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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 improve-

ment 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

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 Ad-

MSCs to boost their homing capacity and regeneration

of damaged tissues though, activation of the migra-

tion-related signaling pathways.
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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, carti-

lage, 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 regenera-

tive 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 admin-

istration 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 manipula-

tion 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, phosphatidyli-

nositol 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 desferrioxam-

ine) (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 hypox-

ia-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-mimick-

ing agents boost stem cell migration by CXCR4/SDF-

1 axis (Heirani-Tabasi et al. 2018; Hung et al. 2007;

Tsai et al. 2010). We hypothesized that these compo-

nents may also prime Ad-MSCs for enhancement of

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 (pas-

sage 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 sup-

plemented with 0.1 lM dexamethasone (Sigma-

Aldrich), 50 lg/ml ascorbate-2-phosphate (Sigma-

Aldrich), 10 mM b-glycerophosphate (Sigma-

Aldrich) 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, Ad-

MSCs 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, contain-

ing 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.

Pre-treatment of Ad-MSCs

Cultured Ad-MSCs (passage 4), obtained from three

different persons were treated with hypoxia-mimick-

ing 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.

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 tran-

scription 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,

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).

Statistical analysis

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).

Results

Characterization of the cultured Ad-MSCs

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 Ad-

MSCs 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

Table 1 Antibodies used

for characterization of Ad-

MSCs

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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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 Ad-

MSCs 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 wound-

healing 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. Ad-

MSCs treated with DFX and CoCl2, for 24 h, showed

higher rates of wound-healing in vitro compared to

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 examina-

tion 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

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 50-CCACAGCAAGCCATCATCC-30 164 NM_002747

Antisense 50-CACAATAGAACGGTCAGATTAGC-30

INPP4B Sense 50-ACCTTCATTAACAGATGCCATTC-30 194 NM_003866

Antisense 50-TGTCTCTTC-TAGCGTCAGC-30

MMP9 Sense 50-ACGCAGACATCGTCATCCAGT-30 146 NM_004994.2

Antisense 50-GGACCACAACTCGTCATCGTC-30

VEGF-A Sense 50-GTGCATTGGAGCCTTGCCTTG-30 190 NM_001204384

Antisense 50-ACTCGATCTCATCAGGGTACTC-30

VEGF-C Sense 50-AGTGTCAGGCAGCGAACAAGA-30 78 NM_005429

Antisense 50-CTTCCTGAGCCAGGCATCTG-30

IL8 (CXCL8) Sense 50-GAACCATCTCACTGTGTGTAAACATG-30 86 NM_000584.3

Antisense 50-TTCACACAGAGCTGCAGAAATCA-30

CXCR2 Sense 50-CTCAAGACCTCCTGCCTAAG-30 101 NM_001557.3

Antisense 50-ACACTGAGACCAAGAAGAACC-30
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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 carci-

noma 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 angio-

genesis (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

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 (hematopoi-

etic stem cell marker) and CD34 (endothelial cell marker)
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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 pre-

conditioning significantly increased the homing abil-

ity of MSCs into injured area through increasing the

expression of PI3K/AKT, HIF-1a and CXCR4 (Pey-

vandi 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 overex-

pression 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

Fig. 2 mRNA expression analysis of signaling molecules

involved in cellular migration, using quantitative Real-time RT-

PCR. The expression of MAPK4, INPP4B, VEGF-A, VEGF-C
IL-8 and CXCR2, genes was significantly enhanced after pre-

treatment 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 ofMMP9 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
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increase the in vitro migration of the cells (Al-

Sowayan 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 Hematopoi-

etic 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 inVEGF 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 expres-

sion 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.

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 produc-

tions 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 ofMMP9 in two

different glioma cell lines (Chen et al. 2012). Simi-

larly, in another study, it was observed that the high

expression levels ofMMP-9 andCD44 genes in limbal

epithelial stem/progenitor cells (LESPCs) in the VPA

pre-treating. Also, the expression of MMP2 was

Table 3 Differences in mRNA expression level in various Ad-MSCs pretreatments

Gene name Gene

symbol

VPA

Mean fold change

(± SD)

CoCl2
Mean fold change

(± SD)

DFX

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)

Vascular endothelial growth factor C VEGF-C 1.5 (± 0.8) 2.7 (± 1.1) 4.3 (± 1.5)

Chemokine (C-X-C motif) ligand 8 CXCL8

(IL8)

0.25 (± 0.13) 3 (± 1.1) 24.3 (± 11.1)

Chemokine (C-X-C motif) receptor 2 CXCR2 1.2 (± 0.2) 1.8 (± 0.3) 10.6 (± 2.6)
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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 investi-

gated so far. Thus, this is the first report here that the

gene expression level of INPP4B increases

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

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
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the CoCl2 treatment only increased VEGF-A and

VEGF-C gene expressions and VPA treatment

indicated no significant changes in mRNA expres-

sion 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 sys-

temic 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.

Fig. 4 Wound-healing capacity analysis based on wound-

healing 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 com-

pared to the untreated control and VPA pre-treatment

123

Cell Tissue Bank



Compliance with ethical standards

Conflict of interest All the authors declare that they have no

competing interests.

Ethical approval The institutional review board of Iranian

Academic Center for Education, Culture and Research

(ACECR) approved the study protocol (IRB No. IR.A-

CECR.JDM.REC.1396.7). Informed consent was confirmed by

the IRB. There are no animal experiments carried out for this

article.

References

Al-Sowayan B, Keogh RJ, Abumaree M, Georgiou HM,

Kalionis B (2019) Valproic acid stimulates in vitro

migration of the placenta-derived mesenchymal stem/

stromal cell line CMSC29. Stem Cell Investig 6:3

Bancroft CC, Chen Z, Dong G, Sunwoo JB, Yeh N, Park C, Van

Waes C (2001) Coexpression of proangiogenic factors IL-8

and VEGF by human head and neck squamous cell carci-

noma involves coactivation by MEK-MAPK and IKK-NF-

jB signal pathways. Clin Cancer Res 7:435–442

Campbell M, Trimble ER (2005) Modification of PI3K-and

MAPK-dependent chemotaxis in aortic vascular smooth

muscle cells by protein kinase CbII. Circ Res 96:197–206
Chen Y, Tsai Y-H, Tseng S-H (2012) Valproic acid affected the

survival and invasiveness of human glioma cells through

diverse mechanisms. J Neurooncol 109:23–33

Chen L, Cui X, Wu Z, Jia L, Yu Y, Zhou Q et al (2014)

Transplantation of bone marrow mesenchymal stem cells

pretreated with valproic acid in rats with an acute spinal

cord injury. Biosci Trends 8:111–119

Deezagi A, Shomali S (2018) Prostaglandin F-2a stimulates the

secretion of vascular endothelial growth factor and induces

cell proliferation and migration of adipose tissue derived

mesenchymal stem cells. Cell J 20:259–266

Fu X, Liu G, Halim A, Ju Y, Luo Q, Song G (2019) Mes-

enchymal stem cell migration and tissue repair. Cells 8:784

Gasser JA, Inuzuka H, Lau AW,Wei W, Beroukhim R, Toker A

(2014) SGK3 mediates INPP4B-dependent PI3K signaling

in breast cancer. Mol Cell 56:595–607

Gimble JM, Katz AJ, Bunnell BA (2007) Adipose-derived stem

cells for regenerative medicine. Circ Res 100:1249–1260

Guo M, Song L-P, Jiang Y, Liu W, Yu Y, Chen G-Q (2006)

Hypoxia-mimetic agents desferrioxamine and cobalt

chloride induce leukemic cell apoptosis through different

hypoxia-inducible factor-1a independent mechanisms.

Apoptosis 11:67–77

Hashemzadeh MR, Seyedi Z, Rafiei S, Hassanzadeh-Moghad-

dam M, Edalatmanesh MA (2017) Chemokine receptor’s

expression in human adipose derived mesenchymal stem

cells primed with valproic acid. Comp Clin Path

26:115–120

Heirani-Tabasi A, Toosi S, Mirahmadi M, Mishan MA, Bid-

khori HR, Bahrami AR et al (2017) Chemokine receptors

expression in MSCs: comparative analysis in different

sources and passages. Tissue Eng Regen Med 14:605–615

Heirani-Tabasi A, Naderi-Meshkin H, Matin MM, Mirahmadi

M, Shahriyari M, Ahmadiankia N et al (2018) Augmented

migration of mesenchymal stem cells correlates with the

subsidiary CXCR4 variant. Cell Adh Migr 12:118–126

Hu C, Zhao L, Li L (2019) Current understanding of adipose-

derived mesenchymal stem cell-based therapies in liver

diseases. Stem Cell Res Ther 10:199

Hung S-C, Pochampally RR, Hsu S-C, Sanchez C, Chen S-C,

Spees J, Prockop DJ (2007) Short-term exposure of mul-

tipotent stromal cells to low oxygen increases their

expression of CX3CR1 and CXCR4 and their engraftment

in vivo. PloS ONE 2:e416

Jeong H-J, Chung H-S, Lee B-R, Kim S-J, Yoo S-J, Hong S-H,

KimH-M (2003) Expression of proinflammatory cytokines

via HIF-1a and NF-jB activation on desferrioxamine-

stimulated HMC-1 cells. Biochem Biophys Res Commun

306:805–811

Kuhbier JW, Weyand B, Radtke C, Vogt PM, Kasper C,

Reimers K (2010) Isolation, characterization, differentia-

tion, and application of adipose-derived stem cells. Adv

Biochem Eng Biotechnol 123:55–105

Lee H-J, Lee J, Lee S-K, Lee S-K, Kim E-C (2007) Differential

regulation of iron chelator-induced IL-8 synthesis viaMAP

kinase and NF-jB in immortalized and malignant oral

keratinocytes. BMC Cancer 7:176

Li A, Dubey S, Varney ML, Dave BJ, Singh RK (2003) IL-8

directly enhanced endothelial cell survival, proliferation,

and matrix metalloproteinases production and regulated

angiogenesis. J Immunol 170:3369–3376

Liu H, XueW, Ge G, Luo X, Li Y, Xiang H et al (2010) Hypoxic

preconditioning advances CXCR4 and CXCR7 expression

by activating HIF-1a in MSCs. Biochem Biophys Res

Commun 401:509–515

Liu GS, Peshavariya HM, Higuchi M, Chan EC, Dusting GJ,

Jiang F (2016) Pharmacological priming of adipose-

derived stem cells for paracrine VEGF production with

deferoxamine. J Tissue Eng Regen Med 10:E167–E176

Liu L, Chen J-X, Zhang X-W, Sun Q, Yang L, Liu A et al (2018)

Chemokine receptor 7 overexpression promotes mes-

enchymal stem cell migration and proliferation via

secreting Chemokine ligand 12. Sci Rep 8:204

LockeM,Windsor J, Dunbar PR (2009) Human adipose-derived

stem cells: isolation, characterization and applications in

surgery. ANZ J Surg 79:235–244

Masoud Y, Ramin S, Mahboobeh R, Mehrnoosh M, Fahimeh J,

Parastoo K (2019) Effect of lithium and valproate on pro-

liferation and migration of limbal epithelial stem/progen-

itor cells. Curr Eye Res 44:154–161

Mirahmadi M, Rezanejadbardaji H, Irfan-Maqsood M, Mokh-

tari MJ, Naderi-Meshkin H (2016a) Stem cell therapy for

neurodegenerative diseases: strategies for regeneration

against degeneration. Cell Ther Regen Med J 1:3

Mirahmadi M, Ahmadiankia N, Naderi-Meshkin H, Heirani-

Tabasi A, Bidkhori HR, Afsharian P, Bahrami AR (2016b)

Hypoxia and laser enhance expression of SDF-1 in muscles

cells. Cell Mol Biol 62:31–37

Mishan MA, Heirani-Tabasi A, Mokhberian N, Hassanzade M,

Moghaddam HK, Bahrami AR, Ahmadiankia N (2015)

Analysis of chemokine receptor gene expression in eso-

phageal cancer cells compared with breast cancer with

insights into metastasis. Iran J Public Health 44:1353–1358

123

Cell Tissue Bank



Mishan MA, Ahmadiankia N, Bahrami AR (2016) CXCR4 and

CCR7: Two eligible targets in targeted cancer therapy. Cell

Biol Int 40:955–967

Naderi-Meshkin H, Bahrami AR, Bidkhori HR, Mirahmadi M,

Ahmadiankia N (2015) Strategies to improve homing of

mesenchymal stem cells for greater efficacy in stem cell

therapy. Cell Biol Int 39:23–34

Naderi-Meshkin H, Matin MM, Heirani-Tabasi A, Mirahmadi

M, Irfan-Maqsood M, Edalatmanesh MA et al (2016)

Injectable hydrogel delivery plus preconditioning of mes-

enchymal stem cells: exploitation of SDF-1/CXCR4 axis

toward enhancing the efficacy of stem cells’ homing. Cell

Biol Int 40:730–741

Onda K, Yoshida H, Hayakari R, Xing F, Wang L, Matsumiya T

et al (2016) Desferrioxamine, an iron chelator, induces

CXCL8 expression in U373MG human astrocytoma cells.

Hirosaki Med J 66:127–134

Oses C, Olivares B, Ezquer M, Acosta C, Bosch P, Donoso M

et al (2017) Preconditioning of adipose tissue-derived

mesenchymal stem cells with deferoxamine increases the

production of pro-angiogenic, neuroprotective and anti-

inflammatory factors: potential application in the treatment

of diabetic neuropathy. PLoS One 12:e0178011

Peyvandi A, Abbaszadeh HA, Roozbahany NA, Pourbakht A,

Khoshsirat S, Niri HH, Peyvandi H, Niknazar S (2018)

Deferoxamine promotes mesenchymal stem cell homing in

noise-induced injured cochlea through PI 3K/AKT path-

way. Cell Prolif 51:e12434

Sharma M, Afrin F, Tripathi R, Gangenahalli G (2013) Regu-

lated expression of CXCR4 constitutive active mutants

revealed the up-modulated chemotaxis and up-regulation

of genes crucial for CXCR4 mediated homing and

engraftment of hematopoietic stem/progenitor cells. J Stem

Cells Regen Med 9:19–27

Sinn D-I, Kim S-J, Chu K, Jung K-H, Lee S-T, Song E-C et al

(2007) Valproic acid-mediated neuroprotection in intrac-

erebral hemorrhage via histone deacetylase inhibition and

transcriptional activation. Neurobiol Dis 26:464–472

Smith AN, Willis E, Chan VT, Muffley LA, Isik FF, Gibran NS,

Hocking AM (2010) Mesenchymal stem cells induce der-

mal fibroblast responses to injury. Exp Cell Res 316:48–54

Spaeth E, Klopp A, Dembinski J, Andreeff M, Marini F (2008)

Inflammation and tumor microenvironments: defining the

migratory itinerary of mesenchymal stem cells. Gene Ther

15:730–738

Tang H, Sun Y, Shi Z, Huang H, Fang Z, Chen J et al (2013)

YKL-40 induces IL-8 expression from bronchial epithe-

lium via MAPK (JNK and ERK) and NF-jB pathways,

causing bronchial smooth muscle proliferation and

migration. J Immunol 190:438–446

Timoshenko A, Rastogi S, Lala P (2007) Migration-promoting

role of VEGF-C and VEGF-C binding receptors in human

breast cancer cells. Br J Cancer 97:1090–1098

Toosi S, Naderi-Meshkin H, Kalalinia F, Pievandi MT, Hos-

seinkhani H, Bahrami AR et al (2017) Long bone mes-

enchymal stem cells (Lb-MSCs): clinically reliable cells

for osteo-diseases. Cell Tissue Bank 18:489–500

Tsai L-K, Leng Y, Wang Z, Leeds P, Chuang D-M (2010) The

mood stabilizers valproic acid and lithium enhance mes-

enchymal stem cell migration via distinct mechanisms.

Neuropsychopharmacology 35:2225–2237

Vindis C, Cerretti DP, Daniel TO, Huynh-Do U (2003) EphB1

recruits c-Src and p52Shc to activate MAPK/ERK and

promote chemotaxis. J Cell Biol 162:661–671

Wahl EA, Schenck TL, Machens H-G, Balmayor ER (2016)

VEGF released by deferoxamine preconditioned mes-

enchymal stem cells seeded on collagen-GAG substrates

enhances neovascularization. Sci Rep 6:36879

Wang J, Tsirka SE (2005) Neuroprotection by inhibition of

matrix metalloproteinases in a mouse model of intracere-

bral haemorrhage. Brain 128:1622–1633

Wang J, Wang Y, Wang S, Cai J, Shi J, Sui X et al (2015) Bone

marrow-derived mesenchymal stem cell-secreted IL-8

promotes the angiogenesis and growth of colorectal cancer.

Oncotarget 6:42825–42837

Waugh DJ, Wilson C (2008) The interleukin-8 pathway in

cancer. Clin Cancer Res 14:6735–6741

Woo KJ, Lee T-J, Park J-W, Kwon TK (2006) Desferrioxamine,

an iron chelator, enhances HIF-1a accumulation via

cyclooxygenase-2 signaling pathway. Biochem Biophys

Res Commun 343:8–14

Yagi H, Soto-Gutierrez A, Parekkadan B, Kitagawa Y, Tomp-

kins RG, Kobayashi N, Yarmush ML (2010) Mesenchymal

stem cells: mechanisms of immunomodulation and hom-

ing. Cell Transpl 19:667–679

Yamanegi K, Yamane J, Kobayashi K, Kato-Kogoe N, Ohyama

H, Nakasho K et al (2012) Valproic acid cooperates with

hydralazine to augment the susceptibility of human

osteosarcoma cells to Fas-and NK cell-mediated cell death.

Int J Oncol 41:83–91

Yoo HI, Moon YH, Kim MS (2016) Effects of CoCl2 on multi-

lineage differentiation of C3H/10T1/2 mesenchymal stem

cells. Korean J Physiol Pharmacol 20:53–62

Zgouras D, Becker U, Loitsch S, Stein J (2004) Modulation of

angiogenesis-related protein synthesis by valproic acid.

Biochem Biophys Res Commun 316:693–697

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

Cell Tissue Bank


	Comparison the effects of hypoxia-mimicking agents on migration-related signaling pathways in mesenchymal stem cells
	Abstract
	Introduction
	Materials and methods
	Cell culture and characterization
	Pre-treatment of Ad-MSCs
	Real-time RT-PCR
	Wound-healing assay
	Statistical analysis

	Results
	Characterization of the cultured Ad-MSCs
	mRNA expression analysis
	Pre-treated Ad-MSCs promotes wound-healing in vitro after 8 h


	Discussion
	Conclusions
	References




