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Abstract Adipose-derived mesenchymal stem cells
(Ad-MSCs) have been designated as the promising
agents for clinical applications for easy accessibility,
multi-linage differentiation and immunomodulation
capacity. Despite this, optimal cell delivery conditions
have remained as a clinical challenge and improvement of stem cell homing to the target organs is being
considered as a major strategy in cell therapy systemic
injection. It has been shown that homing of
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mesenchymal stem cells are increased when treated
with physical or chemical hypoxia-mimicking factors,
however, efficiency of different agents remained to be
determined. In this study, hypoxia-mimicking agents,
including valproic acid (VPA), cobalt chloride
(CoCl2) and deferoxamine (DFX) were examined to
determine whether they are able to activate signaling
molecules involved in migration of Ad-MSCs in vitro.
We report that Ad-MSCs treated by DFX resulted in a
significantly enhanced mRNA expression of MAPK4
(associated with MAPK signaling pathway), INPP4B
(associated with Inositol polyphosphate pathway),
VEGF-A and VEGF-C (associated with cytokine–
cytokine receptor pathways), IL-8 and its receptor,
CXCR2 (associated with IL-8 signaling pathway).
While the cells treated with VPA did not show such
effects and CoCl2 only upregulated VEGF-A and
VEGF-C gene expression. Furthermore, results of
wound-healing assays showed migration capacity of
Ad-MSCs treated with DFX significantly increased 8
and 24 h of the treatment. This study provides credible
evidence around DFX, which might be an effective
drug for pharmacological preconditioning of AdMSCs to boost their homing capacity and regeneration
of damaged tissues though, activation of the migration-related signaling pathways.
Keywords Adipose derived mesenchymal stem
cells  Cell- and tissue-based therapy  Deferoxamine 
Interleukin-8  Signal transduction
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Introduction
Adipose-derived mesenchymal stem cells (Ad-MSCs)
have potential of self-renewal and multi-lineage
differentiation capacity to generate bone, fat, cartilage, muscle and vascular tissues etc. (Gimble et al.
2007; Heirani-Tabasi et al. 2017; Hu et al. 2019;
Locke et al. 2009). Due to its easiness to obtain large
amount of Ad-MSCs in comparison with other MSC
sources like bone marrow, great deal of attention has
been given to optimize their application in regenerative medicine (Kuhbier et al. 2010; Liu et al. 2016;
Mirahmadi et al. 2016a). Systemic infusion of MSCs
has been considered for clinical application to enhance
the homing property of the MSCs that would lead to
improvement of the MSCs engraftment and tissue
repairing. MSCs migrate to acute injured tissues such
as heart, liver, kidney and lung after systemic administration to recover the functionality of damaged
tissues (Fu et al. 2019; Yagi et al. 2010). In line with
this concept, many researchers have attempted to
increase homing potential of the stem cells with
various approaches. For instances, genetic manipulation of the stem cells or their preconditioning with
different physical, chemical and pharmacological
stimuli are among these strategies (Naderi-Meshkin
et al. 2015). It has been shown that different pathways
including MAPK signaling pathway, phosphatidylinositol signaling pathway and cytokine–cytokine
receptor pathway are involved in cell migration
(Sharma et al. 2013). Hence, an approach to promote
chemotaxic signaling pathways in Ad-MSCs would be
beneficial to increase the MSCs migration to damaged
tissues.
Valproic acid (VPA), Cobalt chloride (CoCl2) and
iron chelator deferoxamine (also called desferrioxamine) (DFX) possess hypoxia-mimicking potential to
up-regulate certain chemotaxis and inflammatory
mediators (Guo et al. 2006). The most important role
of Hypoxia-mimicking agents is considered as hypoxia-inducible factor-1a (HIF-1a) inducer, which
becomes a critical regulator of the cellular reaction
to hypoxia condition (Mirahmadi et al. 2016b; Oses
et al. 2017; Woo et al. 2006; Yoo et al. 2016;). It was
exhibited previously that in MSCs, hypoxia-mimicking agents boost stem cell migration by CXCR4/SDF1 axis (Heirani-Tabasi et al. 2018; Hung et al. 2007;
Tsai et al. 2010). We hypothesized that these components may also prime Ad-MSCs for enhancement of
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homing by increasing migration-related signaling
molecules.
Present study aimed to explore the effects of some
hypoxia-mimicking agents such as VPA, CoCl2 and
DFX on several signaling molecules that are involved
in migration of expanded Ad-MSCs in vitro.

Materials and methods
Cell culture and characterization
Ad-MSCs were obtained from lipoaspirate waste of
three healthy women, who had been undergone
aesthetic abdominal surgery, with informed consent.
The cells were cultured as explained in previous report
(Naderi-Meshkin et al. 2016). Briefly, the adipose
tissues were sterile-washed with phosphate-buffered
saline (PBS), were treated by 10 mg bovine serum
albumin (BSA) (Biowest, Nuaillé, France), 1 mg
collagenase (Type I, Invitrogen) and 2 mM CaCl2 in
1 ml PBS per each 3 ml of lipoaspirate for 45 min at
37 °C. After centrifugation, the pellet containing
adherent MSCs, was cultured in Dulbecco’s Modified
Eagle Medium (DMEM) low glucose with 10% fetal
bovine serum (FBS) (Invitrogen).
In order to characterize the presumed Ad-MSCs,
cell surface markers and differentiation potential of
these cells were investigated. First, Ad-MSCs (passage 4) were seeded at density of 10,000 /cm2 in 6-well
plates and cultured in osteogenic or adipogenic
differentiation medium for 21 days. The osteogenic
differentiation medium is consisted of DMEM supplemented with 0.1 lM dexamethasone (SigmaAldrich), 50 lg/ml ascorbate-2-phosphate (SigmaAldrich), 10 mM b-glycerophosphate (SigmaAldrich) and 10% FBS. The adipogenic medium of
differentiation is consisted of DMEM supplemented
with 1 mM dexamethasone (Sigma-Aldrich), 1 mg/ml
insulin, 0.5 mM isobutylmethylxanthine, 100 mM
indomethacin (Sigma-Aldrich) and 10% FBS. In
following of osteogenic cultures were stained with
BCIP/NBT tablet (Becton Dickinson, Bioscience) and
Alizarin Red S (Sigma-Aldrich). Also, the fat vacuoles
in the adipogenic cultures were stained with Oil Red O
(Sigma-Aldrich) (Toosi et al. 2017). Additionally, AdMSCs were analysed by flow cytometry for their
Cluster Differentiation (CD) markers. In this regard,
suspensions of Ad-MSCs were lifted with trypsin/
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EDTA and resuspended in 100 ll cold PBS, containing 5% FBS. Ad-MSCs were incubated for 1 h at 4 °C
with antibodies to characterize markers (Table 1), or
isotype-matched control antibodies by MSCs. Next,
cells were resuspended in 400 ll PBS, analysed by
flow cytometer machine (BD AccuriTM C6) and
Flowjo software 7.6.1 program.

the Ad-MSCs were treated with previously mentioned
hypoxia-mimicking agents for 8 and 24 h. Wound area
closure was analysed by using Image-J 1.45 software.
All wound-healing assays were performed in triplicate
(Smith et al. 2010).

Pre-treatment of Ad-MSCs

Statistical analysis was done by one-way ANOVA,
Dennett’s test by using Graph Pad Prism, version 6.0.
The results are presented as the means ± standard
deviation (SD).

Cultured Ad-MSCs (passage 4), obtained from three
different persons were treated with hypoxia-mimicking agents including VPA (1.0 mM), CoCl2 (100 lM)
and DFX (120 lM) for 24 h (Liu et al. 2010;
Yamanegi et al. 2012). Ad-MSCs were used both for
RNA extraction and wound-healing assay.

Statistical analysis

Results
Characterization of the cultured Ad-MSCs

Real-time RT-PCR
Total RNA of treated and untreated Ad-MSCs were
extracted using TriPure reagent (Roche, Germany)
and reverse-transcribed using a cDNA reverse transcription kit (Thermo Fisher Scientific). Real-time
RT-PCR was performed in a BioRad CFX96 machine
by using SYBR Green PCR master mix (Parstous,
Iran) using gene specific primers (Macrogen)
(Table 2). Data were normalized by b-actin and they
were reported as fold-changes of untreated group. In
the end, obtained data from Real-time RT-PCR was
analysed by 2-DDCt method, which evaluates relative
mRNA level as fold in comparison with control. All
experiments were performed at least three times.
Wound-healing assay
Ad-MSCs were seeded on 24 well-plate (100,000 cells
per well). After reaching 80% confluences, the cells
were scratched with 200 ll plastic pipette tip. Then,
Table 1 Antibodies used
for characterization of AdMSCs

Culture of the derived cells, designated as Ad-MSCs,
in osteogenic or adipogenic medium of differentiation
showed that these cells were able to differentiate into
osteocytes and adipocyte lineages. Furthermore, their
flow cytometry analysis revealed that they were
strongly positive for the MSCs specific surface
antigens: CD90, CD44, CD105 and CD73 (98.1%,
99.4%, 91.1% and 99.8% respectively). Almost no
expression of hematopoietic cell markers including
CD11b (5.9%), CD45 (1.06%) and CD34 (0.7%) was
evidenced in the samples (Fig. 1).
mRNA expression analysis
The effects of hypoxia-mimicking agents on various
signaling molecules involved in migration of AdMSCs were examined. Pre-treatment of the cells with
DFX, in comparison with control and other groups,
significantly increased the expression of MAPK-4
(p \ 0.01), INPP4B (p \ 0.0001), VEGF-A and

Antibody name

Company

Mouse anti-CD44 polyclonal antibody

Antibodies-online, Aachen, Germany

Rabbit anti-CD34 polyclonal antibody

Antibodies-online, Aachen, German

Mouse anti-CD90 monoclonal antibody

Novus Biologicals, Littleton, Colorado, USA

Rabbit anti-CD11b polyclonal antibody

Novus Biologicals, Littleton, Colorado, USA

Mouse anti-CD73 monoclonal antibody

Novus Biologicals, Littleton, Colorado, USA

Rabbit anti-CD105 polyclonal antibody

Bioss Inc, Woburn, MA, USA

Rabbit anti-CD45 polyclonal antibody

Bioss Inc, Woburn, MA, USA
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Table 2 Primer sequences used in Real-time RT-PCR experiments
Gene

Strand

Primer sequence

Product size (bp)

Gene accession number

b-actin

Sense

50 -GCTCAGGAGGAGCAAT-30

187

NM-001101.3

Antisense

50 -GGCATCCACGAAACTAC-30

MAPK4

Sense
Antisense

50 -CCACAGCAAGCCATCATCC-30
50 -CACAATAGAACGGTCAGATTAGC-30

164

NM_002747

INPP4B

Sense

50 -ACCTTCATTAACAGATGCCATTC-30

194

NM_003866

Antisense

50 -TGTCTCTTC-TAGCGTCAGC-30

Sense

50 -ACGCAGACATCGTCATCCAGT-30

146

NM_004994.2

Antisense

50 -GGACCACAACTCGTCATCGTC-30

Sense

50 -GTGCATTGGAGCCTTGCCTTG-30

190

NM_001204384

Antisense

50 -ACTCGATCTCATCAGGGTACTC-30

Sense

50 -AGTGTCAGGCAGCGAACAAGA-30

Antisense

50 -CTTCCTGAGCCAGGCATCTG-30

Sense

50 -GAACCATCTCACTGTGTGTAAACATG-30

Antisense

50 -TTCACACAGAGCTGCAGAAATCA-30

Sense

50 -CTCAAGACCTCCTGCCTAAG-30

Antisense

50 -ACACTGAGACCAAGAAGAACC-30

MMP9
VEGF-A
VEGF-C
IL8 (CXCL8)
CXCR2

VEGF-C (p \ 0.0001), IL-8 and CXCR2 (p \ 0.0001)
after 24 h. Such induction did not happen in the cells
pre-treated with VPA (Fig. 2). However, CoCl2
upregulated VEGF-A (p \ 0.05) and VEGF-C
(p \ 0.01) gene expression in the Ad-MSCs
(Fig. 2d, e). Interestingly, the relative expression of
MMP9 was decreased following treatment of the AdMSCs with VPA and CoCl2 (Fig. 2c).
The relative differences in the level of mRNA
expression of various pre-treatments are listed in the
Table 3. Also, the relationship between different
signaling molecules is based on previous studies and
results of the present research is presented in Fig. 3.
Pre-treated Ad-MSCs promotes wound-healing
in vitro after 8 h
In order to study the effect of hypoxia-mimicking
agents on the Ad-MSCs migration, we used woundhealing assay that has been explained as an in vitro
process to study cell migration. As a result, a
significant augmentation happened over Ad-MSCs
migration after 8 h induction by DFX in comparison
with other pre-treatments and untreated control. AdMSCs treated with DFX and CoCl2, for 24 h, showed
higher rates of wound-healing in vitro compared to
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78

NM_005429

86

NM_000584.3

101

NM_001557.3

that of VPA treatment, but not statistically significant.
Also, there was a little wound-healing in the untreated
control cells, even after 24 h (Fig. 4).

Discussion
Systemic application of stem cells has remained far
below efficient procedure for therapeutic purposes due
to lack of efficient delivery and homing to the target
tissues. To elucidate the effect of hypoxia-mimicking
agent molecular events involved in cell homing, we
used Ad-MSCs, as easily accessible biological model.
Three hypoxia-mimicking agents (VPA, CoCl2 and
DFX) were applied in culture followed by examination of cellular and molecular markers involved in
chemotaxis and migration. These markers mainly
included MAPK4 (MAPK signaling pathway),
INPP4B (Inositol polyphosphate pathway), VEGF-A
and VEGF-C (cytokine–cytokine receptor pathways),
IL-8 and its receptor CXCR2 (IL-8 signaling
pathway).
Our data indicated that DFX significantly increased
the level of IL-8 and it receptor, CXCR2 at mRNA
level in Ad-MSCs, but CoCl2 and VPA had no
significant effects. Attraction and activation of
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Fig. 1 Characterization of the Ad-MSCs in culture: Cultured
cells show fibroblast-like morphology (a, b). Alizarin red
staining and alkaline phosphatase detection show cells grown in
defined inductive medium differentiate into osteogenic lineages
(d, f, respectively), compared to control cells (c, e). Oil red O
staining shows cells grown in the defined inductive medium

differentiate into adipogenic lineages (h), compared to control
cells (g). Additionally, expression of specific surface markers
was analysed (i). Ad-MSCs expressed high percentage of CD90,
CD44, CD105, and CD73. In contrast, they showed almost no
expression of CD11b (macrophage marker), CD45 (hematopoietic stem cell marker) and CD34 (endothelial cell marker)

neutrophils are considered as basic biological effects
of IL-8 or CXCL8, which happens through binding to
two CXCR1 and CXCR2 receptors (Li et al. 2003;
Waugh and Wilson 2008). In the present study, we
reported a significant increase of 24-fold in the IL-8
mRNA level after DFX treatment of the Ad-MSCs.
According to the related studies, DFX was reported to
increase IL-8 expression in HPV-immortalized human
oral keratinocytes (IHOK), oral squamous cell carcinoma cells (HN12), human mast cells (HMC-1)

(Jeong et al. 2003; Lee et al. 2007) and U373MG
human astrocytoma cells (Onda et al. 2016). In
addition, Wang et al.. suggested that secreted IL-8
from MSCs could promote cell migration and angiogenesis (Wang et al. 2015). In line with these findings,
our data clearly indicate that level of IL-8 (CXCL8)
and its receptor (CXCR2) mRNAs are positively
correlated with higher rates of cell migration. These
levels could be promoted in Ad-MSCs under DFX
treatment. Activation of this pathway can be directly
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Fig. 2 mRNA expression analysis of signaling molecules
involved in cellular migration, using quantitative Real-time RTPCR. The expression of MAPK4, INPP4B, VEGF-A, VEGF-C
IL-8 and CXCR2, genes was significantly enhanced after pretreatment by DFX as compared to the other hypoxia-mimicking
treatments and also the untreated control cells (a, b, d, e, f and
g). While the cells treated with VPA did not show such effects

and CoCl2 only upregulated VEGF-A and VEGF-C gene
expression (d, e). The expression of MMP9 was decreased after
pre-treatments of the cells with VPA and CoCl2 (c). *p \ 0.05;
*p \ 0.01 and ****p \ 0.0001 were considered significant as
compared to the untreated control and # was significant as
compared to the other groups. VPA valproic acid, CoCl2 cobalt
chloride, DFX deferoxamine

related to the increase of Ad-MSCs migration and
homing of cells towards the injured tissues, as it had
been demonstrated in many studies that chemokine
and chemokine receptors have essential role in stem
cell and cancer cell migration (Liu et al. 2018; Mishan
et al. 2015, 2016). Similar to a study that DFX preconditioning significantly increased the homing ability of MSCs into injured area through increasing the
expression of PI3K/AKT, HIF-1a and CXCR4 (Peyvandi et al. 2018). Moreover, in a study, it was
demonstrated that pre-treatment with VPA before

transplantation enhances the therapeutic benefits of
bone marrow MSCs (BMSCs) in terms of greater cell
migration and better neurological outcomes through
increasing the expression of CXCR4 after traumatic
acute spinal cord injury (SCI) in animal models (Chen
et al. 2014). Also, it was demonstrated that VPA
treatment enhances homing of Ad-MSCs via overexpression of CXCR4 and CXCR6 chemokine receptors
(Hashemzadeh et al. 2017), as it was shown in another
study that pre-treating CMSC29 placenta-derived
mesenchymal stem/stromal cell line with VPA could
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Table 3 Differences in mRNA expression level in various Ad-MSCs pretreatments
Gene name

DFX
Mean fold change
(± SD)

Gene
symbol

VPA
Mean fold change
(± SD)

CoCl2
Mean fold change
(± SD)

Mitogen activated protein kinase 4

MAPK4

0.66 (± 0.4)

0.99 (± 0.6)

2.4 (± 1.3)

Inositol polyphosphate 4-phosphatase
type II

INPP4B

0.7 (± 0.5)

1.5 (± 0.7)

5.6 (± 1.8)

Matrix metallopeptidase 9

MMP9

0.07 (± 0.02)

0.58 (± 0.16)

0.87 (± 0.18)

Vascular endothelial growth factor A

VEGF-A

2.5 (± 2.5)

16.3 (± 11.6)

46.2 (± 22.4)

2.7 (± 1.1)

Vascular endothelial growth factor C

VEGF-C

1.5 (± 0.8)

Chemokine (C-X-C motif) ligand 8

CXCL8
(IL8)

0.25 (± 0.13)

Chemokine (C-X-C motif) receptor 2

CXCR2

1.2 (± 0.2)

increase the in vitro migration of the cells (AlSowayan et al. 2019). Similarly, in this study we
observed that pre-treatment of Ad-MSC with VPA
could increase the migratory behaviour of the cells.
According to the previous studies, under hypoxia
VEGF secretion is associated with angiogenesis in a
variety of normal and cancerous tissues and it is
known as migratory inducer of MSCs and Hematopoietic stem cells (HSCs) (Deezagi and Shomali 2018;
Spaeth et al. 2008; Timoshenko et al. 2007). In support
of the present data, previous investigations have
shown that both hypoxia (Spaeth et al. 2008;
Timoshenko et al. 2007) and DFX treatment (Liu
et al. 2016; Wahl et al. 2016) are able to induce
significant increase in VEGF expression. Interestingly,
it was shown that DFX has enhanced both VEGF-A
and VEGF-C, as two important molecules involved in
cell migration. Furthermore, the effect of DFX as an
iron-chelator and hypoxia-mimicking agent was
stronger than that by CoCl2 as a hypoxia-mimicking
agent (Liu et al. 2016). Moreover, the current results
do not support significant change in VEGF expression
in the cells treated with VPA. In the event that,
Zgouras et al. has reported decreasing VEGF expression in VPA which has treated human colon cancer
cells (Caco-2) (Zgouras et al. 2004). It was described
that CoCl2 treatment of MSCs markedly increased
HIF-1a and VEGF mRNA, and protein expression of
HIF-1a (Yoo et al. 2016), as we observed in this study
the upregulated of VEGF-A and VEGF-C following
CoCl2 treatment of Ad-MSCs.

3 (± 1.1)
1.8 (± 0.3)

4.3 (± 1.5)
24.3 (± 11.1)
10.6 (± 2.6)

In current study, an increase of MAPK4 mRNA
level was happened in Ad-MSCs treated with DFX,
but not VPA and CoCl2. This was also coincided with
significant increase in migration rate of the cells.
Several studies have illustrated involvement of the
MAPK signaling pathway in IL-8 and VEGF productions and cell chemotaxis (Bancroft et al. 2001; Tang
et al. 2013; Vindis et al. 2003). Campbell et al.
suggested that the formation of filopodia, which is
involved in cell movement, is dependent on MAPK
activation (Campbell and Trimble 2005). Therefore,
from these data we tend to suggest that the increase in
migration of Ad-MSCs could be partly related to
involvement of the MAPK signaling pathway through
IL8/CXCR2 axis or other axes.
Matrix metallopeptidases (MMPs) are also very
well known for their impact on cell migration by
cleaving extracellular matrix (ECM) and non-matrix
components such as laminin, collagen, fibronectin,
cell surface receptors and growth factors. They
participate in the process of wound-healing and
embryonic development in normal and pathological
conditions (Wang and Tsirka 2005). Like many other
reports (Sinn et al. 2007; Tsai et al. 2010), we found
here that VPA reduces the MMP9 expression level in
MSCs. However, Chen et al., in 2012 revealed the
conflicting effect of VPA on the level of MMP9 in two
different glioma cell lines (Chen et al. 2012). Similarly, in another study, it was observed that the high
expression levels of MMP-9 and CD44 genes in limbal
epithelial stem/progenitor cells (LESPCs) in the VPA
pre-treating. Also, the expression of MMP2 was
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Fig. 3 Schematic diagram represents the proposed activation of IL-8/CXCR2 by DFX. In this model no effect is considered for CoCl2
and VPA hypoxia-mimicking chemicals on IL-8/CXCR2 expression

decreased following VPA pre-treatment in this study
(Masoud et al. 2019). From our findings one can
suggest that the impact of VPA on cell migration, at
least in Ad-MSCs, is independent from MMP9. It is
also possible that differences between reports could be
raised from experimental time courses or application
of different experimental cell lines, which need to be
looked at very carefully.
Based on previous studies, INPP4B plays a role in
cell migration (Gasser et al. 2014). To the best of our
knowledge, the effect of the hypoxia-mimicking
agents on INPP4B expression has not been investigated so far. Thus, this is the first report here that the
gene expression level of INPP4B increases
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significantly following DFX treatment, but not VPA
and CoCl2, in the Ad-MSCs.

Conclusions
In conclusion, from hypoxia-mimicking chemicals
tested here DFX, CoCl2 and VPA showed most to
least effects on cell migration and expression of its
associated molecular markers, respectively. In fact,
DFX was the only tested small molecule, which
increased both, cell migration and expression of
VEGF-A, VEGF-C, MAPK4 and INPP4B genes and
also the genes involved in IL-8/CXCR2 axis. While
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Fig. 4 Wound-healing capacity analysis based on woundhealing assay experiment in vitro. Ad-MSCs were treated with
VPA, CoCl2 and DFX. Images were obtained at 8 and 24 h after
applying the scratches. The lines define the area of primary
scratch (a). The amount of wound-healing was measured after 8
and 24 h by Image-J software (b). *p \ 0.05, **p \ 0.01;

**p \ 0.001 and ****p \ 0.0001 were considered significant
as compared to the untreated control. # denotes significant
difference compared to the untreated control, and VPA and
CoCl2 pre-treatments. @ denotes significant difference compared to the untreated control and VPA pre-treatment

the CoCl2 treatment only increased VEGF-A and
VEGF-C gene expressions and VPA treatment
indicated no significant changes in mRNA expression of IL-8/CXCR2 axis, VEGF-A, VEGF-C,
INPP4B and MAPK4. Therefore, we propose here
DFX potentially as a small molecule to be used for

MSC pre-treatment before application in cell
implantation programs, especially during the systemic injection of the cells. These findings need to
be tested in other sources of the cells and also
optimized more carefully, to meet the safety and
efficiency concerns.
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