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Gingival mesenchymal stem cells (GMSCs) have significant regenerative potential. Their potential appli-
cations range from the treatment of inflammatory diseases, wound healing, and oral disorders.
Preconditioning these stem cells can optimize their biological properties. Hypoxia preconditioning of
MSCs improves stem cell properties like proliferation, survival, and differentiation potential. This
research explored the possible impact of hypoxia on the pluripotent stem cell properties that GMSCs pos-
sess. We evaluated the morphology, stemness, neurotrophic factors, and stemness-related genes. We
compared the protein levels of secreted neurotrophic factors between normoxic and hypoxic GMSC-
conditioned media (GMSC-CM). Results revealed that hypoxic cultured GMSC’s had augmented expres-
sion of neurotrophic factors BDNF, GDNF, VEGF, and IGF1 and stemness-related gene NANOG. Hypoxic
GMSCs showed decreased expression of the OCT4 gene. In hypoxic GMSC-CM, the neurotrophic factors
secretions were significantly higher than normoxic GMSC-CM. Our data demonstrate that culturing of
GMSCs in hypoxia enhances the secretion of neurotrophic factors that can lead to neuronal lineage
differentiation.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cell-based therapy refers to modifying a patient’s cells (or
donor cells) to fight disease and alleviate medical conditions. Ther-
apeutics using bioengineered cells have shown significant progress
in recent years such as the successful treatment of (B-lymphocyte)
cell or B cell lymphoma using CAR-T (Chimeric-Antigen-Receptor-T
cell) treatment. (Woodsworth and Holt, 2017). Clinical trials on
stem cell therapies and their impact on diseases like diabetes
and cardiomyopathy have opened new avenues in regenerative
modalities. Adult stem cells are a common stem cell subtype with
multipotent characteristics, capable of forming tissue-restricted or
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lineage-specific cell types. The oldest and most accepted stem-cell
treatment at present is transplanting hematopoietic stem cells
(HSC), also considered the standard therapy in malignancies which
are blood-related, acquired or innate hematopoietic diseases or ail-
ments (Henig & Zuckerman, 2014; Watt & Driskell, 2010). The sec-
ond most commonly used stem cell type in a clinical setting is
MSCs or the mesenchymal stem cells, which arise from the bone
marrow, blood, muscular, fatty tissues, teeth, etc. and have multi-
potent potential. Mesenchymal stem cells, due to their ability to
regenerate on their own, easy isolation and expansion, relatively
easy availability from numerous sources and most importantly,
their potential to proliferate into different blood cell types, more
commonly known as multilineage differentiation potential, find
numerous clinical applications in the field of regenerative
medicine. (Hmadcha et al., 2020; Parekkadan and Milwid, 2010).

Gingiva acts as a primary immune defense shield of the oral
cavity (Xu et al., 2013; Zhang et al., 2009). Zhang et al., in their
study found that GMSCs or the mesenchymal cells found in the
human gingiva possess the ability to modulate immunity and form
cells of differential lineages (Zhang et al., 2009) such as the adipo-
cytic, chondrocytic, or osteocytic lineages. However, GMSCs also
have the potential to differentiate into ectodermal as well as endo-
dermal origins which include nervous cells of several types (Diniz
et al., 2016; Pittenger et al., 1999; Zhang et al., 2009). Xu et al. in
their study, discovered that a major part of the gingival mesenchy-
mal stem cells (GMSCs) arise from the neural crest cells of the cra-
nium while the remaining portion is mesodermal. Neural-crest-
derived GMSCs were found to have augmented differentiating
potential towards chondrocytes and neural cells. The abundance
and easy accessibility of GMSCs make them the treatment modal-
ity of choice in tissue engineering as well as regenerative medicine
(Tomar et al., 2010; Angelopoulos et al., 2018). However, they have
a reduced survival rate after transplantation, which is considered
one of the greatest limitations using MSCs. In addition, there is
an added complication of differentiating GMSCs from gingival
fibroblast, which as demonstrated by Diar-Bakirly et al was not
possible based solely on independent surface markers including
the potential MSC marker CD146 (Diar-Bakirly and El-Bialy, 2021).

The poor survivability of GMSCs is due to several hosts, environ-
mental reasons including in vitro and physiological conditions
such as active inflammation, massive necrosis, protein denatura-
tion, the action of proteases, hypoxic conditions, and lack of nutri-
ents (Vu et al., 2016). Numerous studies have reported
optimization strategies to improve their MSC properties for effi-
cient regenerative therapies (Kim et al., 2015; Haque et al.,
2015). BMSCs or the bone marrow mesenchymal stem cells from
marrow incubated in hypoxic conditions displayed enhanced pro-
liferation as well as migration capabilities. The hypoxic environ-
ment also promoted osteogenic differentiation via the
upregulation of growth factors (Hung et al., 2012) Hypoxia precon-
ditioning is a widely adopted strategy as the concentration of O2

employed in in vitro conditions is high whereas the oxygen concen-
tration in an ischemic environment is very low. Preconditioning of
MSCs in low oxygen (O2) concentration will enhance the genomic
stability, chemokine receptor expression, dynamics of growth, and
the proliferative capacity (Haque et al., 2013; Ejtehadifar et al.,
2015). Earlier investigations culturing GMSCs have described a
three-dimensional sphere-like culture technique so as to enhance
the traits of the stem cells (Gugliandolo et al., 2019; Zhang et al.,
2012a).

The study investigates the influence of hypoxia in GMSCs. The
impact of low O2 concentration (0.5% O2) on GMSC properties such
as morphology, stem cell marker expression, expression of trophic
factors, stemness-associated genes, and secretion of trophic factors
in conditioned media was looked into, in our study. All the changes
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were compared with GMSCs cultured in normoxic conditions (20%
O2).
2. Methodology

2.1. Gathering samples

Gingivectomy performed for cosmetic reasons in healthy
patients served as a source for the gingival samples. Following
informed consent, sterile containers were used to store the sam-
ples containing PBS (phosphate buffered saline) (Sigma, St. Louis,
Missouri, USA) & immediately transported to a laboratory for fur-
ther processing.
2.2. Tissue-based preparation of single-cell and culture

PBS antibiotic antimycotic solution rinsed tissue was cut into
small pieces and digested using 0.2% dispase II and 0.4% collage-
nase I. This was followed by a 20-min incubation period at 37� Cel-
sius. Once this was done, enzymatic action was neutralized using
fetal bovine serum (FBS) (Gibco, Rockville, MD, USA). A 70-mm
strainer in sterile condition was used to pass the tissue through,
following centrifugation was carried out at 1800 rpm for 5 min.
Collected pellets were plated in five percent Carbon-dioxide at a
temperature of 37� Celsius with DMEM (Dulbecco’s Modified Eagle
Medium) (Invitrogen, Carlsbad, CA, USA) in addition to ten percent
FBS (Foetal bovine serum) (and an antibiotic–antimycotic solu-
tion). Each week 2 times the culture medium was changed. Condi-
tions of cell growth, morphology, and health were visualized
periodically with the help of a microscope (inverted phase-
contrast). Following confluence of 70–80% 0.25 percent Trypsin-E
thylene-diamine-tetraacetic-acid (EDTA) (Invitrogen, Carlsbad,
CA, USA) solution was used for isolating and transferring to a larger
polystyrene 25-cm2 culture flask. Confluent GMSCs were isolated
using 0.25 percent Trypsin-Ethylene-diamine-tetraacetic-acid
(EDTA) solution and passed on in a sustained fashion to allow
development which in turn could be used for forthcoming investi-
gations. Experiments were done for cells in the 2nd to 4th
passages.
2.3. Treatment groups

GMSCs from passage 2 were placed in a 6 plate well with the
growth medium (2.5 � 105 cells per well: density). Incubation
was performed with twenty percent O2 level in the normoxic cells.
The hypoxia group cells were incubated at 0.5–1% oxygen level in
the incubator for 7 days.
2.4. Surface marker assessment

From each sample pellet, the PBS resuspended cell was placed
in varying tubes and subjected to anti human CD73 –APC, anti
human CD90-APC, anti human-CD34-PE, anti human-CD45-FIT
Canti-human-CD105-APC, & Anti human-HLA-DR-APC antibodies
incubated at a temperature of 4-degree Celsius for a half hour. Cells
washed with Phosphate Buffered Saline washed were pelleted,
labelled, and suspended again in the sheath fluid, and subjected
to flow cytometric analysis (Attune NxT Flow Cytometer, Thermo
Fisher Scientific, Waltham, MA, USA). Each sample acquired at least
10,000 events. The difference between isotype (control) and the
sample positive staining degree was estimated in %. Individual pro-
tein median fluorescence intensities were also noted.
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2.5. Reverse Transcriptase- quantitative polymerase chain reaction
(RT-qPCR)

Employing a Gene JET RNA purification kit (Thermo Scientific,
Vilnius, Lithuania), ribonucleic acid was drawn out from the cells.
Using a cDNA synthesis kit (High Capacity, Applied Biosystems,
Carlsbad, CA, USA) 2 lg of RNA was reverse transcribed. Individual
gene (20 lg) reaction volume utilized 100 ng cDNA. SYBR-Green-
PCR-master-mix on a Real-Time PCR setup was used to quantita-
tively assess the genes (Quant Studio 5, Applied Biosystems, Foster
City, CA, USA). Target genes HIF1A, BDNF, GDNF, VEGFA, IGF1,
NANOG, and OCT4 expressions were normalized to reference gene
GAPDH with the DDCt method. Table 1 summarizes the primers
employed in the study.
2.6. Western blot analysis

RIPA buffer (Sigma Aldrich, St. Louis, MO, USA) was used to lyse
the cells, following which centrifugation was carried out for 15 min
at 12,000 rpm. Protein assay determined the protein content from
the collected supernatant. Lysate was subjected to a sample buffer
SDS-PAGE and was heated for 8 min at 100 �C. In individual wells,
20 lg protein was placed with ten percent on Mini-PROTEAN Tetra
Cell with SDS-PAGE gel. HIF-1a, BDNF, GDNF, VEGF, IGF, and
GAPDH served as the major antibodies (Abcam, Cambridge, UK)
while HRP-conjugated secondary served as protein-spotting tools
through Western blot.
2.7. Quantitative analysis of neurotrophic factors using ELISA

KRIBIOLISA human ELISA kits were used to analyze soluble pro-
teins like neurotrophic factors BDNF, GDNF, IGF, and VEGF. Cells
were obtained from the conditioned media after incubating it with
a complete medium. Multiskan FC spectrophotometer was
employed to read absorbance at 450 nm.
2.8. Statistical analysis

Triplicates led to the generation of three values from which a
summation of data was obtained in the form of mean ± standard
deviation was presented for all the 5 assessed samples. An individ-
ual comparison of both the study groups was made. The unpaired
t-test (two-tailed) was performed to assess each cytokine using
version 8 GraphPad Prism software (San Diego, California, USA).
A p value of 0 < 0.05 and 0 < 0.01 was considered significant and
highly significant respectively.
Table 1
List of primers and sequences used for quantitative polymerase chain reactions.

Gene Forward primer Reverse primer

HIF1A 50-TAT GAG CCA GAA GAA CTT
TTA GGC-30

50-CAC CTC TTT TGG CAA GCA
TCC TG-30

BDNF 50-CAT CCG AGG ACA AGG TGG
CTT G-30

50-GCC GAA CTT TCT GGT CCT
CAT C-30

GDNF 50-CGC CGA AGA CCG CTC CCT
CG-30

50-ATC CAT GAC ATC ATC GAA
CTG ATC-30

VEGFA 50-TTG CCT TGC TGC TCT ACC
TCC A-30

50-GAT GGC AGT AGC TGC GCT
GAT A-30

IGF1A 50-CTC TTC AGT TCG TGT GTG
GAG AC-30

50-CAG CCT CCT TAG ATC ACA
GCT C-30

NANOG 50-CTC CAA CAT CCT GAA CCT
CAG C-30

50-CGT CAC ACC ATT GCT ATT
CTT CG-30

OCT4 50-CCT GAA GCA GAA GAG GAT
CAC C-30

50-AAA GCG GCA GAT GGT CGT
TTG G-30

GAPDH 50-GTC TCC TCT GAC TTC AAC
AGC G-30

50-ACC ACC CTG TTG CTG TAG
CCA A-30
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3. Results

3.1. Gmscs show MSC-like phenotype and cell-surface marker
expression

GMSCs were isolated from six patients and cultured. Phenotypic
characterization of GMSCs showed MSC-like morphology in the
passage 2 population (Fig. 1A). Characterization of GMSCs for the
cell surface markers expression was performed with flow cytome-
try. Cells exhibited positive expression (>95%) for principal mes-
enchymal markers CD105, CD73 and CD90, (Fig. 1C–E) & -ve
expression (<3%) for hematopoietic markers HLA-DR, CD34 and
CD45, and (Fig. 1F–H).

3.2. Gmscs showed different morphological features. Hypoxic GMSCs
showed decreased marker expression for CD73, CD90, and HLA-DR,
but increased marker expression for CD105

GMSCs were incubated at normoxic (�20% oxygen) and hypoxic
(0.5% – 1% oxygen) conditions for seven days. Changes in the mor-
phology and MSC-specific immunophenotype were characterized
in both populations. Hypoxic GMSCs showed a classical
fibroblast-like morphology. In normoxic conditions, GMSCs
showed elongated and flattened morphology (Fig. 2A–F). Notice-
able changes were observed in cell surface markers CD90 and
CD73 expression after 7 days of culture among both the groups.
GMSCs incubated in a hypoxic environment showed reduced
expression of positive markers CD73 (23.9%), CD90 (16.3%) mark-
ers. However, there was no difference in CD 105 marker expression
between the two populations. HLA-DR, CD34 and CD45, markers
expression was –ve in both populations (Fig. 2G–R).

3.3. Hypoxia led to the upregulation of the HIF1A gene and trophic
factors

GMSCs incubated at two different O2 concentrations were
examined for HIF-1a gene expression & trophic factors BDNF,
GDNF, VEGF, and IGF1. GMSCs collected after 7 days of culture
were subjected to RT-PCR analysis for the target genes. Hypoxia
increased the expression of the HIF-1a gene more than sevenfold
(p < .01). The expression of neurotrophic factors - BDNF and GDNF
increased considerably under hypoxic conditions compared to nor-
moxic conditions (twofold and two and half fold respectively;
p < .01, Fig. 3). The expression of VEGF (twelvefold; p > .05) and
IGF-1 (sixfold; p < .01) genes were upregulated in GMSCs cultured
under hypoxic conditions.

3.4. Protein expression of HIF-1a along with neurotrophic factors

Western blot analysis revealed an upregulation in HIF-1a
(Hypoxia-inducible factor-1-alpha) protein expression in the
hypoxic GMSCs (Fig. 4A). Consistently, the expression of neu-
rotrophic factors BDNF and GDNF as well as the angiogenic factors
VEGF and IGF1 were upregulated in the hypoxic GMSCs (Fig. 4A).
Protein quantification was done using Enzyme-Linked-Immuno-S
orbent-Assay (ELISA). The expression of HIF-1a protein and other
neurotrophic factors were significantly increased in hypoxic
GMSCs (p < .01), displayed in Fig. 4B–F.

3.5. Secreted neurotrophic factors were higher in hypoxic cultured
GMSC conditioned medium

ELISA was performed on GMSC-conditioned media obtained
from hypoxic as well as normoxic conditions to assess neu-
rotrophic & angiogenic factor expression in the GMSC secretome.



Fig. 1. Isolation and characterization of GMSCs. (A) Photomicrograph of passage 2 with GMSCs. Scale bar = 100 lm. (B-H) Characterization of GMSCs for MSC-specific positive
markers CD73, CD90, CD105 and negative markers CD34, CD45, HLA-DR. (GMSCs: Gingival mesenchymal stem cells).

Fig. 2. Comparative characterization of GMSCs incubated at normoxia (�20% oxygen) and hypoxia (0.5% – 1% oxygen) for MSC-specific markers. (A,B) Photomicrograph of
GMSCs after normoxic incubation at day 0 and day 7. (C,D) Photomicrograph of GMSCs after hypoxic incubation at day 0 and day 7. Scale bar = 100 lm. (E-R) Comparative
characterization of GMSCs incubated at normoxia and hypoxia for MSC-specific positive markers CD73, CD90, CD105 and negative markers CD34, CD45, HLA-DR. (ns:
insignificant, **p < .01).
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Hypoxic GMSC-CM showed a significant increase of neurotrophic/
angiogenic factors BDNF, GDNF, VEGF, and IGF compared to nor-
moxic GMSC-CM (p < .05) (Fig. 5).
3.6. Differential expression of stemness-related gene NANOG and OCT4
in hypoxic GMSCs

Reverse Transcriptase Polymerase Chain Reaction helped evalu-
ate pluripotency marker levels OCT4 and NANOG and. NANOG
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expression was significantly upregulated by 1.5 fold in response
to hypoxia (p < .01). OCT4 gene expression was significantly down-
regulated (p < .05) compared to normoxic GMSCs (Fig. 6).
4. Discussion

MSCs can proliferate into cells of multiple origins & possess self-
renewal properties. They are multipotent and can differentiate into
mesodermic tissue or trans-differentiate into ectodermic (neural or



Fig. 3. RT-qPCR analysis for gene expression in GMSCs incubated at normoxia and hypoxia. (A) Comparative gene expression (fold change) for gene expressing hypoxia-
inducible factor (HIF-1a). (B-E) Comparative gene expression (fold change) for genes expressing neurotrophic factors BDNF, GDNF, VEGF, and IGF. (ns: not significant,
**p < .01).

Fig. 4. Western blot analysis for protein expression in GMSCs incubated at normoxia and hypoxia. (A, B) Comparative protein expression (optical density) for hypoxia-
inducible factor (HIF-1a). (A, C-F) Comparative protein expression (optical density) for neurotrophic factors BDNF, GDNF, VEGF, and IGF. (**p < .01).
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Fig. 5. Bead-based flow cytometry analysis of secretome in GMSC-conditioned
medium for secreted proteins by GMSCs incubated at normoxia and hypoxia.
Comparative protein levels (pg/mL) for neurotrophic factors (A) BDNF, (B) GDNF, (C)
VEGF, and (D) IGF. (*p < .05, **p < .01).

Fig. 6. RT-qPCR analysis for gene expression in GMSCs incubated at normoxia and
hypoxia. (A, B) Comparative gene expression (fold change) for genes expressing
stemness-related transcription factors NANOG and OCT4. (*p < .05, **p < .01).
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glial) cells (Gugliandolo et al., 2018). Multipotent MSCs originally
derived from bone marrow have high therapeutic potential
required for stem-cell treatment. However, BMSCs and their clini-
cal application is limited due to difficulty in obtaining an adequate
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amount of cells that can be used therapeutically use (Zhang et al.,
2009). Oral tissues such as the gingiva have abundant GMSCs. Har-
vesting these cells is a minimally invasive procedure (Gugliandolo
et al., 2019) These are similar to BMSCs and stem cells derived from
the adipose or the fatty tissue (ADSCs) in that they possess com-
pelling immunomodulatory effects and anti-inflammatory func-
tions. In vivo studies show GMSCs as an ideal source of
pluripotent stem cells that can be used in therapeutic applications
such as wound healing & inflammatory disorders. (Zhang et al.,
2009; Zhang et al., 2012b).

Clinical studies (both animal and human) have demonstrated
that transplanting MSCs is an effective treatment modality in case
of tissue injuries (Nakagami et al., 2005, Nagaya et al., 2005;
Jaussaud et al., 2013). However, their greatest drawback is their
low survival rate after grafting into injured sites which have
reduced O2 supply (0.4–2.3%) (Rosová et al., 2008) (Leroux et al.,
2010). Preconditioning of MSCs has proved to enhance their bio-
logical attributes and increased the efficacy of these therapies.
Hypoxia is a significant environmental factor that can affect a cell’s
metabolism, proliferation, differentiation, and apoptosis. A number
of studies in the literature have stated that the preconditioning of
MSCs in hypoxic conditions improves its biological properties
(Rosová et al., 2008, Gugliandolo et al., 2019). Leroux et al. investi-
gated the effect hypoxia has on preconditioned MSCs (1% O2) in
vascular and skeletal muscle regeneration. They found that
hypoxia preconditioning improved the functional capabilities of
MSC and enhanced the recovery of ischemic tissue (Leroux et al.,
2010) Previous research has shown that the culturing of DPSCs
(Dental pulp stem cells) under hypoxic conditions (1–5%)
enhanced proliferation, angiogenesis, migration, and differentia-
tion. The expression of genes for immunomodulation, markers
for pluripotency detection as well as trophic factors increased in
hypoxic conditions (Sakdee et al., 2009, Aranha et al., 2010,
Ahmed et al., 2016). Hypoxic preconditioning has proved to be a
useful technique which improves immunomodulatory activity,
enhance skin and wound repair in GMSCs in mice, and promote
regenerative characteristics (Jiang et al., 2015). However, few stud-
ies have assessed the impact of a hypoxic environment on GMSCs’
differentiation potential.

The current study was proposed with the aim of assessing and
comparing the impact of hypoxia on morphology, stem cell marker
expression, mRNA & protein expression of trophic factors as well as
stemness associated genes in GMSCs. Flow cytometry analysis of
hypoxic and normoxic GMSCs was done for immunophenotype
characterization. Our results revealed that mesenchymal stem-
cell marker CD 105 expression slightly increased in hypoxic
(96.2%) condition than normoxic (89.5%) condition. Ahmed et al.
examined DPSCs under hypoxic conditions and discovered that
the expression of CD105 was the same in normoxic (20% O2) and
as well as in hypoxic (3% O2 and 5% O2) groups (Ahmed et al.,
2016). The association of CD105 expression in the process of differ-
entiation is not yet clearly explained. We found that the expression
of CD73 and CD90 was significantly reduced in hypoxic conditions.
Our result of decreased expression CD90 in hypoxic conditions
concurs with previous studies where CD90 expression was consid-
erably reduced in hypoxic BMSCs (Adesida et al., 2012; Li et al.,
2017). Even then, quite a few studies have argued that there is
no detectable difference in the expression CD70 and CD93 markers
in MSCs between normoxic and hypoxic conditions (Antebi et al.,
2018; Wagegg et al., 2012).

In our study, we analyzed mRNA and protein expression of neu-
rotrophic and angiogenic trophic factors along with the HIF-1a
gene under hypoxic conditions.RT-PCR and blot analysis suggested
that the HIF-1a expression was significantly increased in hypoxic
conditions. Under normoxic conditions (O2 > 5%), translated HIF-
1a proteins are denatured in the presence of oxygen-activated pro-



S. Patil, H.N. Fageeh, Hammam Ibrahim Fageeh et al. Saudi Journal of Biological Sciences 29 (2022) 3568–3576
lyl hydroxylase domain proteins. In a hypoxic environment, HIF 1a
stabilizes & enters the nucleus to get dimerized with HIF-1b and
activates target genes of downstream pathways (Semenza, 2007;
Wagegg et al., 2012). HIF-1a protein regulates genes which a play
a key role in cellular processes including angiogenesis, anaerobic
metabolism, programmed cell death, & inflammation (Wagegg
et al., 2012; Ziello et al., 2007). In the current study, GMSC-
culturing hypoxia considerably upregulated neuro/angiogenic
trophic factor BDNF, GDNF, VEGF, and IGF expression. Protein
expression data also proved a greater expression of these in
hypoxic-GMSCs as opposed to normoxic cells. We checked trophic
factor expression in the GMSC secretome using GMSC-CM har-
vested from GMSCs cultured in hypoxia as well as normoxia. We
found that the level of these factors overlaps with mRNA and pro-
tein expression. Neurotrophic factors BDNF and GDNF primarily
regulate the development, survival as well as the function of neu-
rons and neural precursor cell differentiation (Lim et al., 2011;
Pierce & Bari, 2001; Wagenaar et al., 2018). Lim et al. found that
overexpression of BDNF in umbilical cord blood-derived MSCs
(UCB-MSCs) induced neural differentiation through the increased
phosphorylation of extracellular signal-regulated kinases and b-
catenin. Transplantation of BDNF-overexpressed MSCs enhanced
the secretion of neurotrophic factors in a model of stroke (Jeong
et al., 2014). VEGF and IGF1 are potent angiogenic factors that con-
tribute to the differentiation of MSCs (Ge et al., 2017). Recently
conducted investigations have shown that VEGF expression signif-
icantly increased in MSCs under hypoxia (Aranha et al., 2010; Dai
et al., 2007). Aranha et al. evaluated the impact of a hypoxic envi-
ronment on DPSCs and observed that hypoxia significantly
increased the expression of HIF-1a & VEGF and led to an angio-
genic response in DPSCs (Aranha et al., 2010). Overexpression of
IGF in BMSCs enhanced the proliferation, increased Nestin expres-
sion, and reduced the apoptosis thus promoting differentiation of
Mesenchymal Stem Cells into neural precursor cells (NPCs) (Huat
et al., 2014; Youssef et al., 2017). In UC-MSCs overexpression of
IGF1 stimulated neural differentiation. The derived NPCs have
higher proliferation with positive expression of NPC markers
PAX6, Nestin, and astrocyte differentiation ability (Zhao et al.,
2016). Liang et al. assessed hypoxia’s influence on mesenchymal
stromal cells derived from the limbus stroma (L-MSC). They pre-
pared a conditioned media (L-MSC-CM) and co-cultured it with
cortical neurons under normoxic and hypoxic conditions. Hypoxic
L-MSC-CM showed enhanced neurotrophic function and neuropro-
tective potential. Growth factor expression (VEGF, BDNG & IGF1)
was also upregulated under hypoxic L-MSC-CM (Liang et al.,
2014). A transcriptional study of hypoxia-preconditioned GMSCs
by Gugliandolo et al. revealed a significantly higher expression of
genes related to neuronal & cortical differentiation. Upon differen-
tiation, GMCs preconditioned with hypoxia showed greater expres-
sion of neurogenic markers PAX6, GAP43, and Nestin, suggesting
that hypoxia preconditioning might have a role in enhancing bio-
logical properties & neuronal differentiation potential of GMSCs
(Gugliandolo et al., 2019).

One of the most crucial traits of MSCs is their pluripotent poten-
tial. Transcription factors namely SOX2, OCT4 and NANOG main-
tain this nature in embryonic stem cells (Pierantozzi et al., 2011;
Liu et al., 2009). OCT4 & NANOG regulate the network of
differentiation-associated genes by hindering target gene expres-
sion. During this process, pluripotent markers are downregulated
in embryonic stem cells, activating the differentiation-associated
genes (Boyer et al., 2005). In the current study, NANOG upregula-
tion and OCT4 downregulation was seen in the GMSCs cultured
in hypoxic conditions. Our results did not conform to those of pre-
vious studies. Earlier studies reported that hypoxia enhances the
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stem-cell related gene expression such as (Klf4, OCT4, NANOG
and SOX2) (Kwon et al., 2017; Yamamoto et al., 2013). Tsai et al.
verified the escalated expression of OCT4 & NANOG in the hypoxic
cultured MSCs. In order to evaluate the function of these genes in
the maintenance of stem cell properties in hypoxic Mesenchymal
Stem Cells, an shRNA-based knockdown was performed. Knock-
down of NANOG and OCT4 considerably reduced their ability to
differentiate and proliferate (Tsai et al., 2012). Culturing of DPSCs
in hypoxic conditions showed no alterations in the mRNA level
of OCT4 & NANOG. Mesenchymal stem cell markers in different
MSCs may be controlled by several factors including the origin of
stem cells, oxygen concentration used, as well as the duration of
exposure to the hypoxic environment which leads to differential
expression.

5. Conclusion

This research examined the influence of hypoxia on GMSCs by
assessing the expression of stem-cell markers, neurotrophic &
angiogenic factors. Increased expression and secretion of neu-
rotrophic factors in hypoxic cultured GMSCs suggests that GMSC
might possess therapeutic applications in the management and
treatment of neuronal diseases.
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