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Abstract Previous studies have indicated that paracrine fac-
tors (conditionedmedium) increase wound closure and reduce
reactive oxygen species in a traumatic brain injury in vitro
model. Although the beneficial effects of conditioned medium
from human adipose tissue-derived mesenchymal stem cells
(hMSCA-CM) have been previously suggested for various
neurological diseases, their actions on astrocytic cells are not
well understood. In this study, we have explored the effect of
hMSCA-CM on human astrocyte model (T98G cells) subject-
ed to scratch assay. Our results indicated that hMSCA-CM
improved cell viability, reduced nuclear fragmentation, atten-
uated the production of reactive oxygen species, and pre-
served mitochondrial membrane potential and ultrastructural
parameters. In addition, hMSCA-CM upregulated

neuroglobin in T98G cells and the genetic silencing of this
protein prevented the protective action of hMSCA-CM on
damaged cells, suggesting that neuroglobin is mediating, at
least in part, the protective effect of hMSCA-CM. Overall,
this evidence suggests that the use of hMSCA-CM is a prom-
ising therapeutic strategy for the protection of astrocytic cells
in central nervous system (CNS) pathologies.
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Introduction

Mesenchymal stem cells (MSC) play a key role in restoring
damaged tissues [1]. Recent studies have demonstrated the
ability of these cells to differentiate in tissues that are often
affected by pathologies or lesions [2–4] but there are still
difficulties in maintaining their differentiation and missing
parameters for monitoring their clinical efficacy [1, 5].
Therefore, recent research has shown that the beneficial activ-
ity of these cells is also given by the factors that they secrete
[6–11]. Studies of MSC’s secretome have revealed the pro-
duction of molecules with angiogenic, trophic, anti-inflamma-
tory, and immunomodulatory effect as well as the release of
hormones and cytokines [12]. These paracrine factors may
include growth factors such as VEGF, FGF, MCP-1, HGF,
IGF-1, and some neurotrophic factors like PDGF-BB, bFGF,
EGF [13, 14], BDNF, NGF [12, 15, 16], IGF-1 [16], and
GDNF [12], which have a protective effect on brain tissue
[17, 18] with important therapeutic applications.

The beneficial action of MSC-CM for the treatment or
prevention of CNS diseases has been strongly documented
[11, 19, 20]. For example, studies on glial cells report
cytoprotection in astrocytes under ischemia after treatment
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with 10, 20, and 30% CM-hDPSC [21] and enhanced wound
closure and reduced ROS production in astrocytes treated with
2–5% hMSCA-CM (TBI) [22]. Indeed, 25–75% MSC-CM
increased astrocytes survival and preserved cellular metabo-
lism following oxygen-glucose-deprivation (OGD) [23] and
modulated neuronal network and glial response to apoptosis
and inflammation in a model of amyotrophic lateral sclerosis
(ALS) after treatment with MSC-CM derived from bone mar-
row with concentrations ranging from 20 to 100% [24].
Likewise, hUCPVC-CM has been shown to have a direct
impact on density, viability, and glial cell proliferation of the
hippocampus [16, 25–29].

It is possible that MSC conditioned medium might modu-
late protective signaling proteins upon cellular damage. For
example, our lab has previously shown that neuroglobin
(Ngb), an oxygen-related protein implicated in cerebral ho-
meostasis and responsible for the detection and elimination
of ROS [30], is expressed by astrocytic cells and upregulated
under glucose deprivation [31–33]. There is also strong evi-
dence for the upregulation of Ngb in astrocytes following
hypoxic-ischemic injuries and TBI [34–39]. These finding
suggest that neuroglobin may play an important role in medi-
ating protection under pathological conditions. In this study,
we explored whether hMSCA-CM contributes to cellular res-
cue or protection of mitochondrial function in an astrocytic
model of scratch assay, in addition to investigating the role of
Ngb in mediating the effects of hMSCA- CM.

Materials and Methods

Primary Culture of Adipose-Derived Human
Mesenchymal Stem Cells (hMSCA)

Human mesenchymal stem cells from adipose tissue
(hMSCA) were isolated as described elsewhere [40]. The pro-
cedures were performed according to a protocol approved by
the ethics committee of Pontificia Universidad Javeriana.
Briefly, hMSCA were obtained from human adipose tissue
obtained by liposuction in patients between 24 and 28 years
of age. hMSCA were characterized by assessing the expres-
sion of CD34(−), CD73(+), CD90(+), and CD105(+) follow-
ing the criteria established by the International Society for Cell
Therapy. hMSCA cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (LONZA, Walkersville, USA)
supplemented with 10% fetal bovine serum (FBS) (LONZA,
Walkersville, USA) and 1% penicillin, with incubation tem-
perature of 37 °C in an atmosphere of 5% CO2.

Preparation of hMSCA-CM

hMSCAwere cultured until 80% confluency in DMEM sup-
plemented with 10% FBS. Then, cells were cultured in serum-

glucose free DMEM and the conditioned mediumwas collect-
ed after 48 h. The supernatants were centrifuged at 3000 rpm
for 3 min and stored at −80 °C. hMSCA-CM was collected
from hMSCA cultures between passage III and V.

T98G Cell Culture

T98G (ATCC CRL-1690) is a human cell line positive for
GFAP [33]. This line has been used and validated as a model
of astrocytic cells as reported previously [33, 41–45].
Additionally, our group has observed that these cells have
similar morphological and functional characteristics in com-
parison to other human astrocytes (data not shown). Cells
were maintained under exponential growth in DMEM
(LONZA), containing 10% FBS (LONZA,), and 10 U peni-
cillin/10 μg streptomycin/25 ng amphotericin (LONZA) and
culture medium was changed three times a week. Cultures
were incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

Scratch Assay and hMSCA-CM Treatments

In this study, our in vitro model (scratch assay) was charac-
terized by both mechanical injury and metabolic insult. As we
did not observe mitochondrial damage in cells subjected to
mechanical injury only, we indeed performed a metabolic im-
pairment (glucose deprivation, BSS0) to simulate a previously
described traumatic brain like-injury model [22]. Briefly, cells
were allowed to reach confluence for 48 h and then were
serum deprived for 3 h. Later, a denuded area was produced
by scratching the inside diameter of the well with the 10-μl
pipette tip [22, 46]. Immediately after the scratch cells were
rinsed twice with phosphate-buffered saline (PBS) 1× buffer
to remove debris and were co-treated according to the follow-
ing experimental groups: (1) 1) scratch ± BSS0: cells under
scratch and glucose free condit ions (BSS0); (2)
scratch ± BSS5: scratch cells plus BSS0 supplemented with
5 . 5 mM g l u c o s e ( B SS 5 , c o n t r o l c e l l s ) ; ( 3 )
scratch ± BSS0 ± CM2%: scratch cells plus BSS0 and treated
with 2% hMSCA-CM; and (4) scratch ± BSS5 ± CM2%:
scratch cells plus BSS5 and treated with 2% hMSCA-CM.
Glucose deprivation assay was performed as previously re-
ported [33, 41, 47], and the composition of the Balanced
Salt Solution (BSS0) is: NaCl, 116; CaCl2, 1.8; MgSO4,
(7.H2O) 0.8; KCl, 5.4; NaH2PO4, 1; NaHCO3, 14.7, and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 10; pH 7.4 to 37 °C. In this study, cells were sub-
mitted to scratch assay (mechanical injury + glucose depriva-
tion) and received simultaneously, a treatment with 2%
hMSCA-CM for 24 h, in which this concentration were cho-
sen based on our previous study [22].
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Determination of Nuclear Fragmentation/Condensation

We have previously determined the effect on cell viability
[22]. In here, we further investigated apoptosis levels by in-
vestigating nuclear fragmentation using Hoechst 33,258.
Briefly, after treatments, cells were washed with PBS and
fixed for 20 min in 4% formaldehyde at room temperature.
Subsequently, cells were washed and labeled with Hoechst
33,258 (5 mg/ml; Invitrogen) for 15 min. Cell nuclei were
observed and photographed using an inverted fluorescence
microscope Olympus IX-53 (UV excitation, filter CKX-NU
N1157600) (excitation 352 nm/emission 461 nm spectra) with
an exposure time set between 80 and 100 ms to avoid the
saturation of the pixels. The number of fragmented/
condensation nuclei was determined in at least eight randomly
selected areas (0.03mm2) from each experimental group. Data
were expressed as a percentage of nuclear fragmented/
condensate relative to the value in control cultures. The exper-
iments were repeated in three different cultures.

Determination of Reactive Oxygen Species (ROS)

ROS production was evaluated by flow cytometry as previ-
ously described [41–44]. Briefly, cells were seeded at a den-
sity of 75,000 cells per well into 24-well plates in DMEM
culture medium containing 10% FBS and after 48 h cells were
treated according to each experimental paradigm. To measure
the effect of hMSCA-CM on the production of hydrogen per-
oxide (H2O2), cells were treated with 10 μM diacetate of
dichlorofluorescein (DCFDA) in the dark at 37 °C for
20 min. Then, cells were washed in PBS and detached with
trypsin (Trypsin/EDTA 500 mg/L: 200 mg/L; LONZA,
Walkersville, USA) for flow cytometry analysis. Cells were
analyzed in a Guava EasyCyte™ cytometer (Millipore,
Billerica, Massachusetts, USA). Each assay was performed
with a minimum of four replicates for each condition. The
experiments were repeated in three different cultures.

Determination of Mitochondrial Membrane Potential

Mitochondrial membrane potential was evaluated using
tetramethylrhodamine methyl ester (TMRM) and assessed
by flow cytometry and fluorescence image analysis. For flow
cytometry analysis, cells were seeded at a density of 75,000
cells per well into 24-well plates and then treated per each
experimental paradigm in the second day. After co-treatment
with hMSCA-CM for 24 h, cells were stained in the dark at
37 °C for 20min. Thereafter, cells were washedwith PBS, and
detached using trypsin. Then, cells were analyzed by flow
cytometry at 500 nM. As experimental control, valinomycin
(Sigma-Aldrich V0627; 100 nM) was used to dissipate the
membrane potential and define the baseline for analysis of
mitochondrial potential. Each assay was performed with a

minimum of four replicates for each condition. The experi-
ments were repeated in three different cultures.

For TMRM fluorescence imaging analysis, cells were
seeded at a density of 30,000 cells per well into 48-well plates
in DMEM culture medium containing 10% FBS and subject-
ed to each experimental paradigm the second day. After treat-
ments, cells were incubated with TMRM for 20 min. Finally,
cells were washed with PBS and photographed in a fluores-
cence microscope (Olympus IX-53). The images were proc-
essed with ImageJ software, and the mean fluorescence inten-
sity of randomly selected cells was determined as described
below. The mean was calculated with a minimum of 20 cells
analyzed for each condition. The experiments were repeated
in three different cultures.

Determination of Mitochondrial Mass

The evaluation of the mitochondrial mass was performed
using acridine orange 10-nonyl bromide (NAO) in cells treat-
ed, or not, with 2% hMSCA-CM. This probe is primarily used
to determine non-peroxidated cardiolipin that is present main-
ly in active mitochondria [42, 48, 49]. Cells were seeded at a
density of 30,000 cells per well in 48-well plates. After com-
pletion of co-treatments, cells were incubated in the dark with
NAO (Invitrogen) at 500 nM for 30 min at 37 °C. Thereafter,
cells were washed twice with PBS1X. Fluorescence was de-
termined by microphotographs using Olympus IX-53 micro-
scope (excitation 495 nm/emission 520 nm). The images were
processed with the ImageJ software, and the mean fluores-
cence intensity of the randomly selected cells was determined
(see 2.12).

In order to confirm mitochondrial mass, cells were seeded
at a density of 75,000 cells per well in 24-well plates and were
subsequently treated accordingly after 48 h. Cells were incu-
bated in the dark with NAO (Invitrogen) at 500 nM for 30 min
at 37 °C. After washing twice with PBS1X, the relative inten-
sity of the NAO signal in cells were detached and analyzed
using flow cytometer GuavaR Easy CyteTM (Millipore).

Immunocytochemistry

Cells were washed with 0.1 M phosphate buffer (PB) and
fixed in 4% paraformaldehyde for 30 min. Nonspecific bind-
ing sites were blocked with blocking buffer (3% bovine albu-
min and 0.3% Triton X-100) for 1 h. Subsequently, the cells
are incubated overnight with the primary antibodies for Glial
Fibrillary Acidic Protein (GFAP) (mAb #3670), Vimentin
(Sigma-Aldrich V6630), 4-hidroxynonenal (HNE)
(ab46545), Neuroglobin (Ngb) (ab37258), 3-Nitrotyrosine
(ab61392) and Anti-8 Hydroxyguanosine (8-OGN) [15A3]
(ab62623). After incubation with primary antibody, cells were
washed twice with PBS and incubated with the appropriate
secondary antibody Goat anti-mouse IgG (H + L), DyLight
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488 conjugate or Goat anti-rabbit for 1 h and then analyzed
using an inverted fluorescence microscope (Olympus IX-53).
GFAP and Vimentin were used as markers of astrocytic acti-
vation and their expression levels were measured by the
ImageJ program and compared with the controls. The data
obtained by immunocytochemistry for these markers were
corroborated by western blot.

Protein Extraction and Western Blotting

T98G cells were lysed on ice with RIPA Lysis and Extraction
Buffer Thermo Scientific™ supplemented with Halt™
Protease Inhibitor Cocktail, EDTA-free (100X) (Roche).
Protein content was estimated using the Pierce™ BCA
Protein Assay Kit. Equal amounts of protein were dissolved
in sample buffer containing 5% β-mercaptoethanol and
boiled. Then, proteins were separated by electrophoresis in
SDS–PAGE, transferred onto a PVDF membranes and
blocked in 5% skim milk dissolved in Tris-buffered saline
containing 0.05%Tween 20 (TBS-T), at RT for 1 h. Themem-
branes were incubated at 4 °C overnight with antibodies
against glial fibrillary acidic protein (GFAP) (cell signaling)
(1:2000), vimentin (Sigma-Aldrich) (1:1000), neuroglobin
(Ngb) (1:500) (Abcam), β-actin (Thermo Fisher) (1:3000),
superoxide dismutase 2 (SOD2) (Thermo Fisher) (1:1000),
Catalase (Thermo Fisher) (1:1000), GPX1 (Thermo Fisher)
(1:1500). The immunoreactivity was visualized by incubating
the membrane with specific secondary antibody (IRDye®
Antibodies) for 1 h and detected using Odyssey CLx
Imaging System Specifications (LI-COR Biosciences). The
intensity of each band was quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). All data
are normalized to control values on each gel. The experiments
were repeated in three different cultures.

Ultrastructure Assessment

Cells were co-treated with hMSCA-CM and subjected to
scratch assay for 24 h. Cells were digested, centrifuged,
washed with ice-cold PBS and fixed overnight at 4 °C in
2.5% glutaraldehyde. Then cells were post-fixed with 1% os-
mium tetroxide for 2 h, followed by pellet incubation with 2%
uranyl acetate. After ascending ethanol series dehydration and
epoxy resin embedding, semi-thin sections of cells were
stained with toluidine blue and examined using light micro-
scope. Ultrathin sections were double stained with uranyl ac-
etate and lead citrate and examined and recorded with a Jeol
1400 plus transmission electron microscope at 80 kV [50].
Mitochondrial area, number of mitochondria, vacuoles, and
mitochondrial ridges were quantified using ImageJ software
by manually selecting mitochondria, measuring their area and
normalizing against the scale bar. Ten representative sections
of T98G cells were obtained from each experimental group

and about 10 representative mitochondria from each of the
sections were selected for analysis [51–53].

Estimation of Cellular Mean Fluorescence Intensity

The calculation of mean fluorescence intensity of the cells for
the determination of mitochondrial membrane potential and
immunocytochemistry was performed using ImageJ [54]. The
microphotographs were loaded in the software and pre-
processed eliminating the background. Subsequently, 20 cells
were randomly selected using a numbered grid in each micro-
photograph. The mean fluorescence value of the 20 cells was
determined in eight microphotographs for each treatment
using the Measure algorithm of ImageJ and selecting each cell
manually via ROI’s Management. Cells were analyzed in an
area of 0.03 mm2. There were no variations in the conditions
of the image processing. Each assay was performed with a
minimum of six replicate wells for each condition. The exper-
iments were repeated in three different cultures.

Neuroglobin Silencing

Cells were transfected in a serum-free condition with either
Stealth RNAi™ Ngb1 siRNA (siNgb; Invitrogen, Carlsbad,
CA, USA) or a mismatch sequence in accordance with the
manufacturer ’s instructions, using oligofectamine
(Invitrogen) as the transfection reagent. The sequence used
f o r N g b o l i g o n u c l e o t i d e s w a s 5 ′ -
CGUGAUUGAUGCUGCAGUGACCAAU-3′. The mis-
match sequence used as a control for Ngb1 siRNA (siNgb)
was 5′-UGUGAUUUAUGGUGCAGUAACCAAC-3′.
Briefly, oligofectamine and oligonucleotides (400 pM) were
mixed with Optimem, and the mixture was incubated for
20 min at RT, diluted with Optimem and added to the cell
medium for 4 h at 37 °C. The medium was added to cells to
reach the growing conditions (i.e., 10% (v/v) serum). To eval-
uate the effective silencing of Ngb, total proteins were extract-
ed 48 h after transfection, and Ngb expression was assessed by
Western blot analysis.

Statistical Analysis

Data obtained from this study were tested for normal distribu-
tion by Kolmogorov–Smirnov test and homogeneity of vari-
ance by Levene’s test. Then, data were examined by analysis
of variance (ANOVA), followed by Dunnet’s post hoc test for
comparisons between controls and treatments and Tukey’s
post hoc test for multiple comparisons between the means of
treatments and time points. Data are presented as mean ± SEM
of three independent experiments. A statistically significant
difference was defined at P < 0.05.
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Results

Two Percent hMSCA-CM Reduced Nuclear
Fragmentation and Chromatin Condensation in Cells
Subjected to Scratch Assay

In a previous work from our laboratory, we standardized the
scratch assay model and observed that 24 h of co-treatment
(see 2.4) with 2% hMSCA-CM exerted the best protective
results [22]. In the present study, we aimed to assess further
the protective mechanisms of 2% hMSCA-CM on cells sub-
jected to scratch assay, which is characterized by both me-
chanical injury and glucose deprivation. In this context,
T98G cells were co-treated with 2% hMSCA-CM and sub-
jected to scratch + BSS0 for 24 h. T98G cells exposed to
scratch + BSS0 showed an increased nuclear fragmentation
and chromatin condensation of 60.5% (P < 0.0001; Fig. 1,
Hoescht panel) compared to control (scratch + BSS5), which
had only 7.5% (P < 0.0001; Fig. 1). Moreover, as shown in
Fig. 1, scratch + BSS0 induced nuclear fragmentation and

condensation in T98G cells and 2% hMSCA-CM signifi-
cantly reduced this damage by 11.3% (P < 0.0001; Hoescht
panel).

Two Percent hMSCA-CM Protected Mitochondria
by Reducing Reactive Oxygen Species Production
and Improving Mitochondrial Membrane Potential
and Mass in Cells Subjected to Scratch Assay

The increase of ROS leads to oxidative stress and mitochon-
drial dysfunction in glucose deprived models [41, 45].
Considering this, ROS levels, mitochondrial membrane po-
tential (Δψm), and mitochondrial mass were evaluated in
our model. As shown in Fig. 1, scratch + BSS0 cells treated
with 2% hMSCA-CM maintained the Δψm above 120%
(P < 0.0001) while the group of scratch + BSS0 cells only
showed a Δψm of 24.5% compared to control values
(P < 0.0001), demonstrating a recovery of Δψm of about
102% relative to scratch + BSS0 group cells (Fig. 1,
TMRM panel). Similarly, the assessment of the percentage

Fig. 1 Effect of 2% hMSCA-CM on fragmentation, nuclear condensation,
and mitochondrial parameters in T98G cells subjected to scratch assay. The
panel shows representative images of T98G cells treated with scratch +
BSS5, scratch + BSS0, scratch + BSS0+ CM2% (BSS0+) and scratch +
BSS5 + CM2% (BSS5+). Data are presented as mean ± SEM of at least five
visual fields and organized for Hoescht 33258: scratch +BSS5 (7.5 ± 1.360);
scratch + BSS0 (60.5 ± 1.299), scratch + BSS0 + CM2% (11.4 ± 0.5762)
and scratch + BSS5 + CM2% (6.98 ± 0.8975), fragmented and condensed

nuclei (white arrows); for TMRM: scratch + BSS5 (2086 ± 100); scratch +
BSS0 (24.49 ± 1.032), scratch + BSS0 + CM2% (126.6 ± 1.522) scratch +
BSS5 + CM2% (148.3 ± 2.659); for NAO: scratch + BSS5 (103.3 ± 3046);
scratch + BSS0 (39.17 ± 2.166), scratch + BSS0 + CM2% (102.9 ± 4.127)
and scratch + BSS5 + CM2% (90.59 ± 3.398) and for DCFA: scratch +
BSS5 (92.67 ± 4.027); scratch + BSS0 (57.52 ± 1.422), scratch + BSS0 +
CM2% (141.7 ± 2.989) and scratch +BSS5 +CM2% (134.8 ± 3.758). Scale
bar 20 μm
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of mitochondrial mass showed a recovery of 63.7%
(P < 0.0001), as expressed by an increase in NAO fluores-
cence in scratch + BSS0 cells treated with 2% hMSCA-CM
(Fig. 1, NAO panel). This value is similar to control (scratch +
BSS5, 103.3%). In contrast, scratch + BSS0 cells presented a
lower mitochondrial mass with 35.17% (P < 0.0001; Fig. 1,
NAO panel). We also observed a significant increase of H2O2

after 24 h of co-treatment with 2% hMSCA-CM compared to
scratch + BSS0 (P < 0.0001; DCFA panel). These results
suggest that there is a close relationship between the reduction
of superoxide ions reported [22] and the increase of H2O2 ions
found in this study.

Two Percent hMSCA-CM Protected Astrocytes
Against Oxidative Stress

To determine the effect of hMSCA-CM on DNA damage,
lipid peroxidation and nitrotyrosine formation, T98G cells
were subjected to scratch + BSS0 for 24 h and treated with
2% hMSCA-CM. Scratch + BSS0 cells were associated with
a marked increase in lipid peroxidation (P < 0.0001; Fig. 2,
HNE panel), DNA damage (P = 0.0002; Figs. 2, 8-OHG pan-
el), and nitrotyrosine formation (P < 0.0001; Fig. 2,
Nitrotyrosine panel) in T98G cells in comparison with
scratch + BSS5 (P < 0.0001; Fig. 2). Both the formation of
8-hydroxydeoxyguanosine (P = 0.0002; Fig. 2, 8OHG panel)

and lipid peroxidation (P < 0.0001; Fig. 2, HNE panel) were
significantly decreased in cells treated with 2% hMSCA-CM,
as opposed to scratch + BSS0, and similar results were ob-
served for nitrotyrosine (P < 0.0001; Fig. 2).

Two Percent hMSCA-CM Increased the Expression
of Antioxidant Proteins in T98G Cells Subjected
to Scratch Assay

Twenty-four-hour co-treatment with 2% hMSCA-CM result-
ed in an upregulation of mitochondrial antioxidant enzymes.
We observed an increase of 47, 118.5, and 40.7% in the ex-
pression of glutathione peroxidase (GPX1; P = 0.0004,
Fig. 3a), superoxide dismutase (SOD2, P < 0.0001; Fig. 3b),
and catalase (CAT, P = 0.0006, Fig. 3c), respectively, in T98G
cells subjected to scratch + BSS0 and treated with 2%
hMSCA-CM in relation to scratch + BSS0 cells alone. The
expression of these enzymes in cells treated with 2% hMSCA-
CM was higher than those treated with scratch + BSS5.

Two Percent hMSCA-CM Reduced Astroglial Activation
in Cells Subjected to Scratch Assay

Since expression of intermediate filament proteins can deter-
mine the morphological and functional state of a cell [55], the
expression of astrocytic protein markers, GFAP and vimentin

Fig. 2 Two percent hMSCA-CM reduces oxidative stress in astrocytes
under scratch assay injury. The scratch + BSS0 increased lipid
peroxidation in cells (22.00 ± 0.8452) while scratch + BSS0 cells
treated with 2% hMSCA-CM (BSS0+) showed a significant decrease in
the production of aldehydes (14.40 ± 0.6782) (HNE panel). Similar
results were observed in the evaluation of DNA damage and production
of nitrotyrosine. A significant reduction of DNA damage (8-

hydroxydeoxyguanosine (8-OHG) was observed in scratch + BSS0
cells treated with 2% hMSCA-CM (BSS0+; 27.00 ± 0.5774) compared
with scratch + BSS0 (35.00 ± 0.5774) (8-OHG panel). Likewise,
Nitrotyrosine levels were found increased in cells treated with
scratch + BSS0 alone (24.22 ± 0.7778) and a significant decrease in
scratch + BSS0 cells treated with 2% hMSCA-CM (BSS0+;
16.86 ± 0.7047) (Nitrotyrosine panel). Scale bar 20 μm
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were evaluated (Fig. 4a–h). Our results revealed a reduction of
46% in GFAP expression in T98G cells treated with scratch +
BSS0 (P < 0.0001; Fig. 4c); in contrast, scratch + BSS0 cells
treated with 2% hMSCA-CM had a higher expression of
GFAP (106. 4%; P < 0.0001; Fig. 4i), and this value was
similar to that observed in scratch + BSS5 (Fig. 4i). In addi-
tion, we observed an increase of 98% in the expression of
vimentin in T98G cells treated with scratch + BSS0
(P < 0.0001; Fig. 4d, j) and a significant decrease of 43% in
scratch + BSS0 cells treated with 2% hMSCA-CM
(P < 0.0001; Fig. 4f, j). These results showed similarity with
the control group (scratch + BSS5, Fig. 4j) and were corrob-
orated by western blot for both proteins (Fig. 4k, l).

Ultrastructural Features and Filament Proteins in Cells
Subjected to Scratch Assay

Twenty-four hours after scratch + BSS0 and treatments,
changes in cellular ultrastructure were assessed using electron
transmission microscopy. Our results showed that scratch +
BSS5-treated cells had regular outline with some pseudopo-
dia, with an approximated nucleus/cytoplasm ratio of 1:1 and
the nucleus showed an irregular shape, sometimes indented
with one to two nucleoli (Fig. 5a). The rough endoplasmic
reticulum (RER) had abundant presence of glycogen rosettes

(Fig. 5a; arrows) within the cytoplasm. On the other side, cells
treated with scratch + BSS0 alone showed an irregular con-
tour formed by pseudopods, irregular nucleus, and deeper
indentations with one or two nuclei (Fig. 5b) and multiple
vacuoles in the cytoplasm (Fig. 5b, asterisks). Mitochondria
were localized towards the periphery of the cytoplasm and
showed loss of matrix density, swelling, disorganization and
disruption, moderate to severe loss of cristae (Fig. 5b;
arrowhead) and vacuolated mitochondria (Fig. 5b; triangle).
In scratch + BSS0 cells treated with 2% hMSCA-CM, mito-
chondria were located towards the periphery of the cytoplasm
in approximately the same number or accumulated near the
nucleus (Fig. 5c). An increase in mitochondrial matrix
electrodensity was noted (Fig. 5c, b), with some pleomorphic
mitochondria, while others acquired ring configuration
(Fig. 5a; a) or autophagic bodies and others showed swelling
or density loss but significantly presented more cristae and
abundant RER within the cytoplasm (Fig. 5c). Additionally,
in scratch + BSS0 cells treated with 2% hMSCA-CM
exosomes were observed in the cytoplasm, a finding not ob-
served in untreated cells (Fig. 5c–d square).

Mitochondria were numerous, with 10–20 per cell (Fig. 5e)
and were present in a greater amount in scratch + BSS5 com-
pared to scratch + BSS0 cells (P = 0.0165). In scratch +
BSS0-treated cells, round mitochondria were also observed

Fig. 3 Expression ofmitochondrial enzymes of cells subjected to scratch
assay. Western Blot analysis indicated that the expression of GPX1 (a),
SOD (b), and catalase (c) was higher in scratch + BSS0 cells treated with
2% hMSCA-CM compared to untreated cells (scratch + BSS0). β-Actin
was used as loading control. For GPX-1: scratch + BSS5
(1.254 ± 0.07138); scratch + BSS0 (1.111 ± 0.07010), scratch +
BSS0 + CM2% (BSS0+) (1.637 ± 0.03581) and scratch + BSS5 +

CM2% (BSS5+) (1.171 ± 0.01858); for SOD: scratch + BSS5
(1.124 ± 0.02000); scratch + BSS0 (0.9063 ± 0.04147), scratch +
BSS0 + CM2% (BSS0+) (1981 ± 0.07478) and scratch + BSS5 +
CM2% (BSS5+) (1.775 ± 0.04000); and for Catalase: scratch + BSS5
(1.241 ± 0.04202); scratch + BSS0 (1.165 ± 0.06249), scratch + BSS0 +
CM2% (BSS0+) (1.640 ± 0.04412) and scratch + BSS5 + CM2%
(1.095 ± 0.04419). P < 0.05, compared with control
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Fig. 4 Expression of GFAP and
Vimentin in T98G cells under
scratch assay. The figure shows
representative images of T98G
cells treated with scratch + BSS5,
scratch + BSS0, scratch +
BSS0 + CM2% (BSS0+) and
scratch + CM2% (BSS5+),
immunostained against GFAP
and Vimentin (a–h). The bar
graphs show the mean
fluorescence intensity obtained
for each of the proteins in cells
subjected to scratch + BSS0 after
being co-treated for 24 h (i–j).
GFAP: scratch + BSS5
(9.8 ± 0.096); scratch + BSS0
(6.9 ± 0.077), scratch + BSS0 +
CM2% (BSS0+) (14.8 ± 0.091)
and scratch + BSS5 + CM2%
(BSS5+) (11.9 ± 0.112) and
Vimentin: scratch + BSS5
(28.2 ± 0.240); scratch + BSS0
(49.4 ± 0.280), scratch + BSS0 +
CM2% (BSS0+) (26.50 ± 0.331)
and scratch + BSS5 + CM2%
(27.7 ± 0.295). Scale bar 20 μm.
Validation for both proteins by
Western Blot are also shown (k–l)
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but in a smaller amount than in the control group (P = 0.0369;
Fig. 5f). Besides, significantly, more small vacuoles were not-
ed in scratch + BSS0 cells compared to scratch + BSS0 cells
treated with 2% hMSCA-CM (P = 0.0445; Fig. 5g).
Furthermore, 2% hMSCA-CM induced more mitochondrial
cristae (0.5–2 mM diameter) in scratch + BSS0 cells
(P < 0.0001; Fig. 5h).

Two Percent hMSCA-CM Upregulated Neuroglobin
Protein Levels in T98G Cells Subjected to Scratch Assay

The effect of 2% hMSCA-CM on Ngb expression was
evaluated in T98G cells. We performed immunofluores-
cence and observed that scratch + BSS5 treated cells
(Fig. 6a) presented an increased expression of Ngb com-
pared to scratch + BSS0 cells (P < 0.0001; Fig. 6b).
Furthermore, 2% hMSCA-CM increased Ngb protein
levels by 222% in scratch + BSS0 cells (P < 0.0001;
Fig. 6c, d) and the percentage of Ngb expression was sim-
ilar to that found in scratch + BSS5 (Fig. 6e). These results
were in accordance with the western blot, showing an

increased Ngb expression by 251% in scratch + BSS0 cells
treated with 2% hMSCA-CM for 24 h (P < 0.0001; Fig. 6f)
in relation to scratch + BSS0 only.

Blockade of Neuroglobin Reduced the Protection Exerted
by 2% hMSCA-CM in T98G Cells Subjected to Scratch
Assay

Since 2% hMSCA-CM augmented Ngb levels (Fig. 6), we
hypothesized that this protein might be playing a role in me-
diating the neuroprotective effects of the CM. To further de-
termine the role of Ngb on mitochondrial protection in our
model, Ngb gene expression was silenced using interference
RNA (RNAi). First, silencing was confirmed byWestern blot,
where a decrease in the levels of Ngb expressionwas observed
(Fig. 7a). Moreover, the effect of Ngb silencing in Δψm,
mitochondrial mass, and ROS production was analyzed in
cells subjected to scratch + BSS0. Our results showed that
Ngb silencing significantly reduced Δψm by over 72.2% in
scratch + BSS0 cells treated with 2% hMSCA-CM compared
to non-transfected cells (P < 0.0001; Fig. 7b). Moreover,

Fig. 5 Ultrastructural features in cells subjected to scratch assay.
Micrographs obtained by electron microscopy ultrastructure of
astrocytes under scratch assay. a Cultured astrocytes as a control group
(scratch + BSS5) have preserved cristae and organized ultrastructure. In
contrast, untreated cells (scratch + BSS0) showed some pleomorphic
mitochondria, some shriveled, with a condensed configuration (b).
Several mitochondria of this group show signs of cristolisis (triangles)
and present a disorganized ultrastructure, including perturbed cristae
(arrowheads) and vacuoles, loss of membrane integrity near the poles
increases (b; asterisks). Scratch + BSS0 cells treated with 2% hMSCA-
CM (c) have focally swollen mitochondria, although they retain their
morphology and several cristae, besides it showed an increased matrix
density (c; b) and had few cytoplasmic vacuoles (c; asterisks). These
features were not observed in cells treated with scratch + BSS5 or
scratch + BSS0 alone (a–b). Scratch + BSS0 cells treated with 2%

hMSCA-CM (c–d) presented exosomes (square) in the cytoplasm
which were not observed in the other groups. The bar graphs show
quantitative analysis of parameters analyzed from the micrographs.
Number of mitochondria (e): scratch + BSS5 (15.18 ± 2.535);
scratch + BSS0 (8.214 ± 1.183), scratch + BSS0 + CM2%
(7.629 ± 0.9806) and scratch + BSS5 + CM2% (10.0 ± 1.369); for
round mitochondria (f): scratch + BSS5 (11.65 ± 1.915); scratch +
BSS0 (6.643 ± 1.124), scratch + BSS0 + CM2% (4.971 ± 0.7293) and
scratch + BSS5 + CM2% (6.694 ± 1.058); for number of vacuoles (g):
scratch + BSS5 (9.765 ± 1.305); scratch + BSS0 (15.89 ± 2.828),
scratch + BSS0 + CM2% (3.400 ± 0.6234) and scratch + BSS5 +
CM2% (5.528 ± 0.8797) and for number of cristae (h): scratch + BSS5
(4.286 ± 0.1666); scratch + BSS0 (4.248 ± 0.1992), scratch + BSS0 +
CM2% (5.046 ± 0.2548) and scratch + BSS5 + CM2% (5.265 ± 0.2008)
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blockade of Ngb protein reduced by 32.8% the effect of 2%
hMSCA-CM on mitochondrial mass in T98G cells under
scratch + BSS0 (P < 0.0010; Fig. 7). Furthermore, we ob-
served an increase of 49% in superoxide levels (P < 0.0001;
Fig. 7d) and 20.4% in hydrogen peroxide levels (P < 0.0001;
Fig. 7e) when cells are subjected to scratch + SiRNA BSS0 +
CM2%.

Discussion

Secretome of MSC has been postulated as a therapeutic alter-
native [56, 57] for different pathologies cardiac [58–60], der-
mal [58], bone [14], and even cerebral pathologies [61–64].
However, this topic needs to be expanded from the experi-
mental point of view and at CNS level. In this study, by

Fig. 6 Two percent hMSCA-CM upregulates neuroglobin protein levels
in cells subjected to scratch assay. Scratch assay plus BSS5 (a) and
scratch + BSS0 (b) alone showed significantly less expression of Ngb
compared to cells scratch +BSS0 +CM2% (c–d). e hMSCA-CMonNgb
levels determined by immunofluorescence and (F) hMSCA-CM effects

on protein levels measured by Western blotting. Ngb expression for
immunofluorescence in T98G cells are statistically represented as
follows: scratch + BSS5 (5.234 ± 0.2252); scratch + BSS0
(2.365 ± 0.1408), scratch + BSS0 + CM2% (7.603 ± 0.2162), and
scratch + BSS5 + CM2% (7.874 ± 0.2810). Scale bar 20 μm

Fig. 7 Effect of Ngb silencing in the protection of 2% hMSCA-CM on
astrocytic mitochondria in cells subjected to scratch assay. The effect of
Ngb silencing on some mitochondrial parameters. siNgb validation by
Western blot (a). The siNgb reduces mitochondrial membrane potential
(b) and mitochondrial mass (c) in cells scratch + BSS0 + CM2% and
scratch + BSS0. Furthermore, the blockade of Ngb increased production
of reactive oxygen species such as superoxide (d) and hydrogen peroxide
(e). For TMRM: scratch + BSS5 (97.37 ± 1.345); scratch + BSS0
(34.88 ± 4.074), scratch + BSS + CM2% (92.84 ± 4.500); scratch +

siRNA BSS0 + CM2% (25.83 ± 3.383); NAO: scratch + BSS5
(2444 ± 116.4); scratch + BSS0 (1222 ± 57.03), scratch + BSS0 +
CM2% (2123 ± 116.8); scratch + siRNA BSS0 + CM2%
(1426 ± 111.5); for DHE: scratch + BSS5 (8980 ± 0.4093); scratch +
BSS0 (10.73 ± 0.2839), scratch + BSS0 + CM2% (8533 ± 0.2017);
siRNA scratch + siRNA BSS0 + CM2% (12.78 ± 0.3914) and for
DFCA: scratch + BSS5 (235.3 ± 15.77); scratch + BSS0
(142.9 ± 2.935), scratch + BSS0 + CM2% (431.6 ± 25.45); scratch +
siRNA BSS0 + CM2% (519.7 ± 19.78)
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implementing a model previously established in neurons [65]
and later assessed in astrocytes [22], we aimed to make an
approximation to the problems involved in TBI as a mechan-
ical injury (scratch) and metabolic dysfunction (glucose dep-
rivation) [66–70] and suggest a possible therapeutic scheme.
The results of this study provide strong evidence of the pro-
tection of hMSCA-CM on T98G cells subjected to experi-
mental cell injury. We observed that 2% hMSCA-CM reduced
nuclear fragmentation, chromatin condensation, ROS produc-
tion, and cell damage and preserved mitochondrial functions
and ultrastructure induced by scratch assay. These effects
were accompanied by increased expression of mitochondrial
antioxidant enzymes, and augmented Ngb expression and that
blockade of Ngb prevented the protective effect of 2%
hMSCA-CM in scratch injured cells.

Importantly, the protective effect observed in our study was
achieved with a low concentration of hMSCA-CM (2%). Our
data are in accordance with previous reports showing that
neuroprotection was obtained with a range of 0.25–5% CM
in a model of ischemia [62]. In contrast, other studies have
reported favorable concentrations of up to 25–75% CM to
exert protection in rat cortical astrocytes after ischemic stroke
[23], among 10–30% CM in ischemic astrocytes and in ALS
[21, 24], 20–25%CM for granular neurons of cerebellum after
spinal cord injury (SCI) [71], and 50% CM for protection of
cortical neurons after glutamate excitotoxicity [15].

One of the main objectives of the present study was to
determine the mechanisms of action of 2% hMSCA-CM on
human astrocytic model subjected to scratch + BSS0 [42, 45].
First, we found a recovery greater than 81.15% in nuclear
fragmentation and chromatin condensation upon 2%
hMSCA-CM treatment (Fig. 1), thereby demonstrating the
effect of 2% hMSCA-CM in scratch + BSS0 cells survival,
which is consistent with our previous findings [22].Moreover,
a previous study of SCI found a decrease in neuronal apopto-
sis after treatment with BMSC-CM [71] and a reduction of
neuronal death by 30–35% after being treated with 20–25%
MSC-CM in a model of cerebral ischemia and OGD (oxygen
glucose deprivation) [62]. We also found that 2% hMSCA-
CM maintained normal mitochondrial parameters [72–74]. In
this study, we analyzed Δψm and mitochondrial mass, since
these are parameters that allow an approximation of the mito-
chondrial, energetic and apoptotic state [75–77] and we ob-
served that scratch + BSS0 cells treated with 2% hMSCA-CM
maintained 100% of Δψm and recovered 63% of mitochon-
drial mass (Fig.1). Previous results showed that 50% hMSC-
CM increased ATP levels, NAD+ and NADH, prevented
Δψm loss and maintained mitochondrial functions [15], be-
sides increasing mRNA expression for mitochondrial biogen-
esis [78]. Our findings suggest a significant interaction be-
tween hMSCA-CM and mitochondria and it may be one of
the underlying mechanisms of astrocytic protection, but more
research in this regard is needed.

Previously, we showed that hMSCA-CM reduced the pro-
duction of superoxide ion [22] and, in this study, we found a
significant decreased DNA damage, protein nitration, and lip-
id peroxidation in cells subjected to scratch + BSS0 and treat-
ed with 2% hMSCA-CM (Fig. 2). These results highlight the
implications of 2% hMSCA-CM in the elimination of ROS
and RNS, both of which are frequently altered in many brain
pathologies [79]. Similarly, decreased apoptosis and produc-
tion ofmalondialdehyde (MDA) have been associated to treat-
ments with genetically modified Ngb-BMSC in a model of
SCI [80] and to an augmented repair of DNA damage after
treatment with 250 μl of MSC-CM in in vivo models of
chronic renal disease [81, 82]. In order to validate the above,
we evaluated some antioxidant enzymes such as GPX-1
(Fig. 3a), SOD2 (Fig. 3b), and catalase (Fig. 3c) that may play
antioxidant functions in astrocytes [83–85]. The increase in
the expression of these proteins was found in scratch + BSS0
cells treated with 2% hMSCA-CM (Fig. 3). Our results are
consistent with previous findings showing that stem cells de-
rived from adipose tissue (ADSC) and their conditioned me-
dium (ADSC-CM) are good candidates for the control and
prevention of damage caused by free radicals [86, 87].

We have also addressed the effect of 2% hMSCA-CM on
two main astrocytic cytoskeletal proteins, GFAP and vimentin
[88–90], whose expression is affected in different cerebral
[91–94]. Previous studies reveal that the interaction between
intermediate filaments is required for the formation of the glial
scar after CNS trauma [95, 96] and the overexpression of
GFAP, vimentin and nestin is hallmark of reactive astrogliosis
[62, 89, 97]. These data support the findings of the present
study, where cells subjected to scratch + BSS0 increased ex-
pression of GFAP, but not vimentin (Fig. 4c, d), suggesting
that 2% hMSCA-CM might regulate reactive astrogliosis.
This effect may be mediated by trophic factors released by
MSC like PDGF-BB, bFGF, EGF [13, 14], BDNF, NGF
[12, 15, 16], IGF-1 [16], and GDNF [12] that exert a protec-
tive effect on brain tissue, thereby reducing astrocytes reactiv-
ity [17, 18]. These results were corroborated by electron mi-
croscopy. For example, our results on electron microscopy
(Fig. 5) showed that 2% hMSCA-CM protected T98G cells
at the ultrastructural level, particularly the mitochondrial cris-
tae (Fig. 5h) [98, 99]. The cristae are compartments that house
the complexes of the respiratory chain and F1Fo-ATP syn-
thase [100], and any disturbance of it affects growth and cell
metabolism [101]. Besides, we found a protective effect of 2%
hMSCA-CM on the cell structure with a conservation of cy-
toskeleton and organized ultrastructure (Fig. 5c), which agrees
with previous studies showing the presence of extracellular
matrix molecules and other substances in hMSC-CM
[102–104]. Additionally, we observed the presence of
exosomes in the cytoplasm of both scratch + BSS0 +
CM2% and scratch + BSS5 + CM2% (square; Fig. 5c–d),
with a greater presence in the latter group. Exosomes may
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contribute to paracrine signaling, and can be taken and inter-
nalized with beneficial effects for the cell [105–108]. These
vesicles may contain miRNAs, which can control gene ex-
pression, and might modulate the survival and metabolic ac-
tivities of targeted cells [60, 109, 110]. This could partly ex-
plain the recovery of scratch + BSS0 cells after being treated
with 2% hMSCA-CM. However, it is necessary to advance
the understanding on exosomes, their biology, composition,
mechanisms of action, and possible therapeutic use in the
CNS.

Given the importance of advances in the knowledge of the
mechanism of action of hMSCA-CM in the protection of CNS
cells [23, 24, 79, 102, 111, 112], we have focused our interest
in identifying whether Ngb was involved in the protective
effect of 2% hMSCA-CM found in our model. Multiple func-
tions have been assigned to Ngb. At neuronal level, it has been

found that Ngb promoted neurite outgrowth [113] and atten-
uated beta amyloid-induced apoptosis through activating
PI3K/Akt signaling pathway [114]. Ngb, a key molecule in
the cerebral homeostasis [30], responsible for the detoxifica-
tion of ROS/RNS, may improve mitochondrial functions and
prevent cellular death by apoptosis [115]. Few studies have
confirmed Ngb expression in astrocytes in basal conditions
[31, 32], but a large body of research showed its expression
under pathological conditions such as stroke, hypoxia, ische-
mia and TBI [37–39]. Ngb can regulate neuroprotection
against hypoxic/ischemic brain damage after ischemic precon-
ditioning [116] and also protects against OGD-induced neu-
rotoxicity by suppressing complex III activity [36]. Moreover,
Ngb expression has been observed in peri-infarcted areas
[117, 118], as well as in astrocytes stimulated with lipopoly-
saccharide (LPS) or after lesions in vivo [119–121]. In this

Fig. 8 Proposed model of the effect of 2% hMSCA-CM on the
protection of T98G cells subjected to scratch assay. Scratch assay, in
association with glucose withdraw, impairs astrocyte function and may
lead to alterations in ROS scavenging, increased DNA damage, affect
mitochondria function (Δψm and decreased ATP) and ultimately
induces irreversible cell damage. On the other hand, in our study, we
observed that 2% hMSCA-CM for 24 h attenuated ROS production
leading to recovery of mitochondrial function and nuclear activity. In
addition, T98G cells treated with 2% 2% hMSCA-CM showed
increased antioxidant protection (SOD1, Gpx-1 and catalase), increased

expression of neuroglobin, and reduced nuclear damage and preserve
cellular ultrastructure. Among the possible mechanisms, we suggest that
(i) 2% hMSCA-CM can have a protective effect directly on cells by
decreasing apoptosis (••), (ii) this response can adapt both to the
molecular or metabolic level to the cells to withstand the damage, or (3)
(§§) 2%hMSCA-CM can stimulate the cells to release factors that allow
them to self-protect, protect other cells (for example, astrocytes) during
the injury (**). It is noteworthy that all these mechanisms might be
dependent on neuroglobin expression, as blockade of this protein
reduced the mitochondrial protection exerted by conditioned medium
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study, we first determined whether Ngb was expressed in
T98G cells under scratch + BSS0 alone and/or treated with
2% hMSCA-CM. Our findings indicated that cells subjected
to scratch + BSS0 expressed Ngb (Fig. 6) and, surprisingly,
2% hMSCA-CM upregulated this protein (Fig. 6c). These
data are consistent with previous study showing Ngb expres-
sion in human astrocytes following brain trauma [122]; how-
ever, our study is the first report showing that 2% hMSCA-
CM upregulates Ngb in an astrocytic model. Further, to con-
firm the role of this protein in our model, we blocked it by
using siRNA and found that Ngb silencing reduced the pro-
tective effect of 2% hMSCA-CM by altering parameters such
asΔψm and mitochondrial mass and significantly increasing
the production of ROS (Fig. 7b, c, d, e). These findings sug-
gest that 2% hMSCA-CM may favor mitochondria function-
ing through the direct relationship between mitochondrial in-
tegrity and Ngb [38, 123], reduction of oxidative damage
[124] and as a glioprotective agent that prevents H2O2-in-
duced oxidative stress and apoptotic astroglial cell death
[125], suggesting the importance of Ngb for mitochondrial
function and the neuroprotection exerted by astrocytes
(Fig. 8). However, we need to expand research to evaluate
the potential of hMSCA-CM in other cell types and in vivo
models that will confirm the importance of our findings and
determine whether the protective mechanism of hMSCA-CM,
at least mediated by Ngb, is related to a survival signaling
pathway or their action directly on the nucleus or
mitochondria.

(ADSC), Adipose-derived stem cells; (ADSC-CM)
Conditioned medium of Adipose-derived stem cells; (ASC),
Adipose- derived stem cells; (ASC-CM), Adipose- derived
stem cells-ConditionedMedium; (BDNF), Brain-derived neu-
rotrophic factor; (bFGF), Basic fibroblast growth factor;
(BMSC-CM), Bone marrow mesenchymal stem cells;
(BSS0), Balanced salt solution; (CAT), Catalase; (CM)
Conditioned medium; (CNS), Central nervous system;
(DFCA), (5(6)-Carboxy-2′,7′-dichlorofluorescein diacetate;
(DHE), Dihydroethidium; (EGF), Epidermal growth factor;
(FBS), Fetal bovine serum; (GDNF), Glial cell line-derived
neurotrophic factor; (GFAP), Acidic protein glial fibrillary;
(GPX1), Glutathione peroxidase; (hASC-CM), Human
adipose-derived stem cell-conditioned medium; (hDPSCs),
Human dental pulp stem cells; (hMSCA-CM), Human mes-
enchymal stem cells adipose conditioned medium;
(hUCMSCs), Human umbilical cord mesenchymal stem cells;
(HUCPVCs), Human umbilical cord perivascular cells; (IGF-
1), Insulin-like growth factor 1; (LPS), lipopolysaccharide;
(MCP-1), Monocyte chemoattractant protein-1; (MSC),
Mesenchymal stem cells; (NAO), Nonyl acridine orange;
(Ngb), Neuroglobin; (NGF), nerve growth factor; (OGD),
Oxygen-glucose deprivation; (PB), Phosphate buffer; (PBS),
Phosphate buffered saline; (PDGF-BB), Platelet-derived
growth factor-BB; (RANTES), Regulated on activation,

normal t cell expressed and secreted; (RER), Rough endoplas-
mic reticulum; (RNS), Reactive nitrogen species; (ROS),
Reactive oxygen species; (SHEDs), Stem cells from human
exfoliated deciduous teeth; (SOD), Superoxide dismutase;
(SPARC), Secreted protein acidic and rich in cysteine;
(TBI), Amyotrophic Lateral Sclerosisx; (TBI), Traumatic
Brain Injury; (TMRM), Tetramethyl rhodamine methyl ester.
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