of
ADSC-sEVs in SCIRL

Methods

Isolation and identification of sEVs from ADSCs

Human adipose tissue samples were obtained from con-
senting female donors. ADSCs were isolated according
to a previously reported procedure and grown in Dul-
becco’s modified Eagles medium/Nutrient Mixture F-12
(DMEM/F12; Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco, USA)
[33]. The medium was changed every 3 days, and cells
were sub-cultured at a ratio of 1:3 after trypsinization.
When the ADSCs reached 80-90% confluence, the cul-
ture wells were washed with PBS and the culture medium
was replaced with exosome-depleted FBS for additional
48 h. The medium on which ADSCs had been cultured
was collected and centrifuged at 300 g for 10 min and at
2000 g for 10 min at 4 °C. The supernatant was sterilized
by filtration through a 0.22-um filter (Steritop, Millipore,
USA) to eliminate dead cells and debris. The sterilized
supernatant was transferred to an Amicon Ultra-15 Cen-
trifugal Filter (Millipore) and centrifuged at 4000 x g until
the volume was reduced to approximately 200 pl. Then,
the liquid was layered on a 30% sucrose/D20 cushion
and subsequently centrifuged at 100,000 x g for 60 min
using an Optima L-100XP Ultracentrifuge (Beckman
Coulter). Partially purified sEVs were recovered using an
18 g needle, diluted in PBS, and centrifuged at 4000 x g
until the final volume reached 200 pl. The isolated ADSC-
sEVs were stored at — 80 °C for further experiments.

The morphology of sEVs was determined using a trans-
mission electron microscope (TEM; Tecnai 12; Philips,
Best, The Netherlands). Nanosight tracking analysis
(NTA, Nanosight Ltd., Novato, CA) was used to analyze
size distribution of sEVs. The specific surface markers of
sEVs including CD9, CD63, and CD81 were detected by
Western blot.

Primary cortical neuron culture

Primary cultured cortical neurons were isolated from
embryonic day-18 Sprague Dawley (SD) rats as previ-
ously reported [34]. Briefly, after isolation of the cerebral
cortex and gently removing the meninges, brain cortices
were sliced into 1 mm? sections, digested using 0.25%
trypsin—EDTA solution (Thermo Fisher Scientific, MA,
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USA) for 20 min at 37°C after which the reaction was
stopped by adding horse serum (Sigma-Aldrich). Next,
cells were collected by centrifugation for 5 min (1000
rmp/min) at 4 °C and resuspended in DMEM/F-12 con-
taining 10% horse serum, glutamine (0.5 mM; Gibco) and
1% penicillin—streptomycin (Thermo Fisher Scientific).
After counting, the neurons were seeded on poly-D-
lysine-coated plates and the medium was replaced with
serum-free neurobasal medium (Thermo Fisher Scien-
tific, USA) supplemented with 2% B27 (Gibco Labora-
tory, Grand Island, NY), glutamine (0.5 mM; Thermo
Fisher Scientific) and 1% penicillin-streptomycin. The
culture medium was half-replaced every other day.

ADSCs-sEVs uptake

Purified ADSC-sEVs were fluorescently labeled using Dil
(Molecular Probes, Eugene, OR, USA) according to the
manufacturer’s instructions. First, 4 mg/mL Dil solution
was added to the PBS (1:200) and incubated for 15 min
at 4 °C. The mixture was ultracentrifuged at 100,000 x g
for 1 h to remove excess dye from the labeled sEVs.
These Dil-labeled sEVs were co-cultured with neurons
and bEnd.3 cells for 24 h, and the cells were subse-
quently washed three times using PBS and fixed in 4%
paraformaldehyde. Afterward, ADSC-sEVs uptake was
visualized using a confocal microscope. To evaluate sEVs
uptake in vivo, Dil-sEVs were intravenously injected into
SCI model mice. Mice were anesthetized, and frozen sec-
tions were prepared. Then, sections were stained using
4/,6-diamidino-2phenylindole (DAPI) and observed by
fluorescence microscopy.

Overexpression of TSG-6 in ADSCs

To evaluate the functions of TSG-6, ADSCs were trans-
duced with a TSG-6 overexpressed lentiviral vector, while
an empty vector construct was used as the negative con-
trol for TSG-6. The lentiviral-TSG-6 sequences were:
forward, CGCGCTAGCATGATCATCTTAATTTAC,
and reserve, CGCACCGGTTTATAAGTGGCTAAA
TCTT. To perform lentiviral transfection, ADSCs were
cultured in lentivirus-containing medium for 4—6 h at 37
°C according to the manufacturer’s guidelines. Then, the
lentivirus was removed and fresh medium was added to
continue cultivating cells for 48 h.

Oxygen-glucose deprivation and reperfusion (OGD/R)
model

The OGD/R model was established to mimic SCIRI
in vitro as previously described [35]. Briefly, primary neu-
rons were cultured in sugar-free medium and then placed
in an airtight chamber that was flushed with a continu-
ous flux of gas mixture (95% N2/5% CO2) for 15 min.
Afterward, the chamber was sealed and placed in a 37 °C
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incubator for an additional 30 minutes of OGD. Neurons
were then maintained in a normal medium under nor-
moxic culture conditions for 12 h. Cultured neurons were
incubated with sEVs (6 x 10® particles) for 24 h.

Apoptosis detection by TUNEL staining and flow
cytometry, in vitro

To detect apoptosis following OGD/R injury, neurons
or bEnd.3 cells were incubated with terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)
solution (Roche, Basel, Switzerland) for 30 min accord-
ing to the manufacturer’s protocols. After staining with
DAPI for 5 min, cells were imaged using a fluorescent
microscope. Apoptosis was analyzed using Image] (NIH,
Bethesda, MD, USA) to calculate the proportion of
TUNEL-positive cells.

Cell apoptosis was also detected using an Annexin
V-FITC/PI apoptosis detection kit (BD Bioscience, CA,
USA). Briefly, 1 x 10° neurons were washed using PBS,
stained with 10 pL of Annexin V-fluorescein isothiocy-
anate (FITC) and 5 pL of propidium iodide (PI) in the
dark. Apoptotic cells were detected by flow cytometry
(BD Biosciences, MA, USA).

Spinal cord ischemia-reperfusion injury model

The use of animals in this study was approved by the
Ethics Committee of Nanjing Medical University, and
all procedures were in accordance with the Guide-
lines for the Care and Use of Laboratory Animals of
the China National Institutes of Health. C57BL/6 mice
(male, 20-30 g) were purchased from the Animal Center
of Nanjing Medical University (Nanjing, Jiangsu). The
SCIRI model was established as previously described
[36]. Briefly, mice were anesthetized using pentobarbital
through intraperitoneal injection and placed in a supine
position. Occlusion was achieved by placing a 50 g aneu-
rysm clip above the right renal artery near the heart for
60 min. The SCIRI model was successfully established
if neurological deficits appeared in the hindlimb. Blad-
der emptying was manually performed twice daily dur-
ing the experimental period. Then, mice were randomly
assigned into five groups (n=8 per group); the Sham
group, SCIRI group, sEVs group, Lenti-Ctrl-sEVs group,
and Lenti-TSG-6-sEVs group. The SCIRI group and the
other group were injected through the tail vein of PBS
(200 pL), sEVs, Lenti-Ctrl-sEVs, or Lenti-TSG-6-sEVs
(1 x 10 particles of sEVs, Lenti-Ctrl-sEVs, or Lenti-
TSG-6-sEVs per 200 pL) immediately after SCIRL

Functional locomotor scores

From the first postoperative day, neurological functions
of mice were analyzed at regular time points using the
Basso Mouse Scale (BMS) as previously described [37].
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The BMS ranged from O points, indicating complete
paralysis, to 9 points, indicating normal motor functions.
The inclined plane test was also performed using a test-
ing apparatus to evaluate locomotor functions in accord-
ance with previous studies [38]. The maximum angle at
which the mice could maintain its position for 5 s with-
out falling was recorded. Behavioral assessments were
performed by two trained observers who were blinded to
the experiment.

Footprint analysis

Footprint analysis was performed to evaluate gait and
motor coordination of mice 4 weeks after reperfusion.
Front and rear paws were coated with blue and red dyes,
respectively. Then, mice were encouraged to walk in a
straight line on white paper. The obtained footprint pat-
terns were analyzed to assess the recovery of coordina-
tion ability.

Swimming test

Motor functions were also evaluated using the Louisville
Swim Score (LSS) 4 weeks post-injury. Louisville Swim
Scale (LSS) was measured based on three swimming
characteristics, including hindlimb alternation, forelimb
dependency, and body position [39]. This trial was per-
formed in duplicate.

Preparation of spinal cord slices

After euthanasia, mice were transcardially perfused with
0.9% normal saline and 4% paraformaldehyde. The spi-
nal cord was dissected out, fixed in 4% paraformalde-
hyde for 24 h, and sequentially dehydrated in 20% and
30% sucrose solutions. The tissue samples were embed-
ded in optimal cutting temperature (OCT) and sliced
into 10-pum longitudinal sections in a cryostat microtome
(Leica, Germany).

Measurement of blood-spinal cord barrier permeability
The disruption of BSCB was evaluated with Evan’s Blue
dye extravasation as described previously [3, 4]. Briefly,
1 h after the intravenous injection of 2% EB dye (10 mg/
Kg), mice were perfused with saline. Spinal cord tissues
were excised, immersed in methanamide for 24 h at
60 °C, and centrifuged. Using a spectrophotometer (Bio-
Rad, Hercules, USA), the optical density of supernatant
was recorded. The concentration of EB was calculated as
ug/g of spinal cord from a standard curve. Frozen sec-
tions were prepared and analyzed with a fluorescence
microscope to determine the integrated optical density
(IOD) of EB in spinal cord.
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Table 1 Primary antibodies used for Western blot analysis

Antibodies Source Identifier
Caspase-3 Cell Signal Technology Cat#9662

p-AKT Cell Signal Technology Cat #4060

Bcl-2 Abcam Cat#ab182858
Bax Abcam Cat#ab32503
occludin Abcam Cat#ab216327
p-PERK Abcam Cat#ab229912
PERK Abcam Cat#ab229912
ATF6 Abcam Cat#ab37149
p-IRETa Abcam Cat#ab48187
IRETa Abcam Cat#ab37073
GAPDH Abcam Cat#ab8245

Z0-1 Invitrogen Cat #61-7300
claudin-5 Invitrogen Cat #352,588
GRP78 Proteintech Cat#11,587-1-AP
GRP94 Proteintech Cat#14,700-1-AP

Determination of apoptosis in spinal cord sections

with TUNEL assay

The TUNEL assay was conducted following the manufac-
turer’s protocols. After fixation with 4% PFA, the frozen
spinal cord sections were co-stained with the TUNEL
reaction solution and DAPI. The images of TUNEL-pos-
itive cells were acquired with a fluorescence microscope.

Immunofluorescence analysis

For immunofluorescence staining, cells or spinal cord
sections were fixed in 4% PFA for 15 min and subse-
quently permeabilized in 0.2% Triton X-100/PBS for
20 min. The samples were treated with 5% bovine serum
albumin (BSA) for 1 h at room temperature to block
nonspecific binding. The samples were incubated over-
night at 4 °C with primary antibody specific for rabbit
anti-ZO1 (1:50, Invitrogen), rabbit anti-claudin-5 (1:100;
Invitrogen), rabbit anti-occludin (1:50; Abcam), mouse
anti-CD31 (1:200, Invitrogen), mouse anti-NeuN (1:500,
Abcam), and rabbit anti-GRP78 (1:200, Proteintech).
Samples were washed thrice with PBS and incubated
with Alexa 594- or Alexa 488-conjugated secondary anti-
bodies (1:200, Jackson ImmunoResearch, USA) for 1 h
in the dark. Finally, nuclei were labeled with DAPI and
images were obtained under similar exposure time and
conditions.

Western blot analysis

Proteins were isolated from cells and spinal cord tis-
sues and quantified using the BCA assay. The protein
samples were loaded on SDS-PAGE and transferred to
a polyvinylidene difluoride (PVDF) membrane. Then,
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the membranes were blocked in 5% BSA for 1 h at room
temperature and then treated with primary antibodies
(Table 1). After washing with Tris-buffered saline with
Tween (TBST), the membranes were incubated with
HRP-conjugated secondary antibodies (1:2000, Thermo
Fisher Scientific) for 1 h at room temperature. The pro-
tein bands were visualized using Western blotting detec-
tion reagents (ECL, Beyotime Institute of Biotechnology)
and normalized to the expression level of GAPDH.

Statistical analyses

Data are shown as mean =+ standard deviation of at least
three independent experiments. Differences between
groups were compared with the Student’s t test and one-
way ANOVA. All analyses were conducted using Graph-
Pad 8.0.2 software (La Jolla, CA, USA). P values less than
0.05 (p<0.05) were considered statistically significant.

Results

Identification of ADSCs-sEVs

ADSC-sEVs were isolated and purified from ADSC cul-
ture medium through differential centrifugation after
which transmission electron microscopy (TEM), nano-
particle trafficking analysis (NTA), and Western blot-
ting were performed to characterize their morphology,
size distribution, and surface markers, respectively. NTA
showed that particle size was about 80 nm in diameter
(Additional file 1: Fig. Sla). The typical morphology of
sEVs was confirmed by TEM (Additional file Additional
file 1: Fig. S1b). Furthermore, the level of surface protein
markers, including CD63, CD9, and CD81, was much
higher in sEVs than cells. Moreover, Calnexin was not
detected in sEVs (Additional file Additional file 1: Fig.
S1c). Collectively, these data confirm that the nanoparti-
cles were SEVs.

ADSC-sEVs are taken up by neurons and inhibit apoptosis
in vitro

To evaluate the neuroprotective effects of ADSC-
sEVs in vitro, we first examined the internalization of
labeled sEVs (Dil-sEVs). After incubating the neurons
in the presence of Dil-sEVs for 24 h, sEVs uptake was
detected using a confocal microscope. As shown in
Fig. 1a, fluorescence-labeled sEVs were observed in the
cytoplasm, indicating their internalization by neurons.
TUNEL staining showed that oxygen—glucose depriva-
tion and reperfusion (OGD/R) induced a relative increase
in apoptotic ratio (TUNEL positive to total cells), which
was significantly ameliorated by 24 h of pretreatment
with ADSC-sEVs, indicating the neuroprotective effects
of sEVs against OGD/R-induced apoptosis in primary
neurons (Fig. 1b, d). In addition, cell apoptosis was evalu-
ated by flow cytometry after Annexin V-FITC/PI double
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staining. Neuronal apoptosis was inhibited in OGD/R-
treated cells supplemented with ADSC-sEVs (Fig. 1c, e).

Compared to the OGD/R group, pretreatment with
ADSC-sEVs significantly promoted the expression of
Bcl-2 (an anti-apoptotic protein) and downregulated the
levels of pro-apoptotic proteins (Bax and cleaved cas-
pase-3) (Fig. 1f, g).

ADSC-sEVs inhibited the loss of tight junction proteins

in bEnd.3 cells after OGD/R

ADSC-sEVs were fluorescently labeled with Dil, and
these nano-sized vesicles were taken up by bEnd.3 cells
(Fig. 2a). Since tight junction proteins, including ZO-1,
claudin-5, and occludin, maintain BSCB integrity, barrier
function disruption is correlated with the degradation
of these proteins. We evaluated whether pretreatment
with ADSC-sEVs affected the expression of tight junction
proteins in endothelial cells after OGD/R. As shown in
Fig. 2b, OGD/R-induced down-regulation of tight junc-
tion protein expression was suppressed by pretreatment
with ADSC-sEVs. Western blot also showed that com-
pared to the OGD/R group, the loss of tight junction pro-
teins was reversed by ADSC-sEVs (Fig. 2c, d).

ADSC-sEVs treatment improved functional recovery

and attenuated neuronal cell death following SCIRI

To evaluate the neuroprotective effects of ADSC-sEVs on
SCIRI, we established an animal model of SCIRI. BMS
scores and inclined plate test showed that intravenously
injected ASDC-sEVs group exhibited better motor func-
tion recovery than mice in the SCIRI group at 3, 7, 14,
and 28 days post-operation (Fig. 3a, b). In gait analy-
sis, hindlimb locomotor functions in the SCIRI group
were significantly suppressed, while ADSC-sEVs treat-
ment promoted gait and motor coordination recover-
ies (Fig. 3c). In addition, compared to mice in the SCIRI
group, ADSC-sEVs treatment significantly improved
Louisville Swim Scores (LSS) (Fig. 3d). In vivo experi-
ments were performed to further investigate ADSC-sEVs
uptake through systemic administration. As shown in
Fig. 3e, Dil-sEVs can cross the blood—brain barrier and
accumulate in the injured area of the spinal cord. TUNEL
staining revealed that the rate of apoptotic cells was
increased after OGD/R and was significantly reduced
when treated with ADSC-sEVs (Fig. 3f, g). Compared to
the SCIRI group, the expression levels of anti-apoptotic
protein (Bcl-2) were significantly elevated, whereas the
expression levels of apoptosis-related proteins (Bax and
cleaved caspase-3) were significantly suppressed after
ADSC-sEVs treatment (Fig. 3h, i). Collectively, these
results imply that ADSC-sEVs treatment improved func-
tional recovery and attenuated neuronal apoptosis fol-
lowing SCIRI.
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Fig. 1 ADSC-sEVs were internalized by neurons to inhibit apoptosis in vitro. a Representative images of neurons incubated with Dil-labeled
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counterstained with DAPI (blue). ¢ Annexin V-FITC/PI double staining was determined by flow cytometry. d Quantitative estimation of the apoptotic
rate in each group. ADSC-sEVs significantly reduced OGD/R-induced apoptosis. e Quantitative estimation of apoptosis rate of neurons with flow
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ADSC-sEVs treatment inhibited BSCB disruption

following SCIRI

To evaluate the effect of ADSC-sEVs treatment on BSCB
after SCIRI, EB extravasation contents in spinal cord
samples were qualitatively and quantitatively assessed.
As shown in Fig. 4a, almost no red fluorescence was
detected in the Sham group. However, EB fluorescence
intensity was higher in the SCIRI group than in the Sham
group, and fluorescence intensity was significantly low
after ADSC-sEVs treatment (Fig. 4a, b). Quantitatively,
ADSC-sEVs significantly inhibited EB extravasation in
the spinal cord tissues when compared to the SCRI group
(Fig. 4c). Next, we evaluated SCIRI-induced tight junc-
tion protein alterations and the effect of ADSC-sEVs on
the expression levels of these proteins. Double labeling
immunofluorescence showed that the fluorescence inten-
sity of CD31 and tight junction proteins, including ZO-1,
claudin-5, and occludin, was decreased following SCIRI,
while ADSC-sEVs treatment significantly attenuated the
decrease in intensity (Fig. 4d, Additional file 2: Fig. S2a,
b). Moreover, SCIRI-induced inhibition of the expression

levels of tight junction proteins was significantly reversed
after ADCS-sEVs treatment (Fig. 4e, f). These results
show that ADSC-sEVs treatment prevents BSCB disrup-
tion after SCRL

ADSC-sEVs inhibited OGD/R-induced ER stress in vitro

Since ER is a central cellular organelle, and persistent
ER stress can lead to cellular apoptosis, we evaluated
the effect of ADSC-sEVs on ER stress in vitro. Immu-
nofluorescence revealed that GRP78-labeled neurons
were elevated in the OGD/R group and significantly
decreased after ADSC-sEVs treatment (Additional
file 3: Fig. S3a, b). Western blot analysis was used to
establish the expression levels of three critical pro-
tein markers associated with UPR, including protein
kinase-like endoplasmic reticulum kinase (PERK), ino-
sitol-requiring protein la (IREla), and activating tran-
scription factor 6 (ATF6). The expression levels of ER
stress—related proteins were significantly elevated in
the OGD/R group compared to the control group, and
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Fig. 2 ADSC-sEVs inhibited loss of tight junction proteins in endothelial cells. a The Dil-sEVs were internalized by bEnd.3 cells. The nuclei of bEnd.3
cells were stained with DAPI (blue). b Representative immunofluorescence images of tight junction proteins. ¢ Expression of tight junction proteins
as determined by Western blotting analysis. d Relative expression levels of tight junction proteins normalized to GAPDH. *p < 0.05 compared with

this increase was significantly suppressed after ADSC-
sEVs treatment (Additional file 3: Fig. S3c, d,e).

ADSC-sEVs treatment suppressed ER stress following SCIRI
The endoplasmic reticulum is an important cellu-
lar organelle that is involved in protein synthesis and
persistent ER stress without treatment activates cell
injury. Given the crucial role of ER stress in the patho-
logical mechanisms of SCIRI, we evaluated the effect of
ADSC-sEVs on ER stress following SCIRI. Compared
to the Sham group, the expression levels of GRP78-
positive neurons increased after SCIRI, and intrave-
nous injection of ADSC-sEVs significantly inhibited
the GRP78 expression levels (Fig. 5a, b). Furthermore,
the expression levels of proteins associated with UPR
and ER stress were significantly upregulated following
SCIRI. However, ADSC-sEVs treatment significantly
suppressed the expression of these proteins (Fig. 5c,
d, e). These results show that ADSC-sEVs treatment
inhibited SCIRI-induced ER stress.

ADSC-sEVs inhibit neuronal apoptosis and BSCB disruption
by suppressing ER stress

Given the essential role of ER stress in neuronal apop-
tosis and BSCB integrity, we postulated that inhibition
of neuronal apoptosis and BSCB disruption following
ADSC-sEVs treatment depend on suppression of ER
stress [40, 41]. To confirm this hypothesis, primary
neurons were treated with ADSC-sEVs in the pres-
ence or absence of the ER stress inducer, tunicamycin
(TM), prior to OGD/R. The OGD/R-induced increase
in apoptotic ratio was significantly ameliorated by
ADSC-sEVs treatment (Fig. 6a, b). However, the anti-
apoptotic effect of ADSC-sEVs was partially reversed
by the ER stress inducer, tunicamycin (Fig. 6a, b). Find-
ings from flow cytometry with Annexin V-FITC/PI
and Western blot assays were consistent with those of
TUNEL staining (Fig. 6c, d, e, g). Furthermore, com-
pared to the ADSC-sEVs treated group, Western blot
showed that TM upregulated the expression of ER
stress-related proteins (Fig. 6i, j). Finally, TM inhib-
ited ADSC-sEVs-induced elevation in the expression
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ADSC-sEVs transport tumor necrosis factor
(TNF)-stimulated gene-6 (TSG-6) into spinal cord tissues
and overexpression of TSG-6 enhances the repair of sEVs

in motor function after SCIRI

TSG-6, a multifunctional glycoprotein, has been shown
to down-regulate ER stress and exerting anti-inflam-
matory effects in a variety of diseases, including acute

of tight junction proteins (Fig. 6e, h). In summary,
ADSC-sEVs exert its anti-apoptotic effect and protect
BSCB integrity by suppressing ER stress.
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pancreatitis, brain injury, inflammatory bowel disease,
and osteoarthritis [42—45]. However, it has not been
established whether ADSC-sEVs associated with TSG-6
play a crucial role in SCIRI repair.

In this study, LCMS/MS analysis revealed that ADSC-
sEVs contain abundant TSG-6. Western blot analysis
showed that, compared to the Sham and SCIRI groups,
ADSC-sEVs significantly upregulated the expression of
TSG-6 proteins in spinal cord tissues (Fig. 7a, b). Further-
more, Fig. 7c shows that ADSC-sEVs encapsulated the
TSG-6 proteins, implying that ADSC-sEVs can transport
TSG-6 into the spinal cord to perform various biologi-
cal functions following SCIRIL To evaluate the protec-
tive effects of TSG-6 in vivo, we overexpressed TSG-6 in
ADSCs through lentivirus transfection (Lenti-TSG-6),
while an empty vector construct was used as a negative
control (Lenti-Ctrl). TSG-6 overexpression was success-
fully achieved and confirmed by Western blot (Fig. 7d, e).

BMS scores and inclined plate test revealed that mice in
the Lenti-Ctrl-sEVs group and in the Lenti-TSG-6-sEVs
group exhibited significant motor function recoveries.
However, improvement in the Lenti-TSG-6-sEVs group
was more obvious (Fig. 7f, g). Footprint analysis also
showed that mice in the Lenti-TSG-6-sEVs group exhib-
ited better motor function recoveries than mice in the
Lenti-Ctrl-sEVs group (Fig. 7h).

Overexpression of TSG-6 enhances the anti-apoptotic

and BSCB protection effect following SCIRI

The number of TUNEL-positive cells after Lenti-Ctrl-
sEVs treatment was significantly reduced compared to
the SCIRI group, whereas treatment with Lenti-TSG-6-
sEVs further suppressed apoptosis (Fig. 8 a, b). Findings
from Western blot analysis were consistent with those of
TUNEL staining (Fig. 8 g, i).
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To further evaluate the effect of TSG-6 on BSCB
protection, double labeling immunofluorescence was
performed. Compared to the SCIRI group, the Lenti-
Ctrl-sEVs treatment group showed increased fluores-
cence intensities of CD31 and tight junction proteins,
including ZO-1, claudin-5, and occludin. However,
the increase in fluorescence intensities was more pro-
nounced in the Lenti-TSG-6-sEVs treatment group
(Fig. 8¢, Additional file 4: Fig. S4a, b). Quantitative and
qualitative analysis of EB showed that Lenti-TSG-6-
sEVs exhibited better protective effects on BSCB integ-
rity (Fig. 8 d, e, f). In addition, Western blot analyses
of spinal cord tissues showed that, compared to the
Lenti-Ctrl-sEVs group, Lenti-TSG-6-sEVs elevated the
expression levels of tight junction proteins (Fig. 8 h, j).
In summary, the overexpression of TSG-6 enhanced the
anti-apoptotic and BSCB protection effect following
SCIRIL

Overexpression of TSG-6 enhanced ER stress suppression
by modulating the PI3K/AKT signaling pathway
It has been reported that mesenchymal stem cell-derived
TSG-6 can significantly suppress ER stress-induced
apoptosis [42]. We further determined whether TSG-6
overexpression enhances ER stress suppression in vivo.
Figure 9 a, b shows that, compared to the SCIRI group,
the number of GRP78-positive cells was significantly
reduced in the Lenti-Ctrl-sEVs group, while Lenti-TSG-
6-sEVs treatment further attenuated the expression of
GRP78. After TSG-6 overexpression, changes in ER
stress were also evaluated by Western blot and the results
were consistent with those of immunofluorescence analy-
sis (Fig. 9 ¢, d, e).

Next, we investigated the signaling molecules
that mediate ER stress suppression. Since it has
been reported that the PI3K/AKT pathway is a
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canonical signaling pathway involved in ER stress, fur-  successfully enhanced by Lenti-TSG-6-sEVs treatment

ther experiments were performed to determine whether  (Fig. 9 f, g).

the effects of ADSC-sEVs on ER stress are associated

with PI3K/AKT pathway modulation. Western blot Discussion

showed that Lenti-Ctrl-sEVs treatment upregulated the  SCIRI is one of the most catastrophic complications

expression of p-AKT; moreover, the upregulation was of aortic aneurysm repair or spinal cord surgery. Cur-
rently, clinically effective therapeutic options for SCIRI
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are extremely limited. Due to the complex molecular
cascades affecting neurological functions, the mecha-
nisms underlying SCIRI pathogenesis have not been
elucidated; however, it has been reported that neuronal
apoptosis and BSCB disruption play crucial roles in this
process. We established that ADSC-sEVs attenuate neu-
ronal apoptosis and inhibit BSCB disruption by sup-
pressing hyperactive ER stress. Furthermore, the TSG-6
secreted by ADSC-sEVs and PI3K/AKT signaling path-
way is involved in the inhibition of ER stress.

Stem cell-based therapy is an emerging therapeutic
modality for the treatment of central nervous diseases
[46-48]. ADSCs are a subset of mesenchymal stem cells
(MSCs) whose unique characteristics including easy
availability and high abundance make them optimal MSC
sources. In addition, ADSCs have a robust capacity to dif-
ferentiate into multiple lineages, not only adipocytes but
also osteoblasts, chondrocytes, and neuronal cells. How-
ever, clinical applications of stem cells confer a consider-
able risk for tumorigenesis and deformity [49].

Due to the paracrine effects of MSCs, a novel strategy
to apply components of the MSC secretome as an effec-
tive therapy was therefore proposed. The secretome of
MSC is the set of factors/molecules, including protein
fraction and different subtypes of extracellular vesicles,
secreted into the extracellular space. Classically, extra-
cellular vesicles can be divided into three groups based
on their biogenesis: apoptotic bodies, microvesicles, and
small extracellular vesicles. Apoptotic bodies have the

most heterogeneous size (200 nm-5 pum) and are secreted
by a dying cell, while microvesicles (100 nm—800 nm) and
small extracellular vesicles (30 nm—150 nm) are secreted
by live cells. Small extracellular vesicles containing cell-
type-specific combinations enhance the therapeutic effi-
cacies of stem cells [50]. Therefore, we hypothesized that
intravenous injection of ADSC-sEVs can overcome the
limitations associated with stem cell transplantation and
improve the neurological deficits following SCIRL.

To verify this hypothesis, a series of in vitro and in vivo
experiments were performed. First, SEVs were success-
fully extracted from the culture medium of ADSCs and
characterized by TEM, NTA, and Western blot. It has
been documented that neuronal death is induced by
apoptosis following ischemia—reperfusion injury; there-
fore, we evaluated the effects of ADSC-sEVs on neu-
ronal apoptosis. Flow cytometry, TUNEL staining, and
Western blot revealed that ADSC-sEVs treatment sig-
nificantly inhibited OGD/R-induced neuronal apoptosis.
To confirm these anti-apoptotic effects, TUNEL-positive
neurons and apoptosis-related proteins were evaluated
in spinal cord samples and in vivo results demonstrated
that ADSC-sEVs effectively inhibited cell apoptosis after
SCIRI.

The BSCB, which is a highly selective brain endothe-
lial structure between the peripheral circulation and
central nervous system, provides a particular homeosta-
sis for the spinal cord [51]. Under different pathologi-
cal conditions such as SCIRI, spinal cord injury, multiple
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sclerosis, and epilepsy, the integrity of BSCB is damaged
and immune cells infiltrate into the spinal cord, contrib-
uting to secondary injuries. The tight junction complexes
between brain endothelial cells are the key elements in
BSCB, and their degradation enhances BSCB permeabil-
ity [52]. A recent study demonstrated that administra-
tion of bone mesenchymal stem cell-derived extracellular

vesicles (BMSC-EV) improved motor function and main-
tained the structural integrity of the blood-spinal cord
barrier following traumatic spinal cord injury [6]. We
assessed the effects of ADSC-sEVs in vitro and found that
they significantly inhibited OGD/R-induced degradation
of tight junction proteins. In this study, EB extravasation
was significantly inhibited in the ADSC-sEVs group after
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SCIRIL In summary, ADSC-sEVs treatment improves the
expression of tight junction proteins and inhibits BSCB
disruption.

The endoplasmic reticulum is an important cellu-
lar organelle that is involved in protein synthesis and
secretion in eukaryotic cells, which are essential for
maintaining cellular homeostasis [53, 54]. Perturba-
tion of ER homeostasis by ischemia—reperfusion injury
leads to the accumulation of misfolded proteins in the
ER lumen, and persistent ER stress without treatment

activates cell injury [55]. In recent years, an increas-
ing number of studies have focused on the treatment of
SCIRI by attenuating ER stress-related pathology [56,
57]. Given the crucial role of ER stress in the patho-
logical mechanisms of SCIRI, we evaluated the effect
of ADSC-sEVs on ER stress. We found that ADSC-
sEVs pretreatment suppressed OGD/R-induced ER
stress in vitro, findings that were confirmed by West-
ern blotting of ER stress-related proteins. Similar find-
ings were observed in SCIRI animal models following
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ADSC-sEVs treatment. Studies have documented that
ER stress is associated with neuronal apoptosis and dis-
ruption of BSCB integrity [40, 41, 58]. Pharmacological
experiments have revealed that the effects of anti-apop-
totic and inhibition of BSCB disruption are directly
dependent on the modulation of ER stress.

TSG-6 is a multifunctional protein involved in vari-
ous biological functions [28]. It has been shown that
TSG-6 secreted by ADSC improves severe acute pan-
creatitis by suppressing ER stress [42]. In this study,
LCMS/MS analysis revealed that ADSC-sEVs contain
TSG-6, consistent with Western blot results. Besides,
the expression of TSG-6 was upregulated in the ADSC-
sEVs, indicating that TSG-6 was transported from
sEVs into the spinal cord tissues after SCIRI. Addi-
tionally, overexpression of TSG-6 promoted the anti-
apoptotic effect, BSCB protection, and enhanced the
suppression of ER stress in vivo. PI3K/Akt signaling at
the mitochondria-associated endoplasmic reticulum
membranes plays crucial roles in various biological
processes such as glucose homeostasis and cell prolifer-
ation. Previous studies confirmed that phosphorylation
of PI3K and Akt inhibited ER stress in the lungs [59].
Activation of the PI3K/AKT pathway was also found to
suppress ER stress-induced apoptosis [60]. We further
evaluated the effect of ADSC-sEVs-associated TSG-6
on the PI3K/AKT pathway. The present study indicates
that sEVs upregulated the expression of p-AKT and
TSG-6 secreted by ADSC-sEVs-suppressed ER stress by
modulating the PI3BK/AKT pathway. Our studies pro-
vide further insight into sEVs-mediated effects on ER
stress through PI3K/AKT pathway.

Conclusions

In conclusion, ADSC-sEVs inhibit neuronal apoptosis
and protect BCSB integrity after SCIRI by suppressing
ER stress. Furthermore, this study also suggests that
the inactive of excess ER stress was achieved by TSG-6
secreted by ADSC-sEVs through the modulation of
PI3K/AKT pathway. These findings provide a new ther-
apeutic strategy for the treatment of SCIRI.
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Additional file 1 Figure S1: Characterization of ADSC-sEVs. a Particle size
distribution of sEVs measured by nanoparticle trafficking analysis (NTA).

b Typical morphology as detected by a transmission electron micro-
scope (TEM). ¢ Western blot results of specific surface markers. Figure S2
ADSC-sEVs treatment inhibited tight junction disruption following SCIRI.
a Representative images showing double immunofluorescence of CD31
and Claudin-5. b Representative images showing double immunofluores-
cence of CD31 and occludin. Figure S3 ADSC-sEVs treatment suppressed
ER stress in vitro. a Representative images showing GRP78 expression in
each experimental group. The nuclei of neuron were stained with DAPI.
b Quantitative analysis of fluorescence intensity of GRP78. ¢ Expression
of ER stress-related proteins as determined by Western blotting analysis.
d, e Relative expression levels of ER stress-related proteins normalized to
GAPDH. *p < 0.05 compared with the control group, #p < 0.05 compared
with the OGD/R group. Figure 54 Overexpression of TSG-6 promoted the
protective effect of ADSC-sEVs on the integrity of BSCB following SCIRI.

a Representative images showing double immunofluorescence of CD31
and claudin-5. b Representative images showing double immunofluores-
cence of CD31 and occludin.

Acknowledgements
Not applicable.

Author contributions

WHC, JLB, and SZY designed and supervised this study. XL, CTL, YCZ, YFW, and
YL conducted the majority of the experiments and completed the manuscript.
CTL, YCZ, and CYJ analyzed the data. ZHW and WY participated the experi-
ments and the manuscript writing. LX and WY participated in editing the
manuscript. All authors read and approved the final manuscript.

Funding
This work was sponsored by the Shanghai Sailing Program (Grant
No.21YF1457000).

Availability of data and materials

Most of the datasets supporting the conclusions of this article are included
within this article and the additional files. The datasets used or analyzed dur-
ing the current study are available on reasonable request.

Declarations

Ethics approval and consent to participate
All animal procedures were performed under the guidelines of the institu-
tional review board and the ethics committee of Nanjing Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Orthopedics, The First Affiliated Hospital of Nanjing Medical
University, 300 Guangzhou Road, Nanjing, Jiangsu Province, China. “Depart-
ment of Orthopaedics, Dongtai Hospital Affiliated to Nantong University,
Dongtai City, Jiangsu, China. *Department of Orthopaedics, Yancheng Third
People’s Hospital, Yancheng 224000, Jiangsu, China. “Department of Ortho-
pedic Oncology, Changzheng Hospital, Secondary Military Medical University,
Shanghai, China. >Department of Orthopedic, PLA Navy No.905 Hospital,
Secondary Military Medical University, Shanghai, China. °Zhejiang University-
University of Edinburgh Institute (ZJU-UoE Institute), Haining, Zhejiang, China.
’Department of Orthopedics, Shanghai Tenth People’s Hospital, Tongji Univer-
sity School of Medicine, 301 Yanchang Road, Shanghai, China. ®Department


https://doi.org/10.1186/s13287-022-02963-4
https://doi.org/10.1186/s13287-022-02963-4

Lu et al. Stem Cell Research & Therapy

(2022) 13:291

of Biostatistics, School of Public Health, Nanjing Medical University, Jiangsu
Province, Nanjing 211166, China.

Received: 2 September 2021 Accepted: 12 June 2022
Published online: 13 July 2022

References

1.

Cramer DE, Maher PC, Pettigrew DB, Kuntz C. Major neurologic deficit
immediately after adult spinal surgery: incidence and etiology over 10
years at a single training institution. J Spinal Disord Tech. 2009;22:565.
Lemaire SA, Price MD, Green SY, Zarda S, Coselli JS. Results of open
thoracoabdominal aortic aneurysm repair. Annals Cardiothorac Surg.
2012;1:286-92.

Lee JY, Kim HS, Choi HY, Oh TH, Yune TY. Fluoxetine inhibits matrix metal-
loprotease activation and prevents disruption of blood-spinal cord barrier
after spinal cord injury. Brain J Neurol. 2012;135:2375-89.

Jing N, Fang B, Li Z, Tian A. Exogenous activation of cannabinoid-2 recep-
tor modulates TLR4/MMP9 expression in a spinal cord ischemia reperfu-
sion rat model. J Neuroinflamm. 2020;17:101.

Yin F, Guo L, Meng C, LiuY, Lu R, Li P Zhou Y. Transplantation of mesen-
chymal stem cells exerts anti-apoptotic effects in adult rats after spinal
cord ischemia-reperfusion injury. Brain Res. 2014;1561:1-10.

Yin F,Meng C, Lu R, Li L, Zhang Y, Chen H, Qin Y, Guo L. Bone marrow
mesenchymal stem cells repair spinal cord ischemia/reperfusion injury
by promoting axonal growth and anti-autophagy. Neural Regen Res.
2014;9:1665-71.

Kurose T, Takahashi S, Otsuka T, Nakagawa K, Imura T, Sueda T, Yuge L.
Simulated microgravity-cultured mesenchymal stem cells improve recov-
ery following spinal cord ischemia in rats. Stem Cell Res. 2019;41:101601.
Gao S, Guo X, Zhao S, JinY, Zhou F, Yuan P, Cao L, Wang J, Qiu Y, Sun

C, Kang Z, Gao F, Xu W, Hu X, Yang D, Qin Y, Ning K, Shaw PJ, Zhong G,
Cheng L, Zhu H, Gao Z, Chen X, Xu J. Differentiation of human adipose-
derived stem cells into neuron/motoneuron-like cells for cell replace-
ment therapy of spinal cord injury. Cell Death Dis. 2019;10:597.

Kuang Y, Zheng X, Zhang L, Ai X, Venkataramani V, Kilic E, Hermann DM,
Majid A, Bahr M, Doeppner TR. Adipose-derived mesenchymal stem cells
reduce autophagy in stroke mice by extracellular vesicle transfer of miR-
25. J Extracell Vesicles. 2020;10:12024.

Ma H, Lam PK, Tong CSW, Lo KKY, Wong GKC, Poon WS. The neuropro-
tection of hypoxic adipose tissue-derived mesenchymal stem cells in
experimental traumatic brain injury. Cell Transplant. 2019;28:874-84.
Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL, Robbins

RC. Haematopoietic stem cells adopt mature haematopoietic fates in
ischaemic myocardium. Nature. 2004;428:668-73.

Jeong JO, Han JW, Kim JM, Cho HJ, Park C, Lee N, Kim DW, Yoon YS. Malig-
nant tumor formation after transplantation of short-term cultured bone
marrow mesenchymal stem cells in experimental myocardial infarction
and diabetic neuropathy. Circ Res. 2011;108:1340-7.

Hsu MN, Liao HT, Li KC, Chen HH, Yen TC, Makarevich P, Parfyonova Y, Hu
YC. Adipose-derived stem cell sheets functionalized by hybrid baculovi-
rus for prolonged GDNF expression and improved nerve regeneration.
Biomaterials. 2017;140:189-200.

Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-derived extra-
cellular vesicles: toward cell-free therapeutic applications. Mol Therapy J
Am Soc Gene Therapy. 2015;23:812-23.

Lai RC, Yeo RW, Lim SK. Mesenchymal stem cell exosomes. Semin Cell Dev
Biol. 2015;40:82-8.

Witwer KW, Van Balkom BWM, Bruno S, Choo A, Dominici M, Gimona M,
Hill AF, De Kleijn D, Koh M, Lai RC, Mitsialis SA, Ortiz LA, Rohde E, Asada
T, Toh WS, Weiss DJ, Zheng L, Giebel B, Lim SK. Defining mesenchymal
stromal cell (MSC)-derived small extracellular vesicles for therapeutic
applications. J Extracell Vesicles. 2019;8:1609206.

Chen 'L, QuJ, Mei Q, Chen X, Fang Y, Chen L, Li Y, Xiang C. Small extracel-
lular vesicles from menstrual blood-derived mesenchymal stem cells
(MenSCs) as a novel therapeutic impetus in regenerative medicine. Stem
Cell Res Ther. 2021;12:433.

Fang SB, Zhang HY, Meng XC, Wang C, He BX, Peng YQ, Xu ZB, Fan

XL, Wu ZJ, Wu ZC, Zheng SG, Fu QL. Small extracellular vesicles

derived from human MSCs prevent allergic airway inflammation via

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 16 of 17

immunomodulation on pulmonary macrophages. Cell Death Dis.
2020;11:4009.

. Phinney DG, Pittenger MF. Concise review: MSC-derived exosomes for

cell-free therapy. Stem Cells. 2017;35:851-8.

Rong Y, Liu W, Wang J, Fan J, Luo Y, Li L, Kong F, Chen J, Tang P, Cai W.
Neural stem cell-derived small extracellular vesicles attenuate apoptosis
and neuroinflammation after traumatic spinal cord injury by activating
autophagy. Cell Death Dis. 2019;10:340.

RongY, LiuW, Lv C, Wang J, Luo Y, Jiang D, Li L, Zhou Z, Zhou W, Li Q, Yin
G, Yu L, Fan J, Cai W. Neural stem cell small extracellular vesicle-based
delivery of 14-3-3t reduces apoptosis and neuroinflammation following
traumatic spinal cord injury by enhancing autophagy by targeting Bec-
lin-1. Aging. 2019;11:7723-45.

Wang J, Rong V, Ji C, Lv C, Jiang D, Ge X, Gong F, Tang P, Cai W, Liu W, Fan J.
MicroRNA-421-3p-abundant small extracellular vesicles derived from M2
bone marrow-derived macrophages attenuate apoptosis and promote
motor function recovery via inhibition of mTOR in spinal cord injury. J
Nanobiotechnol. 2020;18:72.

Jiang D, Gong F, Ge X, Lv C, Huang C, Feng S, Zhou Z, Rong Y, Wang J, Ji C,
Chen J, Zhao W, Fan J, Liu W, Cai W. Neuron-derived exosomes-transmit-
ted miR-124-3p protect traumatically injured spinal cord by suppressing
the activation of neurotoxic microglia and astrocytes. J Nanobiotechnol.
2020;18:105.

Liu W, Wang Y, Gong F, Rong Y, Luo Y, Tang P, Zhou Z, Zhou Z, Xu T, Jiang
T,Yang S,Yin G, Chen J, Fan J, Cai W. Exosomes derived from bone
mesenchymal stem cells repair traumatic spinal cord injury by suppress-
ing the activation of A1 neurotoxic reactive astrocytes. J Neurotrauma.
2019;36:469-84.

Geng W, Tang H, Luo S, Lv Y, Liang D, Kang X, Hong W. Exosomes from
miRNA-126-modified ADSCs promotes functional recovery after stroke
in rats by improving neurogenesis and suppressing microglia activation.
Am JTrans| Res. 2019;11:780-92.

Ren Z, Zhou J, Xiong Z, Zhu F, Guo X. Effect of exosomes derived from
MiR-133b-modified ADSCs on the recovery of neurological function after
SCI. Eur Rev Med Pharmacol Sci. 2019;23:52-60.

Lee M, LiuT, Im W, Kim M. Exosomes from adipose-derived stem cells
ameliorate phenotype of Huntington'’s disease in vitro model. Eur J Neu-
rosci. 2016;44:2114-9.

Day AJ, Milner CM. TSG-6: A multifunctional protein with anti-inflamma-
tory and tissue-protective properties. Matrix biol J Int Soc Matrix Biol.
2019;78-79:60-83.

Yang S, Liang X, Song J, Li C, Liu A, Luo Y, Ma H, Tan Y, Zhang X. A novel
therapeutic approach for inflammatory bowel disease by exosomes
derived from human umbilical cord mesenchymal stem cells to repair
intestinal barrier via TSG-6. Stem Cell Res Ther. 2021;12:315.

Xin Q, Ji B, Cheng B, Wang C, Liu H, Chen X, Chen J, Bai B. Endoplasmic
reticulum stress in cerebral ischemia. Neurochem Int. 2014;68:18-27.
Montague K, Malik B, Gray AL, La Spada AR, Hanna MG, Szabadkai

G, Greensmith L. Endoplasmic reticulum stress in spinal and bul-

bar muscular atrophy: a potential target for therapy. Brain J Neurol.
2014;137:1894-906.

Liao Z, Luo R, Li G, Song Y, Zhan S, Zhao K, Hua W, Zhang Y, Wu X, Yang C.
Exosomes from mesenchymal stem cells modulate endoplasmic reticu-
lum stress to protect against nucleus pulposus cell death and ameliorate
intervertebral disc degeneration in vivo. Theranostics. 2019;9:4084-100.
Munir H, Ward LSC, Sheriff L, Kemble S, Nayar S, Barone F, Nash GB,
McGettrick HM. Adipogenic differentiation of mesenchymal stem cells
alters their immunomodulatory properties in a tissue-specific manner.
Stem Cells. 2017,35:1636-46.

Namekata K, Harada C, Taya C, Guo X, Kimura H, Parada LF, Harada T.
Dock3 induces axonal outgrowth by stimulating membrane recruitment
of the WAVE complex. Proc Natl Acad Sci USA. 2010;107:7586-91.

Kichev A, Rousset Cl, Baburamani AA, Levison SW, Wood TL, Gressens

P, Thornton C, Hagberg H. Tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) signaling and cell death in the immature central
nervous system after hypoxia-ischemia and inflammation. J Biol Chem.
2014;289:9430-9.

Xie L, Yu S, Yang K, Li C, Liang Y. Hydrogen sulfide inhibits autophagic
neuronal cell death by reducing oxidative stress in spinal cord ischemia
reperfusion injury. Oxid Med Cell Longev. 2017,2017:8640284.



Lu et al. Stem Cell Research & Therapy (2022) 13:291

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Basso DM, Fisher LC, Anderson AJ, Jakeman LB, McTigue DM, Popovich
PG. Basso Mouse Scale for locomotion detects differences in recovery
after spinal cord injury in five common mouse strains. J Neurotrauma.
2006;23:635-59.

Chen S, Ye J, Chen X, Shi J, WuW, Lin W, Lin W, Li Y, Fu H, Li S. Valproic acid
attenuates traumatic spinal cord injury-induced inflammation via STAT1
and NF-kB pathway dependent of HDAC3. J Neuroinflamm. 2018;15:150.
Smith RR, Burke DA, Baldini AD, Shum-Siu A, Baltzley R, Bunger M,
Magnuson DS. The Louisville Swim Scale: a novel assessment of hindlimb
function following spinal cord injury in adult rats. J Neurotrauma.
2006;23:1654-70.

Nan D, Jin H, Deng J, Yu W, Liu R, Sun W, Huang V. Cilostazol ameliorates
ischemia/reperfusion-induced tight junction disruption in brain endothe-
lial cells by inhibiting endoplasmic reticulum stress. FASEB J Offl Publ
Feder Am Soc Exp Biol. 2019,33:10152-64.

LiH, Zhang X, Qi X, Zhu X, Cheng L. Icariin inhibits endoplasmic reticulum
stress-induced neuronal apoptosis after spinal cord injury through modu-
lating the PI3K/AKT signaling pathway. Int J Biol Sci. 2019;15:277-86.

Li Q, Song WJ, Ryu MO, Nam A, An JH, Ahn JO, Bhang DH, Jung YC, Youn
HY.TSG-6 secreted by human adipose tissue-derived mesenchymal stem
cells ameliorates severe acute pancreatitis via ER stress downregulation in
mice. Stem Cell Res Ther. 2018;9:255.

Chou CH, Attarian DE, Wisniewski HG, Band PA, Kraus VB. TSG-6—a
double-edged sword for osteoarthritis (OA). Osteoarthrit Cartilage.
2018;26:245-54.

LiR, LiuW,Yin J,ChenY, Guo S, Fan H, Li X, Zhang X, He X, Duan C.

TSG-6 attenuates inflammation-induced brain injury via modulation of
microglial polarization in SAH rats through the SOCS3/STAT3 pathway. J
Neuroinflamm. 2018;15:231.

Song WJ, Li Q Ryu MO, Ahn JO, Bhang DH, Jung YC, Youn HY.TSG-6
released from intraperitoneally injected canine adipose tissue-derived
mesenchymal stem cells ameliorate inflammatory bowel disease by
inducing M2 macrophage switch in mice. Stem Cell Res Ther. 2018;9:91.
Wei L, Wei Z, Jiang M, Mohamad O, Yu S. Stem cell transplantation
therapy for multifaceted therapeutic benefits after stroke. Prog Neurobiol.
2017;157:49-78.

Gruenenfelder F, McLaughlin M, Griffiths I, Garbern J, Thomson G, Kuzman
P, Barrie J, McCulloch M, Penderis J, Stassart R, Nave K, Edgar J. Neural
stem cells restore myelin in a demyelinating model of Pelizaeus-Merz-
bacher disease. Brain J Neurol. 2020;143:1383-99.

Goldman S. Stem and progenitor cell-based therapy of the central
nervous system: hopes, hype, and wishful thinking. Cell Stem Cell.
2016;18:174-88.

Trounson A, McDonald C. Stem cell therapies in clinical trials: progress
and challenges. Cell Stem Cell. 2015;17:11-22.

Taverna S, Pucci M, Alessandro R. Extracellular vesicles: small bricks for
tissue repair/regeneration. Annals Transl Med. 2017,5:83.

Park CS, Lee JY, Choi HY, Lee K, Heo Y, Ju BG, Choo HP, Yune TY. Gallic

acid attenuates blood-spinal cord barrier disruption by inhibiting

Jmjd3 expression and activation after spinal cord injury. Neurobiol Dis.
2020;145:105077.

Gao W, Li F, Liu L, Xu X, Zhang B, Wu Y, Yin D, Zhou S, Sun D, Huang Y,
Zhang J. Endothelial colony-forming cell-derived exosomes restore
blood-brain barrier continuity in mice subjected to traumatic brain injury.
Exp Neurol. 2018;307:99-108.

Sitia R, Braakman . Quality control in the endoplasmic reticulum protein
factory. Nature. 2003;426:891-4.

Fu S, Watkins SM, Hotamisligil GS. The role of endoplasmic reticu-

lum in hepatic lipid homeostasis and stress signaling. Cell Metab.
2012;15:623-34.

Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis
of metabolic disease. Cell. 2010;140:900-17.

Wu F, Wei X, Wu Y, Kong X, Hu A, Tong S, Liu Y, Gong F, Xie L, Zhang J,

Xiao J, Zhang H. Chloroquine promotes the recovery of acute spinal cord
injury by inhibiting autophagy-associated inflammation and endoplas-
mic reticulum stress. J Neurotrauma. 2018;35:1329-44.

Mizukami T, Orihashi K, Herlambang B, Takahashi S, Hamaishi M, Okada

K, Sueda T. Sodium 4-phenylbutyrate protects against spinal cord
ischemia by inhibition of endoplasmic reticulum stress. J Vasc Surg.
2010;52:1580-6.

Page 17 of 17

58. Zheng B, Zhou Y, Zhang H, Yang G, Hong Z, Han D, Wang Q, He Z, Liu Y,
Wu F, Zhang X, Tong S, Xu H, Xiao J. DI-3-n-butylphthalide prevents the
disruption of blood-spinal cord barrier via inhibiting endoplasmic reticu-
lum stress following spinal cord injury. Int J Biol Sci. 2017;13:1520-31.

59. Wang X, Yang X, LiY, Wang X, Zhang Y, Dai X, Niu B, Wu J, Yuan X, Xiong A,
Liu Z, Zhong N, Wu M, Li G. Lyn kinase represses mucus hypersecretion
by regulating IL-13-induced endoplasmic reticulum stress in asthma.
EBioMedicine. 2017;15:137-49.

60. Chen J, Xie JJ, ShiKS, Gu YT, Wu CC, Xuan J, Ren Y, Chen L, Wu YS, Zhang
XL, Xiao J, Wang DZ, Wang XY. Glucagon-like peptide-1 receptor regu-
lates endoplasmic reticulum stress-induced apoptosis and the associated
inflammatory response in chondrocytes and the progression of osteoar-
thritis in rat. Cell Death Dis. 2018;9:212.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	TSG-6 released from adipose stem cells-derived small extracellular vesicle protects against spinal cord ischemia reperfusion injury by inhibiting endoplasmic reticulum stress
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Isolation and identification of sEVs from ADSCs
	Primary cortical neuron culture
	ADSCs-sEVs uptake
	Overexpression of TSG-6 in ADSCs
	Oxygen–glucose deprivation and reperfusion (OGDR) model
	Apoptosis detection by TUNEL staining and flow cytometry, in vitro
	Spinal cord ischemia–reperfusion injury model
	Functional locomotor scores
	Footprint analysis
	Swimming test
	Preparation of spinal cord slices
	Measurement of blood–spinal cord barrier permeability
	Determination of apoptosis in spinal cord sections with TUNEL assay
	Immunofluorescence analysis
	Western blot analysis
	Statistical analyses

	Results
	Identification of ADSCs-sEVs
	ADSC-sEVs are taken up by neurons and inhibit apoptosis in vitro
	ADSC-sEVs inhibited the loss of tight junction proteins in bEnd.3 cells after OGDR
	ADSC-sEVs treatment improved functional recovery and attenuated neuronal cell death following SCIRI
	ADSC-sEVs treatment inhibited BSCB disruption following SCIRI
	ADSC-sEVs inhibited OGDR-induced ER stress in vitro
	ADSC-sEVs treatment suppressed ER stress following SCIRI
	ADSC-sEVs inhibit neuronal apoptosis and BSCB disruption by suppressing ER stress
	ADSC-sEVs transport tumor necrosis factor (TNF)-stimulated gene-6 (TSG-6) into spinal cord tissues and overexpression of TSG-6 enhances the repair of sEVs in motor function after SCIRI
	Overexpression of TSG-6 enhances the anti-apoptotic and BSCB protection effect following SCIRI
	Overexpression of TSG-6 enhanced ER stress suppression by modulating the PI3KAKT signaling pathway

	Discussion
	Conclusions
	Acknowledgements
	References


