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Introduction: With growing significance in nervous system repair, mesenchymal 
stem cell-derived conditioned media (MSCCM) have been used in cell-free 
therapies in regenerative medicine. However, the immunomodulatory and 
neuroregenerative effects of MSCCM and the influence of priming on these 
effects are still poorly understood.

Methods: In this study, by various methods focused on cell viability, proliferation, 
neuron-like differentiation, neurite outgrowth, cell migration and regrowth, 
we demonstrated that MSCCM derived from adipose tissue (AT-MSCCM) and 
amniotic membrane (AM-MSCCM) had different effects on SH-SY5Y cells.

Results and discussion: AT-MSCCM was found to have a higher proliferative 
capacity and the ability to impact neurite outgrowth during differentiation, while 
AM-MSCCM showed more pronounced immunomodulatory activity, migration, 
and re-growth of SH-SY5Y cells in the scratch model. Furthermore, priming of 
MSC with pro-inflammatory cytokine (IFN-γ) resulted in different proteomic 
profiles of conditioned media from both sources, which had the highest effect 
on SH-SY5Y proliferation and neurite outgrowth in terms of the length of neurites 
(pAT-MSCCM) compared to the control group (DMEM). Altogether, our results 
highlight the potential of primed and non-primed MSCCM as a therapeutic tool 
for neurodegenerative diseases, although some differences must be considered.
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1. Introduction

Mesenchymal stromal perivascular cells (MSC) are multipotent, plastic-adherent cells with 
self-renewal capacity that may be collected from a variety of sources. The International Society 
for Cellular Therapy (ISCT) has established specific classification criteria for these cells. They 
must be plastic adherent, be able to differentiate into bone, cartilage, and adipose tissue, and 
express the surface markers CD105, CD73, and CD90. They must not express CD45, CD34, 
CD14, CD11b, CD79 alpha, or CD19 (Lindroos et al., 2011; Gugliandolo and Mazzon, 2022).

MSC have been isolated from various tissues. In clinical trials, bone marrow (BM) is the 
most often used source of MSC, followed by the umbilical cord (UC) and adipose tissue (AT) 
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(Jovic et al., 2022). With well-characterized properties, bone marrow-
derived mesenchymal stem cells (BM-MSC) have long been regarded 
the “gold standard” for cell treatment (Ahmadbeigi et  al., 2011). 
However, although the fact that BM harvesting can be a painful and 
invasive procedure for the donor and the cell yield, as well as cell 
lifespan, proliferative capacity, and differentiation potential, decreases 
with increasing donor age, it is still an important source of stem cells 
for transplantation in certain medical conditions (Zaim et al., 2012).

On the contrary, AT is more abundant and readily available 
throughout the body than BM, making it a more convenient and 
accessible source of MSC, particularly during therapeutic liposuction 
procedures or abdominal surgeries. It is estimated that approximately 
98–100% of cells obtained from AT remain viable after isolation 
(Berebichez-Fridman and Montero-Olvera, 2018). In addition to their 
stability in long-term cell cultures, adipose tissue-derived MSC 
(AT-MSC) have a high potential for multilineage differentiation and 
can expand successfully in vitro. Therefore, compared to BM, AT is a 
more useful autologous source of MSC for tissue engineering 
(Choudhery et al., 2014; Coelho et al., 2020).

Amniotic membrane-derived mesenchymal stem cells (AM-MSC) 
with similar immune phenotype and multilineage differentiation 
potential as MSC derived from previously mentioned sources have 
higher expansivity in comparison with BM-MSC and AT-MSC 
(Berebichez-Fridman and Montero-Olvera, 2018). The use of perinatal 
tissues (AM, placental membrane, UC) in research and cell therapy is 
not ethically problematic because they are regarded as medical waste 
(Udalamaththa et  al., 2020). In vitro, AM-MSC displayed 
immunomodulatory ability, which is comparable to BM-MSC 
properties (Yun Cheng, 2014).

Accumulating evidence suggests that the pleiotropic effects of 
MSC are not due to their differentiation abilities but rather mediated 
by the releases of soluble bioactive molecules (also called secretome) 
(Yari et al., 2022). Significant ones include promoting neuroprotection, 
neurogenesis, and angiogenesis, as well as preventing 
neuroinflammation (Lo Furno et  al., 2018). Neurotrophic factors 
(NTFs), such as glial cell-derived neurotrophic factor (GDNF), nerve 
growth factor (NGF), and brain-derived neurotrophic factor (BDNF), 
as well as the production of anti-inflammatory molecules such as 
transforming growth factor (TGF), interleukin-10 (IL-10), and tumor 
necrosis factor alpha-stimulated gene-6 (TSG-6), are primarily 
responsible for these effects (Yari et al., 2022).

During the last decades, researchers have sought different 
strategies to improve the therapeutic effects of MSC and MSCCM 
(Park et al., 2023). Preconditioning of MSC with the inflammatory 
cytokines (e.g., interferon gamma, IFN-γ) enhances their 
immunosuppressive activities as well as their expression of HLA and 
proinflammatory genes (Noone et  al., 2013; Park et  al., 2023). 
Accordingly, MSCCM both primed with IFN-γ (pMSCCM) and 
non-primed have become a promising novel cell-free approach. 
Clinical trials have demonstrated the safety and efficacy of MSC-free 
therapies for various neurological disorders, including spinal cord and 
brain injuries, stroke, and multiple sclerosis (Kvistad et al., 2022). 
However, further research is needed to fully understand the 
mechanisms underlying the neuroprotective effect of MSCCM and to 
optimize their therapeutic potential.

Therefore, in our study, we  evaluated the neurotrophic and 
immunomodulatory potential of MSCCM derived from adult 
(adipose tissue, AT-MSCCM) and perinatal (amniotic membrane, 
AM-MSCCM) tissues. We also investigated whether we can enhance 

the production of bioactive molecules by priming MSC with an 
inflammatory cytokine IFN-γ. Using liquid chromatography-mass 
spectrometry (LC/MS–MS), we analyzed the secretory profile of all 
conditioned media (AT-MSCCM, AM-MSCCM) primed with IFN-γ 
and non-primed. By evaluating the expression of specific pro and 
anti-inflammatory markers (Luminex assay), we gained insights into 
how MSCCM (primed or non-primed) may affect the immune 
response in different experimental conditions. Finally, we assessed 
the efficacy and functionality of these factors by testing the impact 
of conditioned media on metabolic activity, proliferation, 
differentiation, an outgrowth of neurites-number, length, and 
re-growth using neuroblastoma cell line SH-SY5Y.

2. Materials and methods

2.1. MSC isolation

2.1.1. AM-MSC isolation
Amniotic membranes were taken after cesarean section from 

healthy newborn dogs (n = 8), and thoroughly washed in a solution 
containing PBS (phosphate buffered saline, Sigma, United States), 
penicillin (300 U/mL) and streptomycin (300 μg/mL) (ATB/ATM, 
Sigma, United States). Individual tissues were mechanically divided 
into smaller pieces and incubated with a minimum of 0.05% 
collagenase solution (Collagenase type IV, Gibco, United States) for 
15 min at 37° C. After incubation, amniotic tissue was filtered through 
a 100 μm cell strainer, centrifuged (1,200 rpm /7 min). The cell pellet 
was resuspended in a medium consisting of Dulbecco’s modified 
Eagle’s medium High Glucose (DMEM HG, Sigma, United States), 
10% FBS (Sigma, United States), penicillin (100 U/mL), streptomycin 
(100 μg/mL), amphotericin B (2.5 μg/mL) and gentamicin (5 μg/mL) 
(Lonza, Switzerland), and subsequently incubated at 37° C and 5% 
CO2 in culture flasks T25  cm2/T75  cm2 in the concentration of 
0.75×106 for T25 cm2 and 2×106 for T75 cm2 flask. Non-adherent cells 
are removed after 24 h and the medium was changed to fresh every 
2–3 days as needed.

2.1.2. AT-MSC isolation
The dorsal scapular region of purebred dogs (n = 5) was used to 

collect subcutaneous fat. Adipose tissue was washed with 2% ATB/
ATM in PBS. Collagenase type I (Gibco, United States) was used to 
enzymatically separate the dissected tissue for 45 min at 37°C. To 
remove the remaining fragments of digested tissue after incubation, 
the digested tissue was run through a 100 μm cell strainer. The 
obtained fraction was centrifuged (1,200 rpm /7 min). The pellet with 
stromal vascular fraction (SVF) was resuspended in DMEM HG 
supplemented with 10% FBS and 2% antibiotics and then plated in the 
concentration of 0.75 × 106 on 25 cm2 tissue culture flask. After two to 
three days, non-adherent cells were removed, and the culture media 
was replaced twice a week.

2.2. Passaging

Passaging was performed by a cell confluence of about 80% after 
seven days by the addition of 0.25% trypsin (Trypsin–EDTA) for 
3–5 min at 37°C, its subsequent inactivation with the same volume of 
10% FBS, followed by centrifugation of the cells in the obtained 
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suspension for 7 min at 1200 rpm and by transferring the dissociated 
pellet to new adequate culture flasks.

2.3. Cryopreservation

The stem cells were stored in a cryopreservation medium, consisting 
of 50% FBS, 40% DMEM HG and 10% DMSO (dimethyl sulfoxide, 
Sigma, United  States). After initial gentle freezing of the cells in a 
portable freezing container (Nalgene-Mr. Frosty Freezing Container) 
for 24 in −80°C freezer, the cryovials were transferred to liquid nitrogen.

2.4. Multilineage profile of AM-MSC and 
AT-MSC

The multilineage potential (osteogenic, chondrogenic, and 
adipogenic phenotypes) of canine AM-MSC and AT-MSC (both P3) 
was determined by incubation with commercial StemPro 
Differentiation Kits containing all the reagents required for inducing 
canine AM-MSC and AT-MSC into osteogenic, chondrogenic and 
adipogenic lineages. Cells were induced with the specific 
differentiation medium for 21 days according to the recommended 
protocol for each lineage. The cells after fixation (4% 
paraformaldehyde) were stained with the following agents (all from 
Sigma-Aldrich, United States): osteogenic culture with Alizarin Red 
S, chondrogenic culture with Alcian Blue, and adipogenic culture 
with Oil Red O.

2.5. Flow cytometry

AM-MSC and AT-MSC both in P3 were analyzed with 
commercially available antibodies to investigate the presence of the 
CD29, CD44, CD90-positive, and CD34, CD45-negative cells. 
Fluorochrome-conjugated monoclonal antibodies anti-CD29 
(phycoerythrin, PE), anti-CD34 (PE), anti-CD44 (allophycocyanin, 
APC), anti-CD45 (PE), anti-CD90 (APC) diluted in PBS (all from 
Sigma, United States) were incubated with cell suspensions for 60 min 
at room temperature prevented from light. The cells were incubated, 
then washed twice in PBS before being centrifuged for five minutes at 

1200 rpm. Followingly, PBS was added and cytometric measurements 
were performed using a BD FACSCanto™ flow cytometer (Becton 
Dickinson Biosciences, United States), and analyzed by BD FACS 
DivaTM analysis software, after gating the cells, the doublets and 
aggregates were eliminated, data are displayed as histograms.

2.6. Preparation of MSCCM and priming 
with IFN-γ

To obtain MSCCM (AT-MSCCM, AM-MSCCM), MSC were 
cultured in DMEM HG supplemented with 2% antibiotic-antimycotic 
solution (Sigma, United States) of ATB/ATM without the addition of 
FBS. MSC in the different passages (P1 - P4) at concentration 1.2 × 106 
were placed on a T75 culture flask in a standard culture medium 
(DMEM HG, 10% FBS, 2% antibiotic-antimycotic solution). After 
48–72 h with 80% cell confluence, the medium was removed, the cells 
were washed twice with PBS and 5 mL of DMEM HG with 2% ATB/
ATM without FBS was added.

In primed MSCCM (pAT-MSCCM, pAM-MSCCM) we added 
IFN-γ at a final concentration of 100 ng / mL. Finally, the conditioned 
medium was collected after 24 h, centrifuged twice for 7 min at 
1200 rpm to remove cell debris, filtered through 0.2 μm sterilizing 
grade filter membrane and then frozen at −80°C until the time of use.

2.7. Immunomodulatory and proteomic 
analyses of MSCCM

SH-SY5Y cells were seeded on 12-well plates at the density of cells 
per well (0.1×106) and cultured in DMEM HG, 10% FBS, 2% ATB/
ATM for 24 h, next day cells were washed in PBS solution and 
stimulated with pro-inflammatory cytokine IFN-γ (100 ng/mL, RND 
systems, GB) for 24 h. Afterward, the cells were washed in PBS and 
treated with conditioned media (AT-MSCCM, AM-MSCCM, 
pAT-MSCCM, pAM-MSCCM) for 24 h. SH-SH5Y treated with 
DMEM HG and 2% ATB/ATM for 24 h was considered as a control. 
Finally, cells were washed with PBS and cultured in DMEM HG for 
24 h, after that media were collected, centrifuged at 1200 rpm for 
10 min, and used for Luminex analysis (Figure 1). With this method 
we evaluated the levels of paracrine factors (IL-2, IL-6, IL-8, IL-10, 

FIGURE 1

Schematic illustration of the experimental timelines of Luminex assay.
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IL-12, MCP-1) involved in inflammation by using magnetic bead 
technology from Luminex with the ProcartaPlex™ Canine Cytokine 
Chemokine Growth Factor (Thermo Fisher, United States), according 
to the manufacturer’s instructions. For each sample, the measurement 
was performed twice using MAGPIX Luminex to measure the 
analytes. Both Bio-Plex Manager 6.1 (Bio-Rad Laboratories, Hercules, 
CA, United States) and XPONENT software version 4.2 for MAGPIX 
(Luminex Corporation, Austin, TX, United States) were used for data 
analysis. After creating a standard curve, concentrations were 
extrapolated for each sample and expressed as pg./mL.

2.8. Proteomic analysis of MSCCM

From collected samples (AT-MSCCM, AM-MSCCM, 
pAT-MSCCM and pAM-MSCCM) 200 μL of media was precipitated 
by ice-cold 80% acetone overnight. Samples were centrifuged at 
30000 g for 30 min. Pellets were dissolved in 8 M urea in Tris–HCl 
(ph = 8). The Bio-Rad protein assay was used to determine the total 
protein concentration (Bio-Rad Laboratories GmbH, Colbe, 
Germany). Hundred micrograms of proteins were reduced with 
10 mM dithiothreitol (Sigma, United States) in 100 mM ammonium 
bicarbonate (Sigma-Aldrich, MO, United States) at 37°C for 60 min. 
Alkylation was carried out in the dark for 30 min with 15 μL of 
500 mM iodoacetamide (Sigma, United  States) in 100 mM 
ammonium bicarbonate. Proteins were digested overnight at 37°C 
with trypsin (Promega, United States) in a 1:100 ratio. 100 ng aliquots 
of pure complex peptide mixtures were separated using an Acquity 
M-Class UHPLC (Waters, Milford, United States). Samples were put 
into the 25 mm long, 180 mm diameter, and 5 m particle size 
nanoEase Symmetry C18 trap column and after 2 min of desalting, 
peptides were added to the nanoEase HSS T3 C18 analytical column 
(250 mm length, 75 m diameter, 1.8 m particle size) using an 8 L/min 
flow rate of 1% acetonitrile containing 0.1% formic acid. A 90-min 
gradient of 5–35% acetonitrile with 0.1% formic acid at a flow rate of 
300 nL/min was used to achieve full separation. The samples were 
sprayed (3.1 kV capillary voltage) onto the Synapt G2-Si quadrupole 
time-of-flight mass spectrometer (Waters, Milford, United States). 
Progenesis QI 4.0 was used to process the data (Waters, United States). 
Using correlations of chroma-tographic elution profiles in low/high 
energy traces, precursors and fragment ions were coupled. After 
aligning peak retention periods on chromatograms, the peak 
intensities were converted to the median distribution of all ions 
and normalized.

2.9. XTT assay

SH-SY5Y cells (2 × 103 cells/cm2) were seeded in the wells of a 
96-well plate and cultured for 1, 2, and 4 days in DMEM HG medium 
supplemented with 3% FBS and 2% ATB/ATM for the control group 
and conditioned media (AM-MSCCM, pAM-MSCCM, AT-MSCCM, 
pAT-MSCCM supplemented with 3% FBS and 2% ATB/ATM) for 
experimental groups. Then, cellular metabolic activity was assessed by 
XTT using Cell Proliferation Kit II (XTT) according to the 
manufacturer’s instructions (Roche, Germany). DMEM HG with 2% 
ATB/ATM served as Blank. The absorbance (492 nm) was measured 
by APOLLO Absorbance Reader (Berthold Systems, United States).

2.10. xCELLigence real-time cell analysis 
(RTCA)

To investigate the effect of MSC-derived conditioned media with 
and without priming by IFN-γ on the proliferation of human 
SH-SY5Y cells RTCA was used. The main concept centers on the use 
of the electronic impedance technology detection method, 
measuring changes in a sample’s electrical properties, such as 
changes in conductivity. The presence of the cell membrane that 
comes into contact with the electrode and the strength of the 
adhesion alter the electrical impedance of the golden electrodes on 
the bottom of the E-plate surface (Miłek et al., 2019; Zhang et al., 
2019). SH-SY5Y cells (2 × 103 cells in 150 μL medium/well) were 
seeded in 16 well plates (E-plate 16, Roche, Mannheim, Germany) 
and cultured in MSCCM (AM-MSCCM, pAM-MSCCM, 
AT-MSCCM, pAT-MSCCM) supplemented with 2% FBS and 2% 
ATB/ATM following the xCELLigence Real-Time Cell Analyzer 
(RTCA, ACEA bio-sciences, United States) DP instrument manual 
as provided by the manufacturer (Real Time Cell Analyzer–RTCA, 
ACEA Biosciences, USA). The medium was replaced with new after 
48 h, and a total of 120 h were given for the experiment to run. 
SH-SY5Y cultured in DMEM HG, 2% FBS, and 2% ATB/ATM were 
used as negative control and DMEM HG medium was considered as 
a blank.

2.11. SH-SY5Y neuron-like differentiation

Neuron-like differentiation was induced by following 
differentiating protocol. SH-SY5Y cells (1 × 104 cells/cm2) in 
DMEM HG with 5% FBS were grown on coverslips (15 mm in 
diameter) previously coated with PureCol Bovine Collagen 
Solution Type I (Advanced BioMatrix) for 60 min and inserted in 
a 24-well plate. After three days, the media was changed to DMEM 
HG with 2% FBS and 10 mM all-trans-retinoic acid (RA; Sigma-
Aldrich, United States, R2625), and the culture continued for an 
additional 5 days. The cells were then grown for another 5 days 
using Neurobasal medium (Gibco, United States) supplemented 
with 50 ng/mL BDNF (Thermo Fisher, United States). SH-SY5Y 
cells can differentiate into neuron-like cells, undergo 
morphological changes, express neuron-specific proteins, and 
acquire functional properties of mature neurons, such as the 
ability to form synapses and generate action potentials.

To assess the effect of MSCCM on neuron-like differentiation of 
SH-SY5Y, cells cultured on coverslips were cultured for 5 days in 
conditioned media (AT-MSCCM, AM-MSCCM, pAT-MSCCM, 
pAM-MSCCM) with the addition of 2% FBS and 2% ATB/ATM, followed 
by 5-day incubation in fresh MSCCM with 2% ATB/ATM. SH-SY5Y cells 
that were induced toward neuron-like differentiation by: (i) standard 
differentiation protocol via RA and BDNF and (ii) MSCCM (primed, 
non-primed) were processed for immunofluorescence analyses, neurite 
outgrowth and cell migration measurements.

2.12. Immunofluorescence

After being cultured on PureCol-coated coverslips, SH-SY5Y 
cells were rinsed in PBS, fixed in 4% paraformaldehyde, and then 
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washed three times in PBS with 0.2% Triton X-100. After blocking 
with 10% normal goat serum in PBS for 120  minutes at room 
temperature (RT), cells were incubated with primary antibody 
(anti-beta III tubulin, Mouse monoclonal, ab78078, Abcam, 
United States) at 4°C overnight. The following day, coverslips were 
washed with PBS, then incubated in the dark for two hours at 
room temperature with a secondary antibody conjugated with a 
fluorescent probe (Goat-antimouse, Alexa Fluor 488, Invitrogen, 
United  States). Cells were washed two times before being 
incubated in DAPI Fluoroshield solution for 5 min. Cells were 
imaged using a Zeiss AxioVision fluorescence microscope.

2.13. Neurite outgrowth measurement

Using a Zeiss Axiovert 200 inverted microscope with a 20X 
objective, computer-assisted microscopy was used to capture images 
of cell cultures for the characteristics of the differentiated cells. 
Under a phase-contrast microscope, at least 50 cells from five 
randomly selected fields of each experimental condition were 
examined to test neurite outgrowth (n = 50). The average total 
neurite length and average neurite count were then determined. The 
corresponding neurite length in cultures was analyzed using a 
conventional neurite-tracing procedure and by manually tracing the 
length of neurites using a software package ‘Draw a measurement 
shape’ (Zen Core v3.1). For neurite number estimation, we manually 
counted the number of cells (‘Number of events’) and traced the 
corresponding neurites coming from the cells, and calculated the 
average number of neurites per cell.

2.14. Scratch test

The wound healing assay was used to test SH-SY5Y cell 
migration. Cells were plated in a 24-well plate at 20×103cells/well 
density in DMEM HG containing 10% FBS and 2% ATB/
ATM. Once the cells were confluent, a 200 μL sterile plastic tip was 
used to make a scratch through the cell monolayer. Plates were 
then washed with PBS to remove non-adherent cells. Cells were 

cultured in conditioned media (AM-MSCCM, pAM-MSCCM, 
AT-MSCCM, pAT-MSCCM supplemented with 2% ATB/ATM) 
for 72 h. Cells cultured in DMEM HG with ATB/ATM were used 
as control. The cell-free area was observed under an inverted 
microscope and images were captured at 0, 24, 48, and 72 h after 
wounding using microscopy (Zeiss Axiovert 200) equipped with 
a digital acquisition system. In the cell migration assay, the edges 
of the wounds were marked, and the areas of the wounds were 
calculated using an online, open-access software ImageJ Fiji 
Wound Healing Tool.

3. Results

3.1. Morphology, immunophenotype and 
trilineage differentiation of AT-MSC and 
AM-MSC

Canine AM-MSC and AT-MSC in passage 3 (P3) were identified 
based on morphology, immunophenotype, and differentiation 
potential. The cells harvested from canine perinatal (amnion) and 
adult (adipose tissue) tissues were adherent to a plastic surface and 
showed the spindle-shaped morphology typical for mesenchymal 
cells (Figure 2).

AM-MSC and AT-MSC expressed CD29 (AT-MSC 99.7%, 
AM-MSC 91.6%), CD44 (AT-MSC 99.8%, AM-MSC 90.0%), and 
CD90 (AT-MSC 97.8%, AM-MSC 96.0%), cells were negative for 
CD34 (AT-MSC 0.2%, AM-MSC 0.4%) and CD45 (AT-MSC 0.0%, 
AM-MSC 3.5%) (Figure 3).

The MSC were subjected to osteogenic, chondrogenic, and 
adipogenic differentiation in commercial differentiation media 
(Figure 4). Alizarin red staining demonstrated that calcium deposits 
(indicated by arrows) were formed in MSC after 3 weeks of osteogenic 
induction (Figure 4A). After 21 days of chondrogenic induction, cells 
were stained with Alcian blue, positive (blue) acidic proteoglycans 
(arrows) indicating the formation of chondrocyte-like cells 
(Figure 4B). Intracellular Oil red staining showed a weak formation of 
lipid vacuoles (shown by arrows) typical of adipocytes after 3 weeks of 
adipogenic induction (Figure 4C).

FIGURE 2

Morphology of canine AM-MSC and AT-MSC. AM-MSC exhibited fibroblast-like morphology, while AT-MSC were spindle-shaped, both typical for 
mesenchymal stromal perivascular cells. Scale bar 50  μm.
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FIGURE 4

Multilineage differentiation of cells in passage 3. Canine AT-MSC and AM-MSC successfully underwent osteogenic (A,D), chondrogenic (B,E), and 
weaker adipogenic differentiation (C,F). Respective negative controls (C1,C2,C3) are shown as AM-MSC cells where no differentiation media was used.

FIGURE 3

FACS analysis of the expression of the AT-MSC and AM-MSC surface markers at passage 3. (A) AT-MSC and AM-MSC expressed typical mesenchymal 
markers CD29, CD44, and CD90 but not CD34 and CD45. (B) The negative control is represented by unlabeled cells to exclude autofluorescence.
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3.2. Secretory profile of MSCCM

The proteomes of MSCCM and pMSCCM were analyzed based 
on the protein detection- expressions measured by LC/MS–MS 
[liquid chromatography (LC) tandem mass spectrometry (MS)]. A 

total of 585 different proteins were identified. The MSCCMs and 
pMSCCMs had different proteomic profiles (normalized heat maps 
Figures 5C, F). For adipose tissue derived-MSCCM, 249 proteins 
were common to the AT-MSCCM and pAT-MSCCM, with 112 
proteins being exclusive to AT-MSCCM and 24 proteins found only 

FIGURE 5

LC/MS–MS analysis of MSCCM and pMSCCM. (A,D) Venn diagrams representing the total amount of identified proteins in MSCCM and pMSCCM. (B,E) 
Principal component analysis scores plot showing clustering of MSCCM and pMSCCM. (C,F) Heat maps of differentially expressed proteins Red and 
blue colors represent up-regulated and down-regulated proteins, respectively.
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FIGURE 6

(A) Graphs showing changes in amounts of anti-inflammatory 
cytokines IL-10 and IL-6 (both pro and anti-inflammatory properties) 
detected by Luminex analyses. (B) Graphs showing changes in 
amounts of pro-inflammatory cytokines IL-2, IL-8, IL-12, and MCP-1 
detected by Luminex analyses. Analytes released by SH-SY5Y cells 
after 24-h induction with IFN-γ and SH-SY5Y cultured in IFN-γ and 
with subsequent treatment with MSCCM for 24  h were measured. 
ANOVA Dunett’s multiple comparisons tests *p  <  0.05, **p  <  0.01, 
***p  <  0.001, ****p  <  0.0001.

in the pAT-MSCCM group (Figure  5A). For CMs derived from 
AM-MSC, we found 294 proteins common to both AM-MSCCM 
and pAM-MSCCM. There were 66 proteins exclusive to 
AM-MSCCM, and 82 to pAM-MSCCM (Figure 5D). The overall 
highest number of proteins were found in AT-MSCCM and 
pAM-MSCCM.

Proteins involved in neuroregeneration, proliferation, cell 
migration, and neurite production were given special attention. In 
our conditioned media, we identified neuroprotective Insulin-like 
growth factor II (IGF-II), Connective tissue growth factor (CTGF), 
and Neuritin. All of them have been associated with promoting 
neurite growth (Zhang et al., 2017). Furthermore, we have detected 
Angiopoietin-like 4, which supported neurogenesis in an ischemic 
stroke rodent model (Qiu et al., 2021), Decorin, which supported 
axon growth in the SCI model (Biglari et al., 2012), as well as CSF1 
(Zhang et al., 2017). Other detected factors associated with axon 
repair include Profilin 1, eukaryotic elongation factor 1 alpha 
(eEF1A) and also Neuroserpin, a regulator of axogenesis (Pinto-
Costa et  al., 2020; Godinez et  al., 2022; Romaus-Sanjurjo 
et al., 2022).

3.3. Anti-inflammatory effect of MSCCM

One of the aims of this study was to assess the effects of MSCCM 
on secretion profiles of cytokines, chemokines, and growth factors 
from cell line SH-SY5Y. Firstly, as expected pre-incubation of 
SH-SY5Y for 24 h with IFN-γ increased the output of 
pro-inflammatory cytokines IL-2, IL-6, IL-12/IL-23p40, chemokine 
IL-8 and monocyte chemoattractant protein 1 (MCP-1), on the other 
hand, the anti-inflammatory cytokine IL-10 output was decreased. 
Therefore, we considered this group as an IFN-γ group and studied 
whether additional treatment with MSCCM could reduce the value 
of pro-inflammatory and increase the value of anti-inflammatory 
cytokines/chemokines. Overall MSCCM significantly (*p < 0.05) or 
partially increased IL-10, IL-6 but decreased IL-2, IL-8, IL12 and 
MCP-1 output (Figures  6A,B). Interestingly, incubation with all 
MSCCM (AT-MSCCM, pAT-MSCCM, AM-MSCCM, 
pAM-MSCCM) significantly increased IL-10 (****p < 0.0001) with 
the highest increase detected in AT-MSCCM and pAT-MSCCM 
samples. For IL-6 a cytokine that can have both pro-inflammatory 
and anti-inflammatory properties depending on the context and 
concentration, pAM-MSCCM significantly increased IL-6 
(***p < 0.001), followed by AT-MSCCM (*p < 0.05) while only a 
partial increase in groups of AM-MSCCM and pAT-MSCCM was 
detected. As for the concentration of proinflammatory mediators, 
we noticed a significant decrease in the concentration of cytokines 
IL-2 [significant decrease in AT-MSCCM (**p < 0.01), pAT-MSCCM 
(**), with the highest decrease in AM-MSCCM (***) followed by 
pAM-MSCCM (***)], IL-8 [significant decrease in pATMSCCM (*) 
and AM-MSCCM (*)], IL-12 [significant decrease in AM-MSCCM 
(**), followed by pAM-MSCCM (**) and pAT-MSCCM (**)] and 
MCP-1 [significant decrease in AM-MSCCM (**), followed by 
pAM-MSCCM (**) and pAT-MSCCM (*)] compared to the IFN-γ 
group (Figure 6B). Our results demonstrate that conditioned media 
from MSC attenuates IFN-γ-induced inflammatory responses by 
SH-SY5Y cells, suggesting their potential role in 
ameliorating neuroinflammation.

3.4. The effect of conditioned media on 
proliferation and metabolic activity

To measure the influence of all MSCCM on the proliferation of 
SH-SY5Y cells by RTCA, the cells were treated with all samples of 
MSCCM (AT–MSCCM, AM–MSCCM, pAT–MSCCM, pAM–
MSCCM) and control medium (DMEM with the ATB/ATM) and 
were monitored by RTCA for 120 h, with the media changed twice 
during the experiment. The results of ANOVA are displayed in 
Figure  7A. We  observed a significantly (****p < 0.0001) increased 
adherence of SH-SY5Y cells in all experimental groups treated with 
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conditioned media compared to the DMEM control (red line), 
represented by SH-SY5Y cells cultured in the control DMEM medium, 
from the second hour until the end of 120-h analysis. The AT-MSCCM 
and pAT-MSCCM groups had the highest adherence. The differences 
in adherence between the SH-SY5Y cells treated with conditioned 
media obtained from adult and perinatal tissue (AT vs. AM) were not 
significant. Moreover, no differences between primed and unprimed 
MSCCM were observed, although the pAT-MSCCM group had the 
highest adherence. These data demonstrate that the growth curve of 
the cells following MSCCM treatment was significantly higher 
(p < 0.0001) than in the control group given that Cell Index (CI) values 
are related to the number of cells, the results indicate a positive effect 
of MSCCM on proliferation.

To confirm the positive effects of tested MSCCM on metabolic 
activity, a standard colorimetric XTT assay was used simultaneously 
with RTCA where cells from the same passage were used. XTT is 
based on the analysis of mitochondrial metabolic activity in cells that 
have been exposed to the test substance (in this case MSCCM). The 
results of the XTT test, carried out on SH-SY5Y cells, after 72 h of 
exposure to MSCCM, are shown in Figure 7B. Interestingly, based on 
ANOVA results, we observed a significant increase (**p < 0.01) in 
metabolic activity only in the pAT-MSCCM group, with no 
significance measured between groups AT-MSCCM and AM-MSCCM 
nor between groups primed and not primed with IFN-γ. The 
coefficient value of Pearson’s correlation test between RTCA and XTT 
results was 0.864342, indicating a strong correlation.

3.5. The effect of conditioned media on 
differentiation and neurite outgrowth

Motor and sensory functions are frequently lost as a result of 
axonal injury to the central nervous system. To boost the regeneration 
of severed axons, growth-inhibitory influences from the tissue 
environment must be neutralized, and the intrinsic growth potential 

of neurons must be  stimulated. We  looked into whether adding 
MSCCM to the neuroblastoma cell line SH-SY5Y could improve 
neurite outgrowth and differentiation. In a variety of biomedical 
applications, such as neurite outgrowth and differentiation assays 
(Hoffmann et al., 2020; Godinez et al., 2022) SH-SY5Y cell line is 
differentiated by retinoic acid treatment. One of the distinctive 
features of SH-SY5Y neuroblastoma cells is the ability for 
differentiation into cells with neuron-like morphology (Gao 
et al., 2010).

To examine the role of MSCCM in differentiation, we compared 
the SH-SY5Y cells treated with all-trans retinoic acid (RA) and 
BDNF, serving as standard differentiation procedure with 
experimental differentiation processed by incubation SH-SY5Y 
cells with different MSCCM (AT-MSCCM, AM-MSCCM, 
pAT-MSCCM, pAM-MSCCM). After RA and MSCCM treatment 
for 12 days, the cells underwent morphological differentiation, 
revealing neuron-like characteristics and formation of long 
neurites (Figure  8A). The neuron-like differentiation was 
confirmed immunocytochemically by staining with beta-III 
tubulin, a typical marker for early neurons. Furthermore, the 
cultivation of SH-SY5Y cells in all conditioned media resulted in 
the differentiation of SH-SY5Y to neuron-like cells, positive for 
beta-III tubulin (Figure 8A).

We quantitatively evaluated the effects of MSCCM on neuronal 
outgrowth by determining the average neurite lengths and the 
average number of neurites per cell in groups of MSCCM, DMEM 
control group (SH-SY5Y cultured in DMEM), and RA 
differentiation group (SH-SY5Y cultured in DMEM with RA). 
ANOVA Dunett’s multiple comparisons test was used to evaluated 
the results as indicated in Figure 8B. Regarding the length of the 
neurites, we  recorded longer neurites in the AT-MSCCM and 
pAT-MSCCM groups, but only the pAT-MSCCM group showed 
statistical significance (**p < 0.01) compared to the DMEM 
(control). On the other hand, when assessing neurite-promoting 
activity, we also focused on whether MSCCM influences neurite 

FIGURE 7

The effect of conditioned media on proliferation and metabolic activity. (A) Time-dependent proliferation profile of SH-SY5Y cultured in MSCCM. 
Proliferation curves of SH-SY5Y cells as generated by xCELLigence RTCA during 120  h. (B) Cell proliferation and metabolic activity were determined by 
the XTT assay after 72  h of incubation in DMEM medium supplemented with ATB/ATM and for experimental groups in conditioned media (AT-MSCCM, 
pAT-MSCCM, AM-MSCCM, pAM-MSCCM). *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001. In both cases GraphPad Prism software was used for 
statistical analysis, utilizing the ANOVA Dunett’s multiple comparisons tests (*p  <  0.05, **p <  0.01, ***p  <  0.001, ****p  <  0.0001).
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formation (average number of neurites per cell). Our data show that 
treating SH-SY5Y with all MSCCM resulted in a significantly higher 
number of neurites (**p < 0.01 for pAT-MSCCM, *p < 0.05 for 
AM-MSCCM and pAM-MSCCM), with the most neurites per cell 
observed in the AT-MSCCM group (****p < 0.0001), even more 
than in the control RA (differentiation group, **p < 0.01) 
(Figure 8B). We did not observe statistical significance between the 
IFN-γ-stimulated and non-stimulated groups. Overall, these results 
indicate the differentiation potential of MSCCM to form neuron-
like cells as well as neurite-promoting activity based on the length 
and formation of neurites.

3.6. The effect of conditioned media on 
cell migration and re-growth

Neurite regeneration is heavily influenced by cell migration and 
subsequent remodeling (Wu et  al., 2012). Using the Scratch test 
we wanted to provide evidence that MSCCM contains molecules and 
bioactive factors that enhance SH-SY5Y cell migration and neurite 
re-growth of SH-SY5Y. Our results showcased in Figure 9 reveal that 
the addition of CM has an effect in regulating neurite re-growth and 
cell migration. After quantifying the results, we noted a significantly 
increased (****p < 0.0001) expansion of overgrowing cells and their 
neurites in the empty area in the SH-SY5Y group cultured in 
pAM-MSCCM after 24 h. After 72 h, we  noted significance 
(***p < 0.001) in the experimental group AM-MSCCM compared to 

the negative control (cells cultured in DMEM with the addition of 
ATB/ATM).

4. Discussion

Mesenchymal stem cells (MSC) have been found to have a 
neuroprotective effect in various preclinical studies and clinical trials 
(Joyce et al., 2010). This effect is primarily attributed to the ability of 
MSC to modulate the immune system and release neurotrophic 
factors that promote the survival and regeneration of neurons. 
Priming MSC during culture has been presented as a way to increase 
their biological activity or activate new functions while maintaining 
their substantial plasticity in vitro (Peltzer et al., 2020). TNFα, IFN-γ, 
IL1β as well as hypoxic conditions are only a few of the many primings 
that have been researched (Andreeva et  al., 2018). IFN-γ-
preconditioning, in particular, has been the subject of extensive 
research and has been shown to increase the effectiveness of MSC and 
MSC-derived conditioned medium (MSCCM), in particular, by 
secreted molecular cargo of extracellular vesicles (EV), leading to 
improved repair of tissues (Peltzer et al., 2020).

The neurotrophic and immunomodulatory potential of 
conditioned media produced from adult (adipose tissue) and perinatal 
(amniotic membrane) MSC was characterized in the current study. 
We  also studied the potential of stimulating the production of 
neurotropic and immunomodulatory bioactive molecules by priming 
MSC with an inflammatory cytokine IFN-γ.

FIGURE 8

Effect of conditioned media on SH-SY5Y differentiation and neurite outgrowth. (A) Representative immunofluorescence images of β- III- tubulin 
positive cells (green) in differentiation media (Retinoic acid) and conditioned media (AT-MSCCM, pAT-MSCCM, AM-MSCCM, pAM-MSCCM) treatment 
groups. (B) Quantitative analyses of the average length of neurites and the average number of neurites per cell in different groups (ANOVA Dunett’s 
multiple comparisons tests * indicates p  <  0.05). (C) Representative images of SH-SY5Y after culture in MSCCM for 12  days, note the long outgrowths in 
the group cultured in pAT-MSCCM (indicated by arrows) and the high number of neurites per cell in SH-SY5Y treated with AT-MSCCM (indicated by 
arrows). Scale bar: 20  μm.
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Firstly we confirmed that both sources of cells (AT-MSC and 
AM-MSC) have been able to meet the criteria for MSC. They share 
ability to adhere to plastic surfaces, express certain cell surface 
markers, and differentiate into multiple cell types under specific in 
vitro conditions (Marion and Mao, 2006). The capacity of MSC 
isolated from both adipose tissue and the amniotic membrane to 
differentiate into osteogenic and chondrogenic lines was very good, 
whereas the ability to differentiate into adipogenic cells was very weak. 
Several studies claim that certain characteristics of MSC vary 
depending on the tissue source, mostly in terms of their ability to 
differentiate into different lineages, which partially agrees with our 
findings (Phinney and Sensebé, 2013). Overall our complex 
characterization validates the potential use of both sources in various 
MSC-cell-based and cell-free applications. These results are consistent 
with previous studies of AT-MSC and AM-MSC, indicating the 
mesenchymal origin of isolated MSC cells (Kern et al., 2006).

MSC mediate their function in a variety of ways, including the 
secretion of biologically active molecules and trophic factors thus 
provoking neuroprotection and neurogenesis (Yari et al., 2022). Using 
LC/MS–MS analysis, we detected 585 different proteins in a total of 
all conditioned media groups, 361 proteins in AT-MSCCM, 273 
proteins in pAT-MSCCM, 360 in AM-MSCCM, and 376 proteins in 
pAM-MSCCM. Overall, conditioned media from perinatal sources 
(AM-MSCCM, pAM-MSCCM) contained more proteins than 

conditioned media from adult adipose tissue sources (AT-MSCCM, 
pAT-MSCCM), as confirmed by the authors who compared the 
proteomic composition of human secretomes from adult and fetal 
source MSC which correlates with our data (Shin et  al., 2021). 
Although there were differences in the amount of protein contents 
between AT-MSCCM and AM- MSCCM primed or non-primed, the 
most important is their qualitative properties and their functionality 
toward neuroregeneration and neuroprotection.

In terms of the identification of specific proteins linked to 
neuroregeneration, neurotrophicy, and their influence on neurite 
proliferation and outgrowth, we  managed to detect CTGF, which 
promotes axonal regeneration (Negro et al., 2022). We also found 
neuroprotective IGF-II, which increased sensory axon regeneration in 
rats (Glazner et al., 1993), along with eEF1A proteins that promote 
corticospinal axon repair after injury (Romaus-Sanjurjo et al., 2022). 
The conditioned media also contained Neuritin, which via Notch 
Signaling inhibition promotes neurite growth (Zhang et al., 2017), 
Angiopoietin-like 4, known to promote neurogenesis in a mouse 
rodent model with acute ischemic stroke (Qiu et al., 2021; Liu et al., 
2022), Profilin 1, identified as an important regulator of axonal 
regeneration (Pinto-Costa et al., 2020), and Neuroserpin, a crucial 
regulator for axogenesis, synaptic modeling, and cell–cell interactions 
(Godinez et al., 2022). The detection of Decorin, which is linked to 
promoting nerve axon growth in cultured dorsal root ganglia and after 

FIGURE 9

Cell migration detected by the scratch test (magnification, × 5). (A) Shows the statistical analysis of the separation distance of cells in all groups 
(percentage of empty area per field in all groups) by ANOVA (Dunett’s multiple comparisons tests, ***p  <  0.001, ****p  <  0.0001). (B) Representative 
photos of wells where we performed the Scratch test followed by 48-h treatment in Control medium (DMEM with ATB/ATM) and conditioned media 
(AT-MSCCM, pAT-MSCCM, AM-MSCCM, pAM-MSCCM).
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spinal cord injury in vivo, was also interesting, and in the cultured 
dorsal root ganglia (Wu et al., 2020) and also Macrophage colony-
stimulating factor1 (CSF1), which helps to maintain microglial roles 
of synaptic pruning, the release of neurotrophic factors, and 
promotion of brain connectivity (Bo and Bo, 2021). Other researchers 
employing cytokine array techniques also found brain-derived growth 
factor (BDNF), glial-derived growth factor (GDNF), nerve growth 
factor (NGF), NT-3, and basic fibroblast growth factor (bFGF) in MSC 
secretomes (Cofano et al., 2019; Petrenko et al., 2020). MSC may 
stimulate neurogenesis, axonal growth, re-myelination, and cell 
metabolism through the action of these factors, which can also prevent 
nerve degeneration (Numakawa and Kajihara, 2023).

Inflammatory processes in the nervous system can lead to tissue 
damage, neuronal death, and impaired neurological function (Skaper 
et al., 2018). Suppressing the inflammatory response is an important 
therapeutic strategy in the treatment of these diseases. Therefore, 
we  examined the immunomodulatory impact of all MSCCM 
(AT-MSCCM, AM-MSCCM with and without priming by IFN-γ) on 
SH-SY5Y cell line by evaluating the expression of selected pro and anti-
inflammatory markers on the Luminex assay. The highest increases in 
IL-10 were seen when SH-SY5Y were treated with AT-MSCCM and 
pAT-MSCCM. IL-10 can help to counteract inflammatory processes by 
inhibiting the production of pro-inflammatory cytokines and promoting 
the expression of anti-inflammatory factors. This can lead to a reduction 
in inflammation and tissue damage, allowing for the initiation of the 
repair and regeneration process. Furthermore, IL-10 has been shown to 
promote neurogenesis (generating new neurons in the brain), enhance 
the survival and function of neurons, and promote the growth and 
regeneration of nerve fibers (Perez-Asensio et al., 2013; Chen et al., 
2016). Overall, the findings show that MSC-conditioned media reduces 
IFN-γ -induced inflammatory responses in SH-SY5Y cells (decrease of 
IL-2, IL-8, IL-12, MCP-1), indicating that it may have a role in reducing 
neuroinflammation. As for the pro-inflammatory cytokines, IL-2 is a 
pleiotropic cytokine that promotes T-cell expansion, increases NK 
cytolytic activity, triggers regulatory T cell differentiation, and facilitates 
activation-induced cell death. According to current research, IL-2 also 
disrupts the blood–brain barrier and changes brain microcirculation 
(Liao et  al., 2011; Wylezinski and Hawiger, 2016). Multiple 
neurodegenerative illnesses have been linked to the chemokine IL-8. In 
the brain, increased IL-8 levels in response to injury draw neutrophils 
into the central nervous system (CNS), where they degranulate and 
produce chemoattractants for T cells (Robinson et al., 2020). IL-12, 
which is produced in the initial phases of inflammation in response to 
infection or other stimuli, helps the inflammation itself, mainly in a way 
of the activation of macrophages. IL-12 also helps to the synthesis of 
IFN-γ and other cytokines (Gee et al., 2009). Inhibiting MCP-1/CCR2 
signaling, for instance, decreased ethanol-induced microglial activation/
neuroinflammation and improved neurodegeneration in the developing 
brain (Zhang et al., 2018). This suggests that MCP-1/CCR2 signaling 
may be involved in neuroinflammatory conditions (Zhang et al., 2018). 
Regarding IL-6, a cytokine that is not only involved in inflammation and 
infection responses, but also in the regulation of metabolic, regenerative, 
and neural processes (Scheller et al., 2011, p. 6), significant increases in 
IL-6 were also observed with pAM-MSCCM and AT-MSCCM, but not 
with AM-MSCCM or pAT-MSCCM group.

We used functional analyses on the SH-SY5Y cell line, which is 
frequently used to study diseases of the nervous system (Parkinson’s 
disease in particular), to evaluate the effectiveness of the AT-MSCCM 

and AM-MSCCM and the functionality of factors and bioactive 
proteins they contain. One of our aims was to observe if there is an 
increase in the proliferation of the SH-SY5Y after conditioned media 
administration. We used the xCELLigence RTCA system and XTT 
assay to measure cell proliferation and the metabolic activity of cells 
in each group. Our findings show that all conditioned media increased 
adherence and proliferation of SH-SY5Y during the 120-h study when 
compared to the control group cultured in the DMEM medium. The 
pAT-MSCCM group had the highest adherence, followed by the 
AT-MSCCM group, and then by the AM-MSCCM and pAM-MSCCM 
groups. We also found a significant increase (p < 0,01) in metabolic 
activity in the pAT-MSCCM group when using the XTT test.

These findings correlate with our findings of proteomic analyses 
and other authors pointing to the positive impact of secretome derived 
from MSC on neural progenitor cell (NPC) proliferation (Teixeira 
et  al., 2016). Particularly CTGF, which regulates the survival of 
interneurons, neuroprotective IGF-II, Decorin, which supports axon 
growth and neurotrophic Neuritin, which, in addition to axon 
regeneration, also promotes retinal ganglion cell survival (Minor et al., 
2008; Khodosevich et al., 2013; Sharma et al., 2015; Beletskiy et al., 
2021). Regarding which source of MSC has a higher proliferative 
capacity per se, authors have mixed opinions, while our previous study, 
comparing canine MSC, reported AT-MSC as cells with higher 
proliferation, according to Hass et al. comparing human MSC from 
neonatal and adult sources Hass et al. reported that neonatal-tissue-
derived MSC has higher proliferative activity (Hass et  al., 2011; 
Humenik et al., 2022). Our data are related to the findings of Wang 
et al., they demonstrated that MSC was able to regulate the survival, 
proliferation, and differentiation of neural stem cells through Notch 
signaling. The conditioned media also contained Neuritin, which via 
Notch Signaling inhibition promotes neurite growth (Zhang et al., 
2017). In addition to controlling precursor cell fate, Notch activation 
is also involved in neuronal maturation, induction of neurite 
outgrowth, and prevention of apoptosis (Wang et al., 2009; Teixeira 
et  al., 2016). According to Eleuteri and Fierabracci (2019). 
Additionally, MSC affect the activity of MAPK (mitogen-activated 
protein kinase), NOS (nitric oxide synthase), which generates NO 
(nitric oxide), that can inhibit the cell cycle via the JAK–STAT (Janus 
kinase/signal modulators and activators of transcription) pathway 
(Eleuteri and Fierabracci, 2019). The authors report that the MAPK 
signaling pathway is involved in the regulation of viability, cell 
proliferation, survival, and differentiation in embryonic development, 
and its role in neurodegenerative diseases is being studied (Jiao et al., 
2017; Eleuteri and Fierabracci, 2019).

In terms of differentiation and growth, several studies have 
discovered that human and rodent MSC promote nerve cell survival 
and neurite extension in vitro (Hokari et al., 2008; Nakano et al., 2010; 
Nakamura et al., 2020). In our study, we discovered that all conditioned 
media, both stimulated and unstimulated with IFN-γ, promoted 
neuroblastoma line (Figure 8) differentiation, but there were some 
differences when we looked at neurite outgrowths. While we found 
significance in all conditioned media when counting the number of 
neurites per cell, with the highest number in AT-MSCCM and 
pAT-MSCCM, we found significance only in the pAT-MSCCM group 
when measuring the length of processes, indicating the superiority of 
the stimulated conditioned medium and the medium obtained from 
AT -MSC in terms of neurite-outgrowth promoting activity. Our 
results are in agreement with previous studies using rodent, primal, or 
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human MSC to promote survival, neuronal differentiation, neurite 
outgrowth, and to protect motor-neuron-like NSC against scratch-
injury-induced cell death (Lou et  al., 2003; Rajan et  al., 2017; 
Nakamura et al., 2020). Delfi et al. reported that in vitro differentiation 
as well as neurite outgrowth of SH-SY5Y was improved by canine 
MSCCM (Al Delfi et al., 2016). This ability of conditioned media can 
be attributed, in addition to the secretion of growth factors such as 
IGF II, Neuritin, and CTGF, found in the present study, and other 
factors like BDNF, GDNF, VEGF, to the modulation of signaling 
pathways such as phosphatidylinositol3-kinase/Akt signaling pathway 
and upregulation of the antiapoptotic Bcl-2 protein, cAMP-activated 
pathway, including PKA and PI3K (López-Carballo et  al., 2002; 
Kovalevich and Langford, 2013). In the case of outgrowth, the erk1/2 
signaling pathway and the SIRT1 signaling pathway must 
be highlighted (Liu et al., 2013; Khatib et al., 2019).

When we  focused on the functional impact of primed and 
unprimed conditioned media on cell re-growth of SH-SY5Y, in this 
study we demonstrated that conditioned media treatment of SH-SY5Y 
regenerated neurites in the scratch assay. After 24 h, cells treated with 
primed pAM-MSCCM showed significant regrowth and regeneration 
of neurites compared to the control, as did cells treated with 
AM-MSCCM after 48 h (Figure 9). There was no significant effect on 
cell re-growth in the presence of AT-MSCCM or pAT-MSCCM 
compared to the control, indicating that these findings are consistent 
with previously reported results that MSC from neonatal sources 
appears to be the best cell source for healing wounds (Humenik et al., 
2023). The effect of conditioned media on the re-growth of various cell 
lines has been described (Wang et  al., 2022). The regulation of 
signaling cascades MAPK/ERK kinase (MEKK) kinase 1 (MEKK1) 
and ERK1/2 and JNK2 signaling appears to be critical for neuronal-
like cell re-growth (Wu et al., 2012). Furthermore, MSC-Exosomes 
express CD73, an ecto 5-nucleotidase that converts AMP to adenosine 
before phosphorylating and activating survival kinases (Erk1/2 and 
Akt) (Colgan et al., 2006).

When we compare our findings to the neurotrophic functions of 
conditioned media derived from MSC from adult adipose tissue and 
neonatal amniotic tissue, we find that while AT-MSCCM has a greater 
effect on proliferation, metabolic activity, and differentiation- induced 
outgrowth, AM-MSCCM has a greater immunomodulatory capacity 
and influence on SH-SY5Y injury induced re-growth. These data 
should be considered as MSC source has been found to correlate with 
therapeutic efficacy. For instance, Zhou et al. showed that human 
AT-MSC xenotransplantation to rats with spinal cord injury increased 
angiogenesis and axonal regeneration in addition to higher functional 
recovery than BM-MSC (Zhou et al., 2013). The BDNF, VEGF, and 
HGF levels that AT-MSC produced were much higher. Although there 
were no differences between AT-MSC, BM-MSC, Wharton’s Jelly-
Derived Mesenchymal Stem Cells (WJ-MSC), and Cord Blood-
Derived Mesenchymal Stem Cells (CB-MSC), dogs who received MSC 
1 week after spinal cord injury shown a significant improvement in 
functional recovery (Ryu et al., 2012).

Numerous primings, such as inflammatory (TNF, IFN-γ, IL1) or 
hypoxic conditions, have been studied to increase the therapeutic 
efficacy of MSC and MSC-derived conditioned medium (Andreeva 
et al., 2018). IFN-γ preconditioning has been the subject of extensive 
research. In our experiments, we observed a significant difference in 
immunomodulatory (changes in the values of IL-6 and IL-10) and 
anti-inflammatory activity (changes in the values of IL-2 and IL-8, 

IL-12) between the conditioned media that were and were not 
stimulated with IFN-γ. When compared to the control, primed 
pAT-MSCCM significantly increased neurite outgrowth in terms of 
SH-SY5Y outgrowth number and length. The authors’ views on 
priming differ considerably. According to Peltzer et al., interferon and 
hypoxia-priming have only little effects on the miRNA landscape of 
extracellular vesicles produced by human MSC (Sheng et al., 2008; 
Peltzer et  al., 2020), despite Sheng et al’s assertion that 
immunosuppression of IFN-γ-primed MSC is crucial. These findings 
might open the door to the creation of a secure and efficient acellular 
therapy for the myriad neurological conditions that affect people. 
Although our results are very encouraging, using MSCCM in a clinical 
setting requires optimal and standardized manipulation, as well as a 
stronger comprehension of the neuroregenerative effect, immune 
biology, and interactions within the microenvironment.

5. Conclusion

In the present research, we thoroughly examined MSC-derived 
conditioned medium (CM), mainly for its neuroregeneration-
promoting properties. Even though we found neurotrophic potential 
in all CM we confirmed the non-equality of CM isolated from MSC 
derived from different sources (canine adipose tissue, canine amniotic 
membrane tissue), regarding the content of proteins and bioactive 
factors, their ability to affect proliferation, metabolic activity, 
differentiation, neurite outgrowth, and re-growth of injured SH-SY5Y 
cells. We  showed that AT-MSCCM was characterized by higher 
proliferative, metabolic activity-affecting capacity and the ability to 
impact neurite outgrowth (length and a number of neurites per cell). 
AM-MSCCM displayed more pronounced immunomodulatory 
activity and impact on migration and regrowth of injured SH-SY5Y 
compared to AT-MSCCM. Finally, priming with inflammatory 
cytokine (IFN-γ) induced proteomic profiles of CM as well as the 
enhanced impact on SH-SY5Y proliferation and neurite length when 
compared to non-primed CM from both sources. To expand the range 
of therapeutic characteristics and improve production techniques, 
further research must be  done on MSCCM and its response to 
priming. Overall, our study presents critical data for the translation of 
fundamental MSC research to clinical manufacturing and 
therapeutic applications.
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