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Abstract
Astrocytes are specialized cells capable of regulating inflammatory responses in neurodegenerative diseases or traumatic brain
injury. In addition to playing an important role in neuroinflammation, these cells regulate essential functions for the preservation of
brain tissue. Therefore, the search for therapeutic alternatives to preserve these cells and maintain their functions contributes in some
way to counteract the progress of the injury and maintain neuronal survival in various brain pathologies. Among these strategies, the
conditioned medium from human adipose-derived mesenchymal stem cells (CM-hMSCA) has been reported with a potential
beneficial effect against several neuropathologies. In this study, we evaluated the potential effect of CM-hMSCA in a model of
human astrocytes (T98G cells) subjected to scratch injury. Our findings demonstrated that CM-hMSCA regulates the cytokines IL-
2, IL-6, IL-8, IL-10, GM-CSF, and TNF-α, downregulates calcium at the cytoplasmic level, and regulates mitochondrial dynamics
and the respiratory chain. These actions are accompanied bymodulation of the expression of different proteins involved in signaling
pathways such as AKT/pAKTand ERK1/2/pERK, and may mediate the localization of neuroglobin (Ngb) at the cellular level. We
also confirmed that Ngb mediated the protective effects of CM-hMSCA through regulation of proteins involved in survival
pathways and oxidative stress. In conclusion, regulation of brain inflammation combined with the recovery of fundamental cellular
aspects in the face of injury makes CM-hMSCA a promising candidate for the protection of astrocytes in brain pathologies.
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Introduction

Brain pathologies such as stroke, ischemia, amyotrophic lat-
eral sclerosis (ALS), neurodegeneration, and traumatic brain
injury (TBI) all share an inflammatory component in their
etiology. The brain is a privileged organ from the immune
point of view [1]. Different cells that make up the brain tissue
are able to respond as sensors to any variation in the environ-
ment by regulating cellular processes. Of these cells, astro-
cytes and microglia directly regulate neuroinflammatory pro-
cesses [2–4] by generating biochemical and cellular re-
sponses. Such responses are diverse and can range from the
regulation of calcium levels in different cellular compartments
to the expression of proteins involved in signaling pathways
that may lead to a continuous and systematic deterioration of
brain tissue [5, 6]. Hitherto, several molecules and therapeutic
alternatives have been assessed as an attempt to reduce the
impact of inflammatory markers, oxidative stress, and cell
death in the face of central nervous system (CNS) lesions.
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The use of conditioned medium-mesenchymal stem
cells derived from human adipose tissue (CM-hMSCA)
has shown a wide range of neuroprotective effects
[7–10], which are mainly attributed to secreted molecules
and soluble factors such as neurotrophins, cytokines, anti-
inflammatory molecules, and anti-apoptotic molecules
[11]. CM-hMSCA can affect different cellular processes
and provide cytoprotective and immunomodulatory ef-
fects. For this reason, CM-hMSCA has been considered
as a possible therapeutic alternative for the treatment or
prevention of secondary injury caused by the inflammato-
ry processes that develop during cerebral pathologies [7,
8, 12]. Notably, CM-hMSCA is promising in cell therapy
not only for the benefits that had previously been reported
[9, 10, 13–15] but also because these cells are derived
from adipose tissue which is an abundant and easily ac-
cessible source of MSCs [16, 17].

Previous studies have reported the efficacy of CM-
hMSCA to improve wound closure, to reduce the produc-
tion of reactive oxygen species (ROS) [18], and to protect
the mitochondrial ultrastructure of scratched astrocytes [9,
10]. Moreover, CM-hMSCA provides cytoprotection of
astrocytes in different cerebral pathologies such as ische-
mia [19], oxygen and glucose deprivation (OGD) [20],
and ALS [21]. It is possible that CM-hMSCA can modu-
late astrocytes signaling proteins or the expression of pro-
tective proteins in case of cellular damage. Previously, we
showed an increase in neuroglobin (Ngb) expression in
cells exposed to 2% CM-hMSCA [10]. Ngb is an
oxygen-related protein involved in cerebral homeostasis
and responsible for the detection and elimination of
ROS [22–26]. Ngb is expressed by astrocytic cells and
is upregulated under glucose deprivation [27, 28].

There is strong evidence on the upregulation of Ngb in
astrocytes after hypoxic-ischemic lesions and TBI
[29–31]. These findings suggest that neuroglobin may
play an important role in mediating possible neuroprotec-
tion under pathological conditions. However, the mecha-
nisms of action of CM-hMSCA and Ngb in protecting
astrocytes during TBI have not been fully explored. For
this reason, we investigated the possible mechanisms of
action of CM-hMSCA in astrocytic cells exposed to a
mechanical injury (scratch) and glucose deprivation, as
well as the effect that CM-hMSCA might have on the
regulation of cytokines, cytoplasmic calcium levels, regu-
lation of mitochondrial dynamics, and/or the expression
of proteins of interest in cell survival. In addition, we
investigated the subcellular localization of Ngb and
whether blocking this protein is related to the dynamics
of calcium and other mitochondrial functions.

Materials and Methods

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

hMSCA were isolated as described elsewhere [32]. The pro-
cedures were performed according to a protocol approved by
the Ethics Committee of the Pontificia Universidad Javeriana.
Briefly, hMSCAwere obtained from human adipose tissue by
liposuction in patients between 24 and 28 years of age.
hMSCA were characterized by assessing the expression of
CD34(−), CD73(+), CD90(+), and CD105(+) following 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 an incubation
temperature of 37 °C and 5% CO2.

Preparation of CM-hMSCA

hMSCA were cultured until 80% confluency in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
FBS. Then, the cells were cultured in serum- and glucose-
free DMEM, and the conditioned medium was collected after
48 h. The supernatants were centrifuged at 3000 rpm for 3 min
and stored at − 80 °C. CM-hMSCA were collected from
hMSCA cultures between passages 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 [34–36].
Additionally, our group observed that these cells have charac-
teristics similar to those of human astrocytes from primary
cultures (data not shown). Cells were maintained under expo-
nential growth in DMEM (LONZA) containing 10% FBS
(LONZA) and 10 U penicillin/10 μg streptomycin/25 ng
amphotericin (LONZA). The culture medium was changed
three times a week. Cultures were incubated at 37 °C in a
humidified atmosphere containing 5% CO2.

Scratch Assay and CM-hMSCA 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 alone, we induced a metabolic impairment
(glucose deprivation, BSS0) to simulate a previously
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described traumatic brain like-injury model [18]. 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 [18, 37]. Immediately after the scratch, the cells
were rinsed twice with phosphate-buffered saline (PBS) 1×
buffer to remove debris and were co-treated according to the
following experimental groups: (1) scratch + BSS0, cells un-
der scratch and glucose-free conditions (BSS0); (2) scratch +
BSS5, scratch cells plus BSS0 supplemented with 5.5 mM
glucose (BSS5, control cells); (3) scratch + BSS0 + CM2%,
scratch cells plus BSS0 and treated with 2% CM-hMSCA;
and (4) scratch + BSS5 + CM2%, scratch cells plus BSS5
and treated with 2% CM-hMSCA. Glucose deprivation assay
was performed as previously reported [33, 38], and the com-
position of the balanced salt solution (BSS0) was NaCl, 116;
CaCl2, 1.8; MgSO4 (7·H2O), 0.8; KCl, 5.4; NaH2PO4, 1;
N aHCO 3 , 1 4 . 7 ; a n d 4 - ( 2 - h y d r o x y e t h y l ) - 1 -
piperazineethanesulfonic acid (HEPES), 10; pH 7.4 to
37 °C. In this study, cells were subjected to scratch assay
(mechanical injury + glucose deprivation) and simultaneously
received a treatment with 2% CM-hMSCA for 24 h. This
concentration of CM-hMSCAwas chosen based on the find-
ings of our previous study [10, 18].

Determination of Cytokines

Cells were treated according to the different experimental
groups described in BScratch Assay and CM-hMSCA
Treatments.^ At the end of the experimental time, the su-
pernatants of each group were collected and evaluated
using the Human Inflammatory Cytokines Multi-Analyte
ELISArray™ Kits - Multi-Analyte ELISArray Kit
(SABiosciences MD, USA. Catalog #MEM-004A). The
cytokine assay was performed taking into account the con-
ditions and times referred to in the manufacturer’s instruc-
tions. Briefly, this kit uses highly specific antibodies to
detect cytokines in multiple samples. Heatmap visualiza-
tions were generated using GraphPad Prism version 7 for
Windows. Differentially expressed cytokines were identi-
fied using one-way ANOVA test.

Determination of Cellular Calcium (Ca2+)

For the determination of cellular Ca2+, cells were seeded at a
density of 40,000 cells per well into 48-well plates in DMEM
culture medium containing 10% FBS. After 48 h, the cells
were treated according to each experimental paradigm on the
second day. Specifically, for each labeled calcium indicator,
the manufacturer’s specifications and recommendations were
followed. Briefly, for the cytoplasmic Ca2+ ([Ca2+]cyto), the
cells were loaded with 3 μM Fluo-4 AM (Invitrogen,
F-14217); for the case of mitochondrial Ca2+ ([Ca2+]mito),

the cells were loaded with 5 μM Rhod-2 AM (Invitrogen,
R1244); and for the case of the Ca2+ endoplasmic reticulum
([Ca2+]ER), the cells were loaded with 3 μM Mag-fura-2-AM
(Invitrogen, M1291), with an incubation of 30 min at 37 °C
for each indicator. Then, the reading was performed using a
FLUOstar Omega multi-mode microplate reader (BMG
LABTECH, Ortenberg, Germany) with a label (Ex/Em of
Ca2+-bound form): Fluo-4, AM (485/520); Rhod-2, AM
(540/570 nm), andMag-fura-2, AM (390/510) and with a scan
width [mm]: 9, a setting time: 0,2 seg, and 20 flashes scan
point. Each trial was performed with a minimum of eight
replicates for each condition. The experiment was repeated
three times.

Reverse Transcription

After subjecting the cells to different experimental procedures
for 24 h, RNA was isolated from the cultures using Trizol
(Invitrogen; 15596026), according to the manufacturer’s in-
structions and as previously reported [39]. The RNAwas re-
suspended in 50 μl of RNase- and DNase-free H2O, and
stored at − 80 °C. Then, a treatment with DNase I (RNase-
Free) was performed to eliminate traces of DNA present in the
extraction test following the manufacturer’s instructions
(Biolabs, M0303S). RNA concentration was determined
using the NanoDrop (TM) 1000 UV/VIS spectrophotometer
(Thermo Fisher). OD ratios of 260/280 nm close to 2.0 were
obtained for all of the samples, indicating high purity. To
obtain the complementary DNA (cDNA), the RNA was first
normalized at 400–500 ng/μl with RNase- and DNase-free
H2O. To 11 μl of normalized RNA, 1 μl of Oligo d(T)18
mRNA Primer (Invitrogen™; SO131) and 1 μl of dNTPs
Mix (2.5 nM) (Bioline, BIO-39029) were added. This mixture
was pre-incubated at 65 °C for 5 min, leaving it immediately
after ice. Subsequently, the reaction was completed with 4 μl
of 5X First-Strand Buffer [250 mM Tris-HCl (pH 8.3),
375 mM KCl, 15 mM MgCl], with 2 μl DTT (0.1 M) and
1 μl of the M-MLV Reverse Transcriptase (200 U/μl)
(Invitrogen™, Cat. 28025013) at the final volume of 20 μl.
The reaction mixtures were incubated at 37 °C for 50 min and
then at 70 °C for 15min for the inactivation of the enzyme in a
MasterCycler Gradient Thermal Cycler.

Real-Time PCR Evaluation

The levels of the evaluated genes were analyzed by the
QuantStudio ™ 3 Real-Time PCR System (Applied
Biosystems). We analyzed genes involved in mitochondrial
dynamics (mnf1-mnf2-fis1-Drp1-opa1) as well as ND1 and
ND2 present in the respiratory chain. Forward and reverse
primers for the specific amplification of genes were selected
through the Primer Bank database and a basic local alignment
search tool (BLAST, NCBI) to confirm the target gene. The
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primers were synthesized by Integrated DNA Technologies
(IDT). The sequences used are shown in Table 1.
Subsequently, 1 μl of cDNA from the controls and from the
treated cells obtained after reverse transcription was complet-
ed to the final volume of 10 μl with Power SYBR® Green
PCR Master Mix (1X) (Applied Biosystems; 4367659), for-
ward and reverse for each gene of interest (400 nM) and the
rest with RNase- and DNase-free H2O. The protocol for the
QuantStudio™ 3 Real-Time PCR System consists of a step of
denaturation at 95 °C for 2 min, then 40 cycles of 10 s at 95 °C
and 10 s at the optimal hybridization temperature of each gene
(60 °C for mfn1, opa1, Drp1, fis1, ND2, ND1, and GAPDH,
and 58 °C formnf2), 20 s at 72 °C, and 10 s at 95 °C. Then, to
obtain melting curves for the resulting PCR products, added
temperature increase cycles from 70 to 95 °C by 0.15 °C/s.
The relative quantification of the PCR products was carried
out using the comparative method Ct [40] and as a relation
between the control gene (GAPDH) and the signal of the gene
of interest. To ensure data quality, all tests were performed in
duplicate. The experiments were repeated at least three times.

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) (Cat
#87785). Protein content was estimated using the Pierce™
BCA Protein Assay Kit. Equal amounts of protein were dis-
solved in sample buffer containing 5% β-mercaptoethanol
and boiled. Then, the proteins were separated by electropho-
resis in SDS–PAGE, transferred onto a PVDF membrane, and
blocked in 5% skim milk dissolved in Tris-buffered saline
containing 0.05% Tween 20 (TBS-T), at room temperature
(RT) for 1 h. Themembranes were incubated at 4 °C overnight
with antibodies against neuroglobin (Ngb) (sc-133,086)
(1:100), β-actin (Cat #MA1-140) (1:3000), superoxide dis-
mutase 2 (SOD2) (Cat #PA5-30604) (1:1000), catalase (Cat
#PA5-29183) (1:1000), GPX1 (Cat #PA5-30593) (1:1500)
and AKT (Cat #PA5-31915), p-AKT (Cat #44-621G),
ERK1/2 (Cat #44-654G), and p-ERK (Cat # 700012)

(1:1000). 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
images were analyzed using the Odyssey application soft-
ware, version 1.2 (Li-Cor), to obtain the integrated intensities.
All data were normalized to control values on each gel. We
used the histogram method to analyze and standardize the
densitometric data, and also based on previous reports to re-
fine the methodology [41, 42].

Mitochondrial Inhibition in Cell Culture

For mitochondrial inhibition experiments, cells were seeded at
a density of 40,000 cells per well into 48-well plates. The
cultures were treated according to the experimental paradigm
and in the presence of 2 μM of antimycin A (AA) (Sigma,
A8674) as previously reported [43, 44]. We performed a time
curve (0, 2, 8, 12, 18, and 24 h) to determine the response of
the cells against the AA and determined viability by the MTT
method, as previously reported by us [9]. Then, to confirm the
inhibitory effect of AA, we assessed different mitochondrial
functions. Experiments were performed in eight biological
replicates and three independent trials.

Determination of ROS

ROS production was measured on a FLUOstar Omega multi-
mode microplate reader (BMG LABTECH, Ortenberg,
Germany) [45–47]. Briefly, cells were seeded at a density of
40,000 cells per well into 48-well plates in DMEM culture
medium containing 10% FBS, and after 48 h, the cells were
treated according to each experimental paradigm on the sec-
ond day. To determine the effect of CM-hMSCA on the pro-
duction of superoxide (O2−), the cells were treated at a final
concentration of 10 μM dihydroethidium (DHE) (Sigma, St
Louis, MO, USA). The cultures were incubated for 15 min in
the dark at 37 °C, and fluorescence was measured using
exc485nm/emi570nm spectra and with a scan width [mm],
9; a setting time, 0,2 seg; and 20 flashes scan point. Each assay

Table 1 Information about
primers used in the study Gene Primer sequences

5′–3′Forward
Primer sequences
5′–3′Reverse

Mfn1 GAGGTGCTATCTCGGAGACAC GCCAATCCCACTAGGGAGAAC

Mfn2 CACATGGAGCGTTGTACCAG TTGAGCACCTCCTTAGCAGAC

Drp1 CTGCCTCAAATCGTCGTAGTG GAGGTCTCCGGGTGACAATTC

Fis1 GATGACATCCGTAAAGGCATCG AGAAGACGTAATCCCGCTGTT

Opa1 ATTGAAGCTCTTCATCAGGAG TGTATGCAGAGCTGATTATGAG

ND1 TCCTACTCCTCATTGTACCCA TTTCGTTCGGTAAGCATTAGG

ND2 GTAAGCCTTCTCCTCACTCTC TTAATCCACCTCAACTGCCT

GAPDH CATCAATGGAAATCCCAT TTCTCCATGGTGGTGAAGAC
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was performed with a minimum of eight replicates for each
condition. The experiment was repeated three times.

Determination of Mitochondrial Parameters

The mitochondrial membrane potential (Δψm) and the deter-
mination of active mitochondria through non-peroxidated
cardiolipin [35, 48, 49] were the mitochondrial parameters
evaluated. These determinations were assessed through the
FLUOstar Omega multi-mode microplate reader (BMG
LABTECH, Ortenberg, Germany). Briefly, for both determi-
nations, the cells were seeded at a density of 40,000 cells per
well into 48-well plates in DMEM culture medium containing
10% FBS and, after 48 h, the cells were treated according to
each experimental paradigm on the second day.

Cells treated, or not, with 2% CM-hMSCA for 24 h were
stained in the dark at 37 °C for 20min with TMRM (Sigma, St
Louis, MO, EE.UU.) (500 nM) forΔψm and acridine orange
10-nonyl bromide (NAO) (Sigma, St Louis, MO, EE.UU.)
(200 nM) to determine the non-peroxidated cardiolipin. Data
were obtained using excitation 540 nm/emission 570 nm spec-
tra for TMRM and excitation 485 nm/emission 520 nm spec-
tra for NAO and with scan width [mm] 9, a setting time 0,2
seg, and 20 flashes scan point. Each trial was performed with a
minimum of eight replicates for each condition. The experi-
ment was repeated three times.

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
were incubated overnight with the primary antibody for
neuroglobin (Ngb) (sc-133,086) (1:100). After incubation
with primary antibody, the cells were washed twice with PB
and incubated with the appropriate secondary antibody goat
anti-mouse IgG (H + L), DyLight 488 conjugate (Cat #35502)
for 1 h and then analyzed using a High-Resolution Digital
Camera—DP71 adapted to an Olympus BX51 microscope.

Co-localization Analysis

For co-localization analysis, double staining was performed
using the Ngb antibody (green) and a construct used to transfect
each organelle (red), according to BacMam 2.0 technology. The
organelles were labeled for ≅ 24 h using CellLight®
Mitochondria-RFP (C10601), Golgi-RFP (C10593), and ER-
RFP (C10591) (Invitrogen), according to the manufacturer’s in-
structions. Subsequently, the cells were treated according to the
experimental paradigm and, after 24 h, the immunocytochemis-
try was performed for Ngb (see BImmunocytochemistry^). The
assembly was made on slides, and then the photographic record

was made in four different fields representing an area of
0.03 mm2. The images were acquired with a high-resolution
digital camera—DP71 adapted to an Olympus BX51
microscope.

For the co-localization analysis, the co-localization plugin
Intensity Correlation Analysis 6.0 of ImageJ was used and this
was made based on previous reports from our laboratory [33,
50]. In summary, the plugin generates a scatter plot plus cor-
relation coefficients via Manders’ coefficient. In each scatter
plot, the first (channel 1, for example, red) image component
is represented along the x-axis, the second image (channel 2,
for example, green) along the y-axis. The intensity of a given
pixel in the first image is used as the x-coordinate of the
scatter-plot point and the intensity of the corresponding pixel
in the second image as the y-coordinate, so the presence of
yellow spots in the scatter indicated the co-localization fre-
quency [51].

Dispersion diagrams were used to filter the co-localization of
Ngb in each organelle. Using the plugin Intensity Correlation
Analysis 6.0 of ImageJ, an image of co-localized pixels and also
an image of those co-localized pixels superimposed on RGB-
merge of two 8-bit images were generated. Finally, the co-
localization finder algorithm was used to prompt two gray-
scale images and creates a scatter plot and a red-green merged
image. The pixels represented by the scatter plot point can be
highlighted by selecting the points with the rectangular selection
tool only [51]. As a result of this process, the percentage of co-
localization for eachmicrophotographwas obtained. Fourmicro-
scope fields were analyzed in 20 images for each condition. The
results were plotted as a percentage of co-location.

Neuroglobin Silencing

Cells were transfected in a serum-free condition with either
Stealth RNAi™ Ngb siRNA (siNgb; Invitrogen, Carlsbad, CA,
USA) or a mismatch sequence in accordance with the manufac-
turer’s instructions, using oligofectamine (Invitrogen) as the
transfection reagent. The sequence used forNgb oligonucleotides
was 5′-CGUGAUUGAUGCUGCAGUGACCAAU-3′. The
mismatch sequence used as a control for Ngb 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 evaluate the effective si-
lencing of Ngb, total proteins were extracted 48 h after transfec-
tion, and Ngb expression was assessed by western blot analysis.

Statistical Analysis

The GraphPad Prism version 6.0 for Windows (GraphPad
Software, La Jolla, CA, USA) (www.graphpad.com) was
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used for all statistical analyses. Data obtained from this study
were tested for normal distribution using Kolmogorov–
Smirnov test and for homogeneity of variance using
Levene’s test. Then, data were compared using 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.

Results

Effect of CM-hMSCA on the Secretion of Cytokines
in the Astrocytic Model Subjected to Scratch Assay

Previously, we reported that 2% CM-hMSCA was able to
protect astrocytic cells under scratch assay. This in vitro mod-
el is characterized by both mechanical injury and glucose dep-
rivation [10, 18]. We initially assayed cytokines using ELISA
kits to profile the inflammatory responses of scratched astro-
cytic cells following treatment with CM-hMSCA (Fig. 1). An
increase in the expression of the cytokines IL-6 (9.05%),
TNF-α (3.8%), and GM-CSF (86.4%) was observed in cells
subjected to scratch + BSS0 versus control (scratch + BSS5)
cells (Fig. 1). Interestingly, our results showed a significant
decrease of these cytokines in cells subjected to scratch +
BSS0 + CM2% for 24 h. The reduction of these cytokines
was around 17.8%, 27.3%, and 33.3% for IL-6, TNF-α, and

GM-CSF, respectively, compared to the scratch + BSS0 cells
(Fig. 1). Other cytokines such as IL-2 and IL-8 were elevated
by 26% and 95%, respectively, in scratch + BSS0 + CM2%
cells compared to scratch + BSS0 cells (Fig. 1) .
Nevertheless, no significant difference in the regulation of
IL-10 was observed when cells were subjected to scratch +
BSS0 + CM2% (Fig. 1).

2% CM-hMSCA Regulates Calcium (Ca2+) Levels
in the Astrocytic Model Subjected to Scratch

We evaluated the effect of 2% CM-hMSCA on calcium
levels (Ca2+) (Fig. 2) at different time periods (0, 6, and
24 h). Ca2+ was evaluated in the cytoplasm ([Ca2+]cyto)
(Fig. 2a), mitochondria ([Ca2+]mito) (Fig. 2b), and endoplas-
mic reticulum ([Ca2+]ER) (Fig. 2c). Scratch + BSS0 + CM2%
cells increased [Ca2+]cyto by 25% at 0 h and 16% for 6 h
versus scratch + BSS0, and these levels were similar to
scratch + BSS5 cells (control) (Fig. 2a). In [Ca2+]mito

(Fig. 2b) and [Ca2+]ER (Fig. 2c), no significant difference
was observed at 0 and 6 h. At 24 h, cells exposed to
scratch + BSS0 showed a significant increase of 23.8% in
[Ca2+]cyto versus the control (scratch + BSS5) (Fig. 2a)
while [Ca2+]cyto was found to be significantly decreased by
15.1% in scratch + BSS0 + CM2% cells (Fig. 2a). Moreover,
at 24 h, [Ca2+]mito increased significantly by 16.1% in
scratch + BSS0 + CM2% cells (Fig. 2b), while [Ca2+]ER on-
ly showed a slight and non-significant increase (6%) in the
injured cells (scratch + BSS0) (Fig. 2c).

Fig. 1 Heat map of the profile of cytokine secretion in an astrocytic
model subjected to scratch test. The cytokine profile is shown 24 h
after co-treatment. Dark blue means greater presence and dark red
denotes lower levels. Briefly, the scratch + BSS0 assay increased the
secretion of IL-6 (scratch + BSS0 vs. scratch + BSS5, p = 0.0173),
TNF-α (scratch + BSS0 vs. scratch + BSS5, p = 0.0387), and GM-CSF
(scratch + BSS0 vs. scratch + BSS5, p < 0.0001), indicated in the heat
map in dark pink and dark blue, respectively. 2% CM-hMSCA
decreased cytokine secretion induced by the scratch assay: IL-6
(scratch + BSS0 + CM2% vs. scratch + BSS0, p < 0.0001), TNF-α

(scratch + BSS0 + CM2% vs. scratch + BSS0, p < 0.0001), and GM-
CSF (scratch + BSS0 + CM2% vs. scratch + BSS0, p < 0.0001),
indicated in the heat map in dark pink. In addition, 2% CM-hMSCA
regulated upwards cytokines such as IL-2 (scratch + BSS0 + CM2% vs.
scratch + BSS0, p < 0.0001) and IL-8 (scratch + BSS0 + CM2% vs.
scratch + BSS0, p < 0.0001), indicated in the white and pale pink heat
map, respectively. One asterisk indicates cytokines with significant
increase and two asterisks indicate cytokines with significant decrease
in scratch + BSS0 + CM2% vs. scratch + BSS0 cells
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Expression of PI3K/AKT and ERK1/2/MAPK
by CM-hMSCA in Cells Subjected to Scratch Assay

In Fig. 3, we show that cells under scratch + BSS0 + CM2%
increased AKT expression up to 135% (Fig. 3, A) and its
phosphorylated form up to 102.8% in comparison to scratch-
+ BSS0 (Fig. 3, B). Similar results were observed with the

increase in ERK1/2 expression up to 134.7% (Fig. 3, C) and
its phosphorylated form up to 55.4% against scratch + BSS0
(Fig. 3, D).

The Levels of Gene Expression Involved
in the Processes of Mitochondrial Dynamics
and Respiratory Chain Are Regulated
by the CM-hMSCA in Cells Subjected to Scratch

Next, we evaluated the expression levels of mnf1, mnf2, fis1,
Drp1, opa1, ND1, and ND2 (Table 1, Fig. 4), all of them
implicated in mitochondrial dynamics and functionality. In
scratch + BSS0 cells, the expression of genes involved in mi-
tochondrial fusion was regulated positively at 24 h: 54%mnf1
(Fig. 4a) and 98% mnf2 (Fig. 4b) and fission: 124% fis1
(Fig. 4c) and 220% Drp1 (Fig. 4d) compared to control
(scratch + BSS5). In scratch + BSS0 + CM2% cells, expres-
sion of fission genes (fis1 and Drp1) was negatively regulated
around ≅ − 45% compared to the scratch + BSS0 group
(Fig. 4c, d). Also, in scratch + BSS0 cells, we observed an
increased gene expression of ND1 (46.1%, Fig. 4e) and
ND2 (34%, Fig. 4f) in respect to control (scratch + BSS5),
and decreased expression for opa1 (− 54%, Fig. 4g). Upon
treatment with CM2%, the expression of these genes was
found reduced (− 44.1% -opa1, − 75.7% -ND1, and − 50.3%
for ND2).

Mitochondrial Inhibition and Ngb Blockade Dampen
the Protective Effect of CM-hMSCA in Cells Subjected
to Scratch Assay

To determine whether mitochondria are an important mediator
of the protective effects exerted by CM-hMSCA, we treated
astrocytic cells with antimycin A (AA) (see BMitochondrial
Inhibition in Cell Culture^), a mitochondrial inhibitor, at dif-
ferent times (0–2–4–6–12–18–24 h) (Fig. 5). In cells exposed
to scratch + BSS0 +AA, we observed a decrease in viability

�Fig. 2 CM-hMSCA regulates calcium (Ca2+) levels in scratch cells
exposed to CM2% at different times. The bar graphs show the
percentages of fluorescence mean intensity (IMF) for Fluo 4-AM of
[Ca2+]cyto (a), Rhod-2 of [Ca2+]mito (b), and MagFura of [Ca2+]ER (c).
The data are represented as the mean ± SEM of three experiments. In the
initial times (0 h) there was an increase of [Ca2+]cyto (scratch + BSS0 +
CM2% vs. scratch + BSS0, p < 0.0001) and also at 6 h (scratch +
BSS0 + CM2% vs. scratch + BSS0, p = 0.0108), but these values were
not significant compared to the control (scratch + BSS5; p = 0.4722 (0 h);
p = 0.9832 (6 h)). At 24 h, the scratch + BSS0 increases the [Ca2+]cyto
(scratch + BSS0 vs. scratch + BSS5, p < 0.0001), but in scratch +
BSS0 + CM2% cells these levels are significantly reduced (scratch +
BSS0 + CM2% vs. scratch + BSS0, p < 0.0003) (a). The levels of
[Ca2+]ER tended upwards in cells exposed to scratch +BSS0 + CM2%,
but without significant differences at 24 h (scratch + BSS0 +CM2% vs.
scratch + BSS0, p = 0.0536) (c). The [Ca2+]mito increased significantly
(scratch + BSS0 + CM2% vs. scratch + BSS0, p = 0.0067) (b) at 24 h
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Fig. 3 Expression of PI3K/AKTand ERK1/2/MAPK by CM-hMSCA in
cells under scratch + BSS0 and CM2%. The western blot analysis indi-
cated that total AKT expression was higher in cells treated with 2% CM-
hMSCA (scratch + BSS0 + CM2% vs. scratch + BSS0, p = 0.0002) (A)
and AKT phosphorylation levels also increased significantly in scratch +

BSS0 + CM2% vs. scratch + BSS0 cells (p = 0.0001) (B). Similarly, an
increase in the levels of ERK1/2 (p = 0.0001) (C) and its phosphorylation
(p = 0.0081) (D) was observed in scratch + BSS0 + CM2% vs. scratch +
BSS0. β-Actin was used as charge control. All the data in these figures
are presented as mean ± SEM of three individual experiments

Fig. 4 Effect of CM-hMSCA on the mitochondrial dynamics and the
respiratory chain of cells subjected to scratch assay. The specific quanti-
fication of the fusion genes, mfn1 (a) and mfn2 (b), and fission genes,
Fis1 (c) and Drp1 (d), as well as ND1 (e), ND2 (f), and opa1 (g) was
performed by RT-PCR. In scratch + BSS0 cells, mnf1 was positively
regulated (scratch + BSS0 vs. scratch + BSS5, p = 0.0381, a) as well as
mnf2 (scratch + BSS0 vs. scratch + BSS5, p = 0.0024, b), as genes re-
sponsible for mitochondrial fusion. Similar results were observed with
fis1 (scratch + BSS0 vs. scratch + BSS5, p = 0.0017, c) and Drp1
(scratch + BSS0 vs. scratch + BSS5, p = 0.0001, d), which in turn are

involved in mitochondrial fission. Treatment with 2% of CM-hMSCA
reduced the expression of these genes with respect to the scratch + BSS0
(p = 0.0026 –Drp1) (p = 0.0192 –fis1) (p = 0.0005 –mnf1) (p = 0.0001 –
mnf2). Likewise, a significant decrease was found in opa1 levels (scratch-
+ BSS0 + CM2% vs. scratch + BSS0, p = 0.0008, g), ND1 (scratch +
BSS0 + CM2% vs. scratch + BSS0, p < 0.0001, e), and ND2 (scratch +
BSS0 + CM2% vs. scratch + BSS0, p < 0.0001, f) after 24 h. The data
was normalized to GAPDH. The data represent the percentage of control
expressed as means ± SEM of triplicates of three experiments
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percentage from 78.4% at 2 h to 21.4% at 24 h (Fig. 5a).
Likewise, cells treated with scratch + BSS0 + CM2% +AA
showed reduced viability (by 86.4%) compared with cells
exposed only to scratch + BSS0 + CM2% at 24 h. To verify
whether treatment with AA inhibited the mitochondrial activ-
ity, we evaluated parameters related tomitochondrial function.
Our results showed a decrease by 66% inΔψM (Fig. 5b), and
a reduction of up to 60.3% in the antioxidant protection of
cardiolipin that is related to active and stable mitochondria
assessed by Nonyl Acridine Orange (NAO) (data not shown).
ROS production was increased respective to time up to 18.7%
for O2

− at 24 h (Fig. 5c) and a decrease in H2O2 by 30.5%
(data not shown) at 24 h. During this assay, we observed that
at 6 h most of the parameters determined had a different be-
havior than the other times. For this reason, in future tests, we
took two time points at 6 h and 24 h.

Next, we explored whether the protective effect of CM-
hMSCA was mediated by Ngb, as previously reported by
our group showing that CM2% increases Ngb expression
[10]. Ngb gene expression was silenced using RNA interfer-
ence (RNAi) (Fig. 6, A). Blockade of Ngb was confirmed by
western blotting (see BProtein Expression and Western
Blotting^) (Fig. 6, A). Since neuroglobin can migrate to mi-
tochondria and interact with different proteins upon cell dam-
age, we inhibited this organelle using AA (for 6 and 24 h) to
investigate whether mitochondria are important for
neuroglobin to exert protection in our model. We found that
in cells exposed to scratch + BSS0 + CM2%+ siRNA-Ngb +

AA for 24 h, cell viability reached only 6.5% (Fig. 5d) while
ΔψMwas lost by up to 27.4% (Fig. 5e) and an increase of up
to 103.1% in ROS production was observed (Fig. 5f).

Effect of Neuroglobin Blockade on the Expression
of Proteins Involved in Cell Survival, Oxidative Stress,
and Cellular Ca2+

Figure 6 shows the confirmation of previous findings [10],
whereby Ngb is involved in the protective actions of CM-
hMSCA. To corroborate the role of Ngb in the protective
effect of CM-hMSCA, we determined the expression of pro-
teins related to different cell functions. Our results showed that
silencing of Ngb significantly reduced the expression of AKT
(52.8%) and ERK1/2 (27%), as well as the phosphorylated
state of each protein (43.8% for pAKT, Fig. 6, B and C, and
70.8% for pERK1/2, Fig. 6, D and E) in scratch + BSS0 +
CM2% + siRNA-Ngb cells in comparison to scratch +
BSS0 + CM2%. In addition, blockade of Ngb protein in
scratch + BSS0 + CM2%+ siRNA-Ngb cells at 24 h reduced
the expression of the antioxidant proteins superoxide dismut-
ase (SOD2) (Fig. 6, F), catalase (Cat) (Fig. 6, G), and gluta-
thione peroxidase (GPX1) (Fig. 6, H) by 80%, 43.6%, and
23%, respectively.

Blockade of Ngb also had an impact on cellular Ca2+

levels. Cells exposed to scratch + BSS0 + CM2% + siRNA-
Ngb had a reduction by 10.7% in the level of [Ca2+]cyto com-
pared to scratch + BSS0 cells. However, no change was

Fig. 5 Ngb and mitochondrial activity are mediating the protective effect
of CM-hMSCA. The bar graph shows cells scratch + BSS0 + CM2%+
AA vs. scratch +BSS0 + CM2%, in which the protective effect of CM-
hMSCA was considerably reduced (p < 0.0001) at 24 h (a); likewise,
there was a significant loss in ΔψM (scratch + BSS0 + CM2%+AA
vs. scratch + BSS0 +CM2%, p < 0.0001, b) and an increase in ROS pro-
duction (scratch + BSS0 + CM2% +AA vs. scratch + BSS0 + CM2%,
p < 0.0001, c). Design bars (dots) are experimental groups in presence

of AA. Also, in the bar graph, the siRNA-Ngb together with the AA
inhibitor suppressed almost completely the protective effect of the CM-
hMSCA in all parameters determined, such as viability (d),ΔψM(e), and
ROS (f) in cells (scratch + BSS0 + CM2% + AA + siRNA-Ngb vs.
scratch + BSS0 + CM2%, p < 0.0001, as well as for scratch + BSS5 +
AA+ siRNA-Ngb vs. scratch + BSS5, p = 0.0002). Design bars (hori-
zontal lines) are experimental groups with siRNA-Ngb +AA
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observed either in cells exposed to scratch + BSS5 + siRNA-
Ngb or in the group exposed to scratch + BSS0 + CM2%+
siRNA-Ngb (Fig. S1-A). Interestingly, in cells exposed to
scratch + BSS0 + siRNA-Ngb, the [Ca2+]mito decreased sig-
nificantly by 51.4% compared to that in scratch + BSS0 cells
at 24 h. Similar results were observed for cells exposed to
scratch + BSS0 + CM2%+ siRNA-Ngb with a reduction of
57% in [Ca2+]mito and a reduction of about 23.7% in cells
exposed to scratch + BSS5 + siRNA-Ngb. These differences
were obtained by comparing different experimental groups
with and without siRNA (Fig. S1-B). Also, as for [Ca2+]ER
at 24 h, we observed a reduction close to 57% after scratch +
BSS5 + siRNA-Ngb compared to cells without Ngb silencing
(Fig. S1-C). However, although there was a decrease in
[Ca2+]cyto after Ngb silencing, this is still higher compared to
[Ca2+]mito and [Ca2+]ER.

Expression and Co-localization of Neuroglobin
in Cellular Organelles Is Stimulated by CM-hMSCA
in Cells Subjected to Scratch Assay

To determine whether the CM-hMSCA, in addition to posi-
tively regulating Ngb as reported in previous studies [10],
could stimulate the subcellular localization of this protein in
different compartments, an initial qualitative analysis was per-
formed using fluorescence microscopy (Fig. 7). Analysis by
fluorescence microscopy showed the co-localization of Ngb
with Mito-RFP (Fig. 7, A), Golgi-RFP (Fig. 7, B), and ER-
RFP (Fig. 7, C). Our results showed that in cells exposed to
scratch + BSS0 + CM2%, the merged signals for Ngb-Mito-

RFP were significantly increased by 27.8% (Fig. 7, D). On the
contrary, we observed a reduction for the merged signals of
Ngb-Golgi-RFP (43.4%) and Ngb-ER-RFP (30%) in cells ex-
posed to scratch + BSS0 + CM2% compared with control
(scratch + BSS5) cells. On the other hand, it should be noted
that in scratch + BSS5 cells there was a 66% more merged
signal in Ngb-ER-RFP and 90% in the case of Ngb-Golgi-
RFP when compared with the scratch + BSS0 group (Fig. 7,
D). It is noteworthy that the Ngb signal increased approxi-
mately 2.9 times more in the mitochondrial compartment of
cells treated with scratch + BSS0 + CM2% compared with
scratch + BSS0 (Fig. 7, D).

Discussion

A large number of brain pathologies involve an inflammatory
component that significantly affects brain function [52–54].
Astrocytes are specialized cells with multiple functions
[55–57] within the CNS and are able to regulate or influence
neuroinflammation [58, 59], depending on the state of in-
volvement and duration of the injury. In this regard, the fact
that astrocytes regulate inflammation and prevent the progres-
sion of the injury has prompted strategies aimed to preserve
their functions and thus promote neuronal survival upon any
pathological event including TBI. A previous work from our
laboratory showed that CM-hMSCA exerts neuroprotective
effects on astrocytes under scratch injury. In the present work,
we aimed to determine possible mechanisms of action of CM-
hMSCA in astrocytes using the same in vitro model. Our

Fig. 6 Effect of neuroglobin silencing on protein expression, oxidative
stress, and cellular Ca2+. Validation of Ngb siRNA by western blotting.
The silencing of Ngb significantly reduced Ngb levels in both cell groups
scratch + BSS0 (p < 0.0001) and the control scratch +BSS5 (p < 0.0001)
(A). The silencing of Ngb significantly reduced the expression of AKT

(p = 0.0004, B), pAKT (p = 0.0464, C), ERK1/2 (p < 0.0001, D), and
pERK (p = 0.0241, E) at 24 h, as well as affected the expression of anti-
oxidant proteins such as SOD2 (p < 0.0001, F), catalase (p < 0.0001, G),
and GPX1 (p = 0.0152, H) in cells exposed to scratch + BSS0 +
CM2%+ siRNA-Ngb vs. scratch +BSS0 + CM2%
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results showed that CM-hMSCA regulates the cytokines IL-2,
IL-6, IL-8, IL-10, GM-CSF, and TNF-α, and regulates Ca2+ at
the cytoplasmic level. These results were accompanied by the
regulation of mitochondrial dynamics and genes (opa1, mnf1
and mnf2, fis1, Drp1), as well as induced expression of sur-
vival cascades such as AKT/pAKT and ERK1/2/pERK.
Indeed, we observed that CM-hMSCA regulates the

subcellular localization of Ngb and that blockade of this pro-
tein affects Ca2+ dynamics and mitochondrial functions.

During CNS damage, there should be a homeostatic bal-
ance between an optimal antioxidant response and inflamma-
tory event. A physiological balance between anti- and pro-
inflammatory molecules is essential for proper neuroprotec-
tive response to any insult or injury that affects brain tissue.

Fig. 7 Expression and co-localization of Ngb in different subcellular
compartments. The top panel shows merged images of the expression
of Ngb (green) in different organelles (red) for three representative
experimental groups. The percentage of positive cells was obtained by
separate analysis of each marker, that is, Ngb, mitochondria (Mito-RFP)
(microphotographs and plots in left panel; A), in Golgi apparatus (Golgi-
RFP) (microphotographs and plots in central panel; B), and in
endoplasmic reticulum (ER-RFP) (microphotographs and plots in right
panel; C). The areas calculated by the Intensity Correlation Analysis
plugin of the ImageJ software are shown in white points. Each scatter
diagram represents the correlation between the green and red frequencies
of the cells; the yellow area of the scatter plot accounts for the co-
localization of the staining, that is, the organelles (red) and the

neuroglobin (green). The results of the analysis are plotted as a percentage
of co-localization between organelles and Ngb. Ngb and Mito-RFP
showed a significant co-localization in cells exposed to scratch +
BSS0 + CM2% vs. scratch + BSS0 (p < 0.0001, A) and even between
cells exposed to scratch + BSS0 + CM2% vs. scratch + BSS0
(p = 0,0138, A). Three asterisks, significant differences, Ngb-Golgi appa-
ratus vs. Ngb-mitochondria for cells exposed to scratch + BSS0 (p =
0.0008) (D). One asterisk, significant differences, Ngb-endoplasmic re-
ticulum vs. Ngb-Golgi apparatus for cells exposed to scratch + BSS0
(p = 0.0232) (D). Two number signs, Ngb-Golgi apparatus vs. Ngb-
mitochondria (p < 0.0001) (D). One number sign, Ngb-endoplasmic re-
ticulum vs. Ngb-mitochondria for cells exposed to scratch + BSS0 +
CM+ 2% (p < 0.0001) (D). Scale 20 μm
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However, during TBI, the brain cells (namely astrocytes and
microglia) secrete cytokines and mediators such as IL-1,
TNF-α, IL-12, IFNγ, IL-6, prostaglandins, and nitric oxide,
among other molecules that are positively regulated, thereby
causing neuronal death [58, 60, 61]. This information is in
agreement with our findings, in which an increase of the cy-
tokines IL-6, TNF-α, and GM-CSF was observed after 24 h in
astrocytic cells subjected to scratch + BSS0 (Fig. 1).
Nevertheless, we found a decrease in the levels of these cyto-
kines in scratch + BSS0 + CM2% after 24 h (Fig. 1). This can
be explained by the fact that MSC secretion includes growth
factors, chemokines, cytokines, and extracellular vesicles [62]
in addition to the immunomodulatory ability of adipose-
derived mesenchymal stem cells (AMSC) [12, 63–65].
Likewise, previous studies reported a clear relationship be-
tween a traumatic injury of human astrocytes in an in vitro
model and positive regulation of IL-6 which induces
astrogliosis and angiogenesis, both necessary for tissue re-
modeling and recovery [66]. However, sustained IL-6 expres-
sion is related to the pathogenesis of neurodegenerative dis-
eases, astrogliosis [67, 68], and experimental autoimmune en-
cephalomyelitis (EAE) [69]. Therefore, the search for alterna-
tives to decrease or regulate IL-6 and other cytokines may be

promising for the recovery of brain tissue. Surprisingly, in this
study, a significant decrease in TNF-α in scratch + BSS0 +
CM2% was observed (Fig. 1), which is remarkable
considering that low levels of TNF-α are important for brain
tissue recovery [70]. We also observed that the level of IL-6 in
cells exposed to scratch + BSS0 + CM2% remained similar to
that of the control (scratch + BSS5) (Fig. 1). This finding sup-
ports the idea that maintaining basal levels of IL-6 has benefits
in increased CNS wound healing after traumatic injury [71,
72] and in the regulation of glial activation [73–76]. Besides, it
is known that IL-6 is regulated by other cytokines like TNF-α
or IL-1β [77]. Interestingly, IL-6 was found to be responsible
for an increase in ATP levels that may be related to the recov-
ery of mitochondrial ultrastructure, and is also involved in
improving mitochondrial biogenesis and autophagy in an as-
trocytic model of experimental sepsis [78]. These findings can
explain, at least in part, the protective effects of CM-hMSC at
the mitochondrial level [9, 10]. However, more studies are
necessary to clarify the mechanisms of protection.

In this study, we found that IL-2 and IL-8 were elevated in
scratch + BSS0 + CM2% cells at 24 h (Fig. 1). These cyto-
kines are considered to have neuroprotective functions. For
example, IL-2 can stimulate proliferation and promote

Fig. 8 Proposal mechanisms of the effect of 2% of CM-hMSCA in the
protection of our astrocytic model (T98G) exposed to scratch assay. A
mechanical injury associated with metabolic alterations is associated with
cell damage through the increase in ROS generation, alteration of cellular
signaling pathways, mitochondrial dynamics, and intracellular Ca2+

levels that lead to cell loss and deterioration of cognitive and motor
functions. In this study, we observed that 2% of CM-hMSCA during

24 h has an effect on the secretion of cytokines, in the regulation of
Ca2+ and mitochondrial dynamics, possibly mediated by an interaction
of Ngb and mitochondria. Altogether, CM-hMSCA induces the expres-
sion of AKTand ERK1/2 and antioxidant proteins, thus regulating in part
the inflammatory and apoptotic processes and maintaining astrocytes
functions
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survival and neurite extension of cultured neurons [79] and the
processes of myelination and differentiation of oligodendro-
cytes [80]. Likewise, IL-2 can regulate inflammation through
the Treg cells [81]. Similar results were obtained with IL-8,
also known as CXCL8 [82]. This cytokine also showed an
increase in astrocytes in the scratch + BSS0 + CM2% after
24 h (Fig. 1). This is interesting because IL-8 can apparently
regulate inflammation at the level of nervous tissue [68,
82–84], besides mediating angiogenic functions [68] and neu-
roprotection through the activation of CXCR2 [85] or anti-
apoptotic proteins such as Bcl-2 and Bcl-X1 [86].

We also examined IL-10 which is considered as an anti-
inflammatory and neuroprotective mediator [80, 87, 88].
However, we did not observe any alteration in this cytokine
in the scratch + BSS0 + CM2% group, which can be ex-
plained by the presence of IL-10 in CM-hMSCA, as well as
other molecules with protective effect in brain tissue [84,
89–94]. Although many cytokines have benefits within the
CNS, the complete profile of cytokines and chemokines de-
rived from astrocytes during inflammation is not yet fully
characterized. CM-hMSCA regulates some cytokines, and
these molecules are responsible for mediating not only the
inflammatory processes, but also calcium channels, brain ex-
citability, and synapse formation [95–97]. We also investigat-
ed the changes of Ca2+ in the cytosol, the mitochondria, and
the endoplasmic reticulum. We found that cells subjected to
scratch + BSS0 showed a significant increase in cytoplasmic
calcium at 24 h (Fig. 2a). This observation can be explained
by the fact that both glial cells and neurons respond to OGD
with reversible membrane depolarizations that sustainably in-
crease intracellular Ca2+ [98, 99]. Interestingly, in the group of
cells treated with scratch + BSS0 + CM2%, we observed a
significant reduction of cytoplasmic calcium at 24 h
(Fig. 2a), which may be related to the mediation of trophic
factors such as FGF, BDNF, EGF, and NGF that are present in
CM-hMSC and can provide neuroprotection [84, 89–92, 100,
101], or the presence of molecules such as TNF that can serve
as a protective mediator in the CNS [102]. TNF has been
recognized in several studies as a neuronal protector
[103–105] that can attenuate elevation of stimulus-induced
intracellular Ca2+ [105].

It is well known that the signaling and homeostasis of Ca2+

are not only at the cytoplasmic level, but also other compart-
ments such as mitochondria and ER are responsible for regu-
lating this ion and its signaling inside the cells [106, 107]. In
the present study, we found that the decrease in Ca2+ in the
intracellular space in cells under scratch + BSS0 + CM2%
(Fig. 2a) was related to a distribution of this ion to other
organelles such as mitochondria (Fig. 2b) and, though not
significantly, ER (Fig. 2c) at 24 h. This is somehow interesting
given that the ER is directly involved in Ca2+ signaling [108].
Depletion of Ca2+ in the ER not only prevents the triggering of
an ER stress response (ERSR) [108], but also contributes to a

delay in the elevation of intracellular Ca2+ [109]. On the other
hand, we also observed a Ca2+ influx to mitochondria in cells
subjected to scratch + BSS0 + CM2% at 24 h (Fig. 2b). This
slight increase in mitochondrial Ca2+ can be explained by the
fact that a mitochondrion is another organelle responsible for
the regulation of Ca2+ in glial cells [107, 110, 111] and there is
a permanent crosstalk between this organelle and the ER
[110]. Indeed, mitochondria can act as a buffer through which
cytosolic overloads of Ca2+ are regulated [107, 112]. The ef-
fects of CM-hMSCA on the regulation of Ca2+ could be ex-
plained by the presence of several molecules including EGFP
[113] and bFGF [114], both implicated in mediating Ca2+

responses through the regulation and function of the glutamate
receptor in neurons or any of the AMPA receptor subunits
[102, 114]. However, all these investigations have been car-
ried out in neurons, with a lack of studies on astrocytes. For
this reason, it is essential to expand and develop more in-depth
research in relation to this topic.

With the regulation of calcium in cell organelles, it is likely
that CM-hMSCA not only preserves the ultrastructure, but
also may regulate the processes of mitochondrial dynamics
[10]. To go further, we assessed genes related to mitochondrial
dynamics and oxidative phosphorylation in cells exposed to
scratch assay and/or CM2%. Our results demonstrated a
downregulation of mfn1 and mfn2 genes (Fig. 4a, b), which
are responsible for mitochondrial fusion [115, 116], and fis1
(Fig. 3, C), which is directly responsible for mitochondrial
fission (reviewed by [117–119]). Surprisingly, these genes
were upregulated in cells under scratch + BSS0, suggesting
fusion-fission processes are deregulated in these cells.
Nevertheless, upon treatment with CM2%, the expression of
these fusion-fission genes is diminished, suggesting that pos-
sible factors present in the conditioned mediummight contrib-
ute in part to maintain mitochondrial dynamics. Homeostasis
in mitochondrial dynamics is key for cellular functions in
general, not only from the metabolic point of view, but also
it is indispensable to prevent deregulation of Ca2+ or mito-
chondrial signaling leading to abnormal function and even
death [120, 121] and cellular stress [122–124]. Interestingly,
when evaluating other genes implicated in mitochondrial
function (Drp1 and opa1), our results showed a positive reg-
ulation in the expression of Drp1 and opa1 in cells under
scratch + BSS0 but, surprisingly, a significant decrease in
cells exposed to CM2% (scratch + BSS0 + CM2%, Fig. 3,
D–G). For instance, these genes (Drp1 and opa1) are associ-
ated to mitochondrial dynamics, including cellular apoptosis
[125–127]. Different studies have suggested that Drp1 plays
an important role in fission [127, 128], mitochondrial frag-
mentation, and apoptosis-like cell death [125–127]. These re-
sults suggest that CM-hMSCA may regulate the mitochondri-
al dynamics in astrocytic cells subjected to scratch + BSS0. In
this study, we found a decrease in the expression of Drp1 and
fis1, both genes being responsible for mitochondrial fission
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[118, 129] in cells subjected to scratch + BSS0 + CM2%. This
finding is supported by several studies [118, 130–133], in
which a blockade of Drp1 and negative regulation of fis1
protected the cells from apoptosis by decreasing the release
of cytochrome c.

Cells subjected to scratch + BSS0 + CM2% presented less
opa1 levels (Fig. 3, G), a result that we did not expect taking
into account that opa1 is related to different mitochondrial
functions [134, 135] and the control of apoptosis [134, 136].
This suggests that cells under scratch + BSS0 + CM2% may
develop a mechanism different from opa1 for their survival,
possibly related to autophagy. In relation to the latter, it is
known that autophagy is a process mediated by oxidative
stress, nutrient deprivation, and cell damage, among others
[137], associated with quality control and survival
[138–140]. In this regard, previous research carried out by
our group showed that cells subjected to scratch + BSS0 +
CM2% had larger mitochondria and a higher number of
ridges, which are correlated to previous studies showing that
low levels of opa1 are related to autophagy processes [141,
142]. Likewise, it has been reported that during autophagy,
mitochondria lengthen, spared from degradation and maintain
cellular viability [130], apparently maintaining a higher num-
ber of ridges through which ATP production is optimized
during nutrient restriction [143, 144] or simply opa1 may be
directly involved in the integration of the cellular metabolic
state [145, 146]. We found the same pattern with two other
genes ND1 and ND2, two subunits of complex I. This is im-
portant not only because complex I is involved in disease
states for contributing to the production of ROS and the de-
crease in energy, but also because it is being evaluated as a
possible therapeutic alternative for encephalomyopathies and
neurodegenerative diseases [147–149]. In the present study,
we found that bothND1 and ND2were positively regulated in
scratch + BSS0 cells and, surprisingly, their expression was
attenuated when scratch cells were treated with CM2%
(Fig. 3, E and F). These findings may be related to previously
reported results, in which CM-hMSCA significantly de-
creased ROS production [10, 18] and oxidative damage pos-
sibly through overexpression of antioxidant or mediator pro-
teins such as neuroglobin (Ngb) [10] or the binding of Ngb to
subunits of mitochondrial complexes [150]. Despite these
findings, the molecular mechanisms that can regulate the fu-
sion processes or the action on the respiratory chain are still
not clear, and it is not known if the trophic factors, neurotroph-
ic factors, and anti-apoptotic and anti-inflammatory molecules
of CM-hMSCA can directly mediate these processes within
the cell. Likewise, and supporting in part the previous find-
ings, in this study, we showed that CM-hMSCA exerts its
effect through the protection of the mitochondria. Our results
showed that upon inhibition ofmitochondria with AA (Fig. 5),
the protective effect of CM-hMSCA in scratch + BSS0 +
CM2% cells was abolished. These damaging effects reduced

cell viability (Fig. 5a), augmented both ROS production
(Fig. 5b) and ΔψM loss (Fig. 5c). Indeed, this protective
action of CM-hMSCA on scratched cells was completely
dampened by inhibiting both mitochondria and genetic silenc-
ing of Ngb (Fig. 5d–f). These findings suggest that 2% CM-
hMSCA can favor astrocyte protection through preservation
of mitochondrial functioning and the action of Ngb in neutral-
izing ROS or inhibiting apoptosis through a mitochondrial-
dependent pathway [23–26, 151].

In a preliminary attempt to determine the mechanism of
action of the CM-hMSCA, we investigated whether CM-
hMSCA may regulate the expression of biologically impor-
tant proteins involved in signaling pathways. We showed that
scratch + BSS0 + CM2% cells increased AKT phosphoryla-
tion and possible expression of the PI3K/AKT signaling
(Fig. 3, A and B) and similar results were observed with
ERK1/2 and pERK (Fig. 3, C and D), both being important
in cell survival [21, 152–154]. This finding suggests that CM-
hMSCA may probably activate survival mechanisms against
scratch + BSS0 damage mediated by PI3K/AKT, ERK1/2/
MAPK, or both. These pathways are quite known to be acti-
vated by growth factors [155–158], which are all present in
MSc’s secretome [92, 152, 159]. In these studies, many bio-
logical factors have been found including VEGF, βFGF,
PDGF, IGF-1, and S1P, all of which have anti-apoptotic ac-
tivity and the ability to upregulate the mostly anti-
inflammatory factors TGFβ1 and IL-1 [24, 160, 161].
Indeed, this study also assessed the expression of the AKT
and ERK1/2 pathways in the scratch + BSS0 model. The in-
crease in phosphorylation and expression of these proteins
may not only mediate the survival of astrocytes in conditions
of scratch + BSS0, but also supports the protective effects of
CM-hMSCA possibly through the PI3K/AKT or ERK1/2/
MAPK pathway or both. In this study, we also found that
blockade of Ngb decreased the expression of phosphorylated
proteins such as AKT (Fig. 6, B and C) and ERK1/2 (Fig. 6, D
and E), as well as the antioxidant proteins SOD2 (Fig. 6, F),
catalase (Fig. 6, G), and GPX1 (Fig. 6, H). It has been sug-
gested that Ngb in astrocytes can influence oxygen homeosta-
sis and protection against hydrogen peroxide through the ac-
tivation of AKT, and prevent the activation of caspase 3 [23,
24]. Therefore, it is possible that CM-hMSCA-induced
cytoprotection may be the result of Ngb activation by some
factors present in CM-hMSCA or, simply, a secondary effect
or action by activating signaling pathways such as PI3K/AKT
or ERK1/2/MAPK or both, which in turn will upregulate an-
tioxidant proteins such as those assessed in our study [9, 10,
18, 154, 162]. We also reported that siRNA-Ngb caused an
imbalance in the movement of [Ca2+]cyto, [Ca

2+]mito, and
[Ca2+]ER and interestingly these findings are supported by
experimental studies that reported high levels of cytosolic
Ngb suppressed Ca2+ levels and prevented the loss of ATP
and ΔΨm normally associated with the onset of apoptosis
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[163, 164] (Fig. 1S). Since the beneficial effects of the CM-
hMSCAwere significantly lost after adding siRNA-Ngb along
with the blockade of mitochondria with AA (Fig. 5a–f), our
results suggest that the protective effect of CM-hMSCA is
mediated by the interaction of Ngb with mitochondria that
affects the mitochondrial mechanisms of neuroprotection
[26, 165–168]. In this way, with the findings obtained so far,
we believe that Ngb remains an important protein to be con-
sidered as a mediator in the protection of CM-hMSCA in
scratch + BSS0 cells. This is an important finding because
therapeutic alternatives that promote the protection of mito-
chondria, especially astrocyte mitochondria, have become a
major goal in neuroscience. It is noteworthy that in previous
studies reported by us, the cells subjected to scratch + BSS0 +
CM2% upregulated Ngb [10].

Due to the effects described in this, as well as other studies,
Ngb is an attractive treatment target for pathologies such as
TBI, ischemia, and even spinal cord injury since this protein is
expressed in astrocytes and overexpressed in neurons of
models established for the study of these pathologies
[22–26]. However, it is not entirely clear if the location of
the Ngb in the cells under scratch + BSS0 and scratch +
BSS0 + CM2% is strictly mitochondrial or if it is present in
other organelles. Moreover, it remains to be clarified if the
location of Ngb depends strictly on the state of injury.
Interestingly, our results showed an increased mitochondrial
accumulation of Ngb (Fig. 7, A–D), followed by lower con-
centrations in other organelles such as the Golgi apparatus
(Fig. 7, B) and the ER (Fig. 7, C). The data observed in the
mitochondria in this study are consistent with previous reports
[26, 165–167]. It is possible that somemolecules that make up
the secretome of hMSCs can interact with Ngb to produce a
protective response in brain tissue. PDGF-BB [169], VEGF
[170], and EPO [171] are some examples of these molecules.
However, to our knowledge, this is the first study that ad-
dresses the presence Ngb in organelles other than
mitochondria.

In conclusion, our results demonstrated the protective ef-
fects of CM-hMSCA in our astrocytic model against loss of
viability and damage by oxidative stress induced by scratch +
BSS0. This protective effect is possibly explained by the reg-
ulation of cytokines involved in inflammatory processes, as
well as the mobilization of Ca2+ and its distribution within the
intracellular compartments, thus avoiding a cytosolic fluctua-
tion that triggers apoptotic pathways. CM-hMSCA increased
PI3K/AKT and ERK1/2/MAPK, and modulated the expres-
sion of the genes responsible for mitochondrial dynamics.
CM-hMSCA also regulated the expression of other protective
proteins such as Ngb and its distribution within different or-
ganelles, from where it can exert different functions or medi-
ate the expression of other proteins with antioxidant or surviv-
al functions in our scratch + BSS0 model (Fig. 8). In spite of
the advances made so far, more experiments are still needed,

such as starting to specifically determine the factors or mole-
cules present in the CM-hMSCA that are beneficial for sur-
vival. It is also worth exploring if the protective effect is a
synergy of all of the compounds present in the CM-hMSCA,
as well as the mechanism of the molecules downstream of the
PI3K/AKTand ERK1/2/MAPK pathways to promote cell sur-
vival and protection. In addition, understanding the mecha-
nism of action of Ngb could provide a fundamental basis for
the design of new pharmacological targets that suppress or
prevent the death of astrocytes. The results of this study are
beneficial to expand the understanding of the neuroprotective
effects CM-hMSCA, even with a concentration of 2% as a
treatment. Our findings confirm that CM-hMSCA has a ben-
eficial effect on the survival and protection of CNS cells in-
volved in various brain pathologies, suggesting a direct effect
on astrocytes.
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