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Abstract
Objectives: Stem cell therapy is considered to be a suitable alternative in treatment of 
a number of diseases. However, there are challenges in their clinical application in cell 
therapy, such as to reduce survival and loss of transplanted stem cells. It seems that 
chemical and pharmacological preconditioning enhances their therapeutic efficacy. In 
this study, we investigated effects of all-trans retinoic acid (ATRA) on survival, angio-
genesis and migration of mesenchymal stem cells (MSCs) in vitro and in a wound-
healing model.
Materials and methods: MSCs were treated with a variety of concentrations of ATRA, 
and mRNA expression of cyclo-oxygenase-2 (COX-2), hypoxia-inducible factor-1 
(HIF-1), C-X-C chemokine receptor type 4 (CXCR4), C-C chemokine receptor type 2 
(CCR2), vascular endothelial growth factor (VEGF), angiopoietin-2 (Ang-2) and Ang-4 
were examined by qRT-PCR. Prostaglandin E2 (PGE2) levels were measured using an 
ELISA kit and MSC angiogenic potential was evaluated using three-dimensional tube 
formation assay. Finally, benefit of ATRA-treated MSCs in wound healing was deter-
mined with a rat excisional wound model.
Results: In ATRA-treated MSCs, expressions of COX-2, HIF-1, CXCR4, CCR2, VEGF, 
Ang-2 and Ang-4 increased compared to control groups. Overexpression of the re-
lated genes was reversed by celecoxib, a selective COX-2 inhibitor. Tube formation 
and in vivo wound healing of ATRA-treated MSCs were also significantly enhanced 
compared to untreated MSCs.
Conclusion: Pre-conditioning of MSCs with ATRA increased efficacy of cell therapy by 
activation of survival signalling pathways, trophic factors and release of pro-angiogenic 
molecules.
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O R I G I N A L  A R T I C L E

All-trans retinoic acid preconditioning enhances proliferation, 
angiogenesis and migration of mesenchymal stem cell in vitro 
and enhances wound repair in vivo
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F. Karimi dermani1 | R. Najafi1,4

1  | INTRODUCTION

Stem cells are unspecialized self-renewing cells with multilineage po-
tential to differentiate into any mature specialized cell types.1,2 Now, 
great attentions have directed towards MSCs, which are not any con-
cern about teratoma formation and ethical consideration. MSCs are 
promising candidates for stem cell-based therapies because they can 
be isolated from several tissues, such as bone marrow, adipose tissue 

and umbilical cord, and can be expanded in vitro.3 However, there are 
still critical obstacles to their utility including death of transplanted 
stem cells, and reducing stem cell migration or homing to the dam-
aged tissue due to inflammatory responses, reactive oxygen species 
(ROS), apoptotic cascade activation, poor vascular supply, insufficient 
of trophic factors and loss of survival factor in injured area. Therefore, 
optimization of culture conditions can improve the efficiency of stem 
cell-based therapy.4,5
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Scientists showed that hypoxia influences stem cell biology. In lower 
oxygen tension, migration of MSCs significantly increases compared with 
normoxia. Hypoxia increases VEGF expression, activates Akt signalling 
pathway and enhances the expression of various chemokine receptors 
such as CXCR4. These effects of hypoxia are mediated by HIF-1.6

HIF-1 is a heterodimeric transcription factor that consists of an 
oxygen-regulated alpha subunit and a constitutively expressed beta 
subunit which changes the expression of several genes in response 
to alteration in oxygen tension.7 In cells replete with oxygen, prolyl 
hydroxylases are active and HIF-1α is hydroxylated at proline residues, 
which is degraded via the von Hippel–Lindau-proteasome pathway. In 
hypoxia, the prolyl hydroxylation is blocked and the stabilized alpha 
subunit translocated to the nucleus, where it dimerizes with the β 
subunit, and this complex binds to hypoxia-responsive elements (HRE) 
within the promoter of hypoxia-inducible genes.8,9 Angiopoietin, 
VEGF, CXCR4 and matrix metalloproteinase (MMPs) are examples of 
HIF-1 target genes, which have important roles in stem cell viability, 
proliferation and migration.10,11

Several studies have shown that some of gene products can mimic 
the cytoprotective effects of hypoxia. These products include stromal-
derived factor-1 (SDF-1), heat shock proteins (HSPs), erythropoietin 
(EPO) and inflammatory intermediates, in particular PGE2, which stim-
ulates the overexpression of HIF-1 and other signalling pathway such 
as extracellular signal-regulated kinase (ERK).12,13

PGE2 is produced by the enzymatic action of cyclooxygenase 
(COX). It is synthesized from arachidonic acid and can modulate the 
expression of HIF-1. COX-2 is an inducible enzyme which is overex-
pressed in an inflammatory condition.14

ATRA is one of the most important retinoic acid isomers.15 ATRA 
plays critical roles in cell growth, apoptosis, reproduction, cell differ-
entiation and immune function through binding to its nuclear re-
ceptors.16 The biological effects of retinoids are largely mediated by 
retinoic acid receptors (RARs), which are members of the steroid/
thyroid-hormone/vitamin-D receptor family. RARs include RAR alpha, 
RAR beta and RAR gamma; they all act as transcription factors by 
binding to specific retinoic acid-responsive elements (RAREs) in their 
promoter and activate transcription of target genes.17

Fernández-Martínez et al. found that ATRA induces HIF-1α ex-
pression and VEGF-A production in HK2 cells (human renal proximal 
tubular cells). They have also shown that ATRA increases the expres-
sion of COX-2 and the COX-dependent production of PGE2 in other 
cell types.18

Therefore, in this study, we evaluated the protective effects of 
ATRA on MSC survival and other parameters involved in angiogenesis 
and migration. In addition, we investigated the efficiency of ATRA-
treated MSCs in in vivo wound-healing model.

2  | METHODS

2.1 | Experimental animals and Rat MSC isolation

Two adult male Wistar rats weighing 180–200 g were obtained from 
the animal facility of the Hamedan University of Medical Sciences of 

Iran. All rats were kept in standard conditions of humidity of 45–55% 
with a 12-hours light/dark cycle at 20–22°C. They were fed with 
chow and water.

Rats were killed by intraperitoneal injections of ketamine/xyla-
zine, and then their bone marrows were extracted by flushing the 
femur and tibia with DMEM medium (Gibco, Invitrogen) supple-
mented 15% foetal bovine serum (FBS; Gibco, Invitrogen). The cells 
were isolated by centrifugation at 1500 rpm for 7 min and resus-
pended in complete medium and then incubated at 37°C. When 
the cell confluence reached to 80–90%, cells were washed twice 
with PBS and MSCs were detached by trypsin/EDTA. All experi-
ments were performed with the cells of passage number 2–6. This 
study was approved by Ethical Committee of Hamedan University of 
Medical Sciences based on National Institutes of Health Principles 
of Laboratory Animal Care (NIH publication no. 85-23, revised 
1985).

2.2 | Characterization of MSCs

Surface markers of MSCs were analysed using flow cytometry. After 
the fourth passage, cultured MSCs were washed with PBS to remove 
the detached cells. About 200,000 cells were incubated in saturated 
concentration of PE- and FITC-conjugated monoclonal rat antibodies 
against CD34, CD44, CD45, CD73 and CD90 for 40 min at 4°C. Cells 
were probed with secondary antibody for 15 min. Finally, results were 
analysed using FACS calibre cytometer (Becton Dickinson, San Diego, 
CA, USA) and CellQuest software.

2.3 | Cell viability assay

To assay cell viability, the colorimetric MTT assay was used. 
Cells were seeded in 96-well plates at a density of 5000 cells 
per well and then MSCs were treated with various concentra-
tions of ATRA (0, 0.1, 0.5, 1, 10, 100 and 500 μmol/L). After in-
cubation for 12, 24 and 48 hours, 3-(4, 5-Dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (Sigma Aldrich, St Louis, MO, USA) 
was added and incubated for 4 hours at 37°C. The medium was 
discarded, and then 100 μL DMSO (Sigma-Aldrich) was added. The 
optical density of solubilized formazan was measured at 570 nm 
using an automatic microplate reader.

2.4 | Real-time PCR

Total RNA from cell was extracted by the RNX Plus solution (Sinaclone, 
Tehran, Iran). Subsequently, 2 μg total RNA was used for cDNA syn-
thesis in a final volume of 20 μL according to the manufacturer’s in-
structions (Thermo Scientific Waltham, MA, USA). The volume of the 
PCR reaction mixture consisted of 1 μL cDNA, 7 μL H2O, 10 μL SYBR 
Premix Ex Taq 2 Kits (Takara, Seoul, Korea) and 1 μL of each prim-
ers. cDNA was amplified for 40 cycles: 95°C for 15 seconds, annealing 
for 30 seconds, and 72°C for 30 seconds. mRNA expression level was 
normalized to 18srRNA. Relative expression was reported by 2−ΔΔCT 
method analysis. Specific primers of genes are listed in Table 1.
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2.5 | PGE2 measurement

After treatment of MSCs, supernatants were collected. The PGE2 re-
leased into the cell culture medium was measured by PGE2 ELISA kit 
using PGE2 standard curve, according to the manufacturer’s instruc-
tions (Cayman Chemical).

2.6 | Three-dimensional vessel formation

HUVECs were cultured on dextran-coated Cytodex 3 Micro carrier 
bead. Mixed suspension was shaken every 20 minutes in humid 37°C 
incubator for 3–4 hours and then transferred into 6-well plates and 
incubated in 37°C for 18–20 hours. After this time, beads were resus-
pended in ice-cold collagen and 10X DMEM. This mixture was added 
in 96-well tissue culture plate and allowed to solidify for 10 min at 
room temperature. Then, DMEM media and different concentrations 
of ATRA (0, 0.1, 1, 10, 100 μmol/L) were added to each well. Cells 
were monitored after 48 hours. Sprouts formation was measured 
using NIH Image J software and presented as a percentage.19

2.7 | Wound-healing model

Eighteen adult male Wistar rats were anesthetized by intraperitoneal 
injection of xylazine and ketamine.20 After shaving the dorsal surfaces 
of rats, one wound (8 mm in diameter) was created on the midline of 
the rat’s neck. Rats were randomly divided into three groups, which 
were treated with 100 μL PBS, 1×106 MSCs in 100 μL PBS alone and 
1×106 ATRA-treated MSCs in 100 μL PBS around the wounds at four 
injection sites. Four wounds per treatment were evaluated by histo-
pathological examination.21,22 Analysis of reduction in wound size was 
calculated as follows: (Area of initial wound − Area of wound on day 
X)/Area of initial wound×100, X=0, 6, 9 and 14.

2.8 | Histology

For histological examination, skin specimens from wound area were 
fixed in 10% formalin and embedded in paraffin, and the 3 μm sections 
of the sample were obtained. Sections were stained with haematoxy-
lin and eosin (H&E) to evaluate angiogenesis and re-epithelialization. 
Masson’s trichrome was used for collagen staining.

2.9 | Statistical analysis

The statistical significance of the mean differences between groups 
was analysed by one-way ANOVA and Tukey’s post hoc tests. 
Statistically significant differences were assumed at P<.05. The results 
are reported as mean±standard error of the mean (SEM).

3  | RESULT

3.1 | MSC characterization

Cell surface characterization of MSCs using flowcytometry revealed 
that MSCs expressed CD44, CD73 and CD90 and were negative for 
expressions of CD34 and CD45 (Figure 1).

3.2 | ATRA increased MSC viability

MSC viability present in different concentrations of ATRA was tested 
by MTT assay. As shown in Figure 2, ATRA significantly enhanced 
proliferation of MSCs at 24 and 48 hours. The MSC viability was sig-
nificantly higher in all treated MSCs excepted 0.1 μmol/L ATRA for 
24 and 48 hours compared with the control. Moreover, during the 
12 hours, no significant differences were observed (data not shown).

3.3 | ATRA elevated thePGE2 levels:

MSCs were treated with several doses (1, 10, 100 μmol/L) of ATRA 
to evaluate the effect of ATRA on PGE2 levels. As shown in Figure 3, 
compared with control group, pre-treatment with ATRA significantly 
increased the PGE2 levels in a dose-depended manner in MSCs.

3.4 | ATRA increased the expression of genes 
involved in MSC survival, migration and angiogenesis

Quantitative real-time PCR was performed on ATRA-treated and 
untreated MSCs, and results showed that ATRA markedly enhanced 
the mRNA levels of COX-2, HIF-1, CXCR4, CCR2, VEGF, Ang-2 and 
Ang-4 compared with untreated MSCs. However, the overexpression 
of these genes was downregulated by pretreating cells with celecoxib 
(50 μmol/L) (Figure 4).

TABLE  1 Primer sequences for qRT-PCR

GENE Sense strand Antisense strand Accession number

COX2 TGCTGTTCCAACCCATGTCA TCTTGTCAGAAACTCAGGCGT NM_017232

HIF1α CCATTCCTCATCCATCAA CCATCAACTCAGTAATCCT NM_024359

CXCR4 CATGGAAATATACACTTCGGA TGCCCACTATGCCAGTCAAG NM_022205

CCR2 TGTTACCTCAGTTCATCCA GTTCACCATCATCATAGTCAT NM_021866

VEGF GTGTGTGTGTGTATGAAATCTGTG GCAGAGCTGAGTGTTAGCAA NM_001287107

Angp2 CAGTTCGTTGTTCCGTCTTGTG CCGTATAGTAATAGTGTCCAGCCATT NM_134454

Angp4 TCCATCCAGTATGAGAAC GCAGTTATCATTGTCCAT NM_001106526

18srRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG NR_046237

info:ddbj-embl-genbank/NM_017232
info:ddbj-embl-genbank/NM_024359
info:ddbj-embl-genbank/NM_022205
info:ddbj-embl-genbank/NM_021866
info:ddbj-embl-genbank/NM_001287107
info:ddbj-embl-genbank/NM_134454
info:ddbj-embl-genbank/NM_001106526
info:ddbj-embl-genbank/NR_046237


4 of 11  |     POURJAFAR et al.

3.5 | ATRA promoted the vascular sprout  
formation

By the use of three-dimensional model of angiogenesis, we evaluated 
the effects of ATRA on vessel formation. ATRA at 1 μmol/L had sig-
nificantly higher levels of endothelial cell sprouts formation compared 
with the untreated group. In contrast, ATRA at lower and higher con-
centrations had no stimulatory effect on vessel formation, and results 
were similar to the control group (Figure 5).

3.6 | ATRA-treated MSCs enhanced wound healing 
in rats

Rats that received ATRA-treated MSCs showed acceleration wound clo-
sure than control and untreated group at days 6, 9 and 14. Wound closure 
rates in groups injected with MSCs and ATRA-treated MSCs were mark-
edly higher than in those injected with PBS after 6 days. Moreover, at days 
9 and 14, wound closure rate in rats injected with ATRA-treated MSCs was 
remarkably higher compared with the other two groups (P<.01) (Figure 6).

F IGURE  1 Characterization of MSC using flow cytometry. A, MSCs were positive for CD73, CD44 and CD90, while they were negative 
for CD34 and CD45 (hematopoietic markers). B, MSCs after fourth passage in 90% confluency. Cells showed fibroblast like morphology (long 
and thin) under phase contrast microscope

(A)

(B)
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3.7 | ATRA enhanced angiogenesis in wounds

Mean of vascular structure per high-power field (x400) in micro-
scopic evaluation is significantly higher in groups injected with un-
treated MSCs and ATRA-treated MSCs compared with those injected 
with PBS. Angiogenesis significantly increased in the group received 
ATRA-treated MSCs compared with untreated MSCs (P<.05) and con-
trol group (P<.01) on 9 days. Angiogenesis enhanced over the first 
6 days and reached its maximum level after 9 days (Figure 7). It then 
decreased by day 14 in all groups (data not shown).

3.8 | ATRA promoted wound collagenization and 
epithelialization

It was shown that the groups which were injected with untreated 
MSCs and ATRA-treated MSCs had significantly higher levels of 
collagenization and epithelialization compared with those injected 
with PBS. Collagenization was quantified using customized Image J 

software. According to the presence of closely packed and thick col-
lagen bundles in Masson staining, percent of collagenization is signifi-
cantly higher in ATRA-treated MSCs compared with others. Increased 
collagen levels of ATRA-treated MSC groups reached to maximum 
levels by 9 days compared with control groups (P<.001). Collagen 
levels were significantly higher in groups injected with ATRA-
treated MSCs compared with those injected with untreated MSCs 
after 6 (P<.05) and 9 days (P<.01). They did not have any significant 
alteration after 14 days in all groups (Figures 8A,B).

Epithelialization of wounded area also was enhanced in all groups 
according to stratification and cell layer of squamous epithelium over 
the 14-day experimentation. Wound injected with ATRA-treated MSCs 
had higher levels of epithelialization compared with control wounds 
(P<.01) and untreated MSCs (P<.05) after 9 days (Figure 8C,D).

4  | DISCUSSION

Over the last decade, stem cell-based therapy has emerged as an 
appealing approach for promoting therapy for various diseases and 
therapeutic potential of adult stem cells is the main focus of scientific 
research. Nonetheless, the current stem cell-based therapies have not 
yet reached to many synthetic drug delivery system achievements.1,23 
Hence, pre-treatment strategies for promotion function of stem cell 
before transplantation can increase the efficacy of the treatment and 
personalized medicine.12

The main objectives of this study were to inquire the effects of 
ATRA on the number of molecular mechanisms associated with survival, 
angiogenesis and migration of MSCs and improve the performance of 
MSCs in vitro. For this purpose, the MSCs were treated with different 
concentrations of ATRA, and then to confirm ATRA-induced COX2, the 
expression of COX2 and the level of its product, PGE2, were evaluated. 
ATRA-treated MSCs showed a significant increase in COX-2 expres-
sion and PGE2 level. Several studies have shown the effects of ATRA 
on the COX2 and PGE2 levels, and they have confirmed the validity of 
our study.18,24 Alique et al. explained ATRA induces changes in the spi-
nal cord similar to those observed in inflammation. The sensitization-
like effect induced by administration of ATRA was mediated by RARs 
and related to the modulation of COX-2 and interleukin-1 activities.25 
Transcriptional mechanisms were involved in the COX-2 upregulation by 
ATRA. The transcriptional effects of ATRA are most commonly mediated 
through binding to nuclear receptors RARs, which normally act as ligand-
inducible transcription factors via binding to ATRA response elements 
known as RAREs.26 Several studies have reported that ATRA enhances 
ERK1/2 phosphorylation and ERK1/2 plays a key role in the upregula-
tion of COX-2 by ATRA.25,27–30 Alique et al. have observed a subpopu-
lation of classical RAR and RXR receptors localized at or near the cell 
membrane in rat mesangial cells (MC), which could be responsible for 
ATRA-induced COX-2 upregulation through ERK1/2 phosphorylation.31 
In contrast to these findings and our study, ATRA inhibited COX-2, PGE2 
and thromboxane A2 (TXA2) (the other product of COX-2) by the TGF β/
Smad-signalling pathway in rat MC.32 These differences could be related 
to diversity of ATRA concentrations and study conditions.

F IGURE  2 Effect of ATRA on MSCs proliferation. MSCs were 
treated with various concentrations of ATRA for 24 and 48 hours and 
their viability were examined by MTT assay. MTT results indicated 
that MSCs viability and proliferation increased by ATRA compared 
to the control group. Data are represented as the mean±SEM (n=8). 
*P<.05, **P<.01, ***P<.001, compared with control

F IGURE  3 Measurement of PGE2 levels in MSCs. The cells were 
treated with 0, 1, 10 and 100 μmol/L ATRA for 24 hours. PGE2 levels 
in the culture medium were measured by ELISA. ATRA significantly 
increased PGE2 levels. Data are reported as mean±SEM (n=3).  
*P<.05, **P<.01, ***P<.001 vs control cells
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Hypoxic preconditioning can trigger the therapeutic effects of 
MSCs and enhances survival, differentiation and homing to the injured 
tissue.12 In hypoxia, the key regulator of this condition is HIF-1 that 
changes its downstream genes expression.33 Our results revealed that 
in addition to COX2 induction, expression of HIF-1α was significantly 

higher in ATRA-treated MSCs compared with non-treated MSCs, 
whereas celecoxib reversed the HIF-1α expression. Along with this 
result, other studies have reported that ATRA upregulates HIF-1α in 
normoxia in HK-2 cells and increases HIF-1α mRNA half-life, but there 
is no alternation in HIF-1α protein under hypoxia. Also, ATRA-induced 

F IGURE  4 Effect of ATRA on expression of genes involved in MSCs survival, migration and angiogenesis. MSCs were treated with ATRA (0, 
1, 10 and 100 μmol/L) for 24 hours, and the expression of genes was measured by qRT-PCR. The expression of these genes was significantly 
increased compared to untreated control. These effects were inhibited by celecoxib. Data were normalized to levels of 18s rRNA. *P<.05, 
**P<.01 and ***P<.001 vs non-treated MSCs and #P<.001 vs 100 μmol/L ATRA-treated MSCs. Cyclooxygenase-2, COX-2; hypoxia-inducible 
factor-1, HIF-1; C-X-C chemokine receptor type 4, CXCR4; C-C chemokine receptor type 2, CCR2; Vascular endothelial growth factor, VEGF; 
Angiopoietin-2, Ang-2; and Angiopoietin-4, Ang-4
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F IGURE  5 Effect of ATRA on capillary 
formation potential of HUVECs. Capillary 
sprout formation of HUVECs in (A) medium 
with 2% FBS in the first day, (B) medium 
with 2% FBS, (C) 0.5 μmol/L (D) 1 μmol/L 
and (E) 10 μmol/L ATRA-treated HUVECs 
were analyzed by inverted microscopy 
after 48 hours. The alternation in sprout 
formation determined by NIH image J. Data 
reported as mean±SEM (n=3); *P<.05 vs 
control
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HIF-1α upregulation requires for induction of RARβ in renal tissue. 
ATRA exerts its effects on HIF-1α and VEGF-A production through 
COX2 activity and intracellular PGE2 in HK-2 cells. These results 

confirmed that PGE2 mediates the effects of ATRA on HIF-1α expres-
sion.18,34 However, one study showed that ATRA protects hypoxia-
induced injury via suppression of VEGF expression and inhibition of 

F IGURE  6 Effects of MSC on wound 
closure. A, Images of wounds injected 
with PBS, untreated MSCs and ATRA-
treated MSCs after 0, 6, 9 and 14 days. 
B, Representation of average wound 
closure rate in all groups using NIH ImageJ 
software. Data are reported as mean±SEM. 
(n=3; *P<.05, **P<.01 vs control, #P<.05 vs 
untreated MSCs)
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F IGURE  7 Effect of ATRA on wound 
vascularity. A, Representative images of 
histological sections of wounds in rat 
treated with PBS, untreated MSCs and 
ATRA-treated MSCs are shown after 
9 days. Arrows signify blood vessels. B, 
Comparison between angiogenic scores in 
groups after 9 days. Data are represented 
as mean±SEM. (n=3); *P<.05, **P<.01 vs 
control and #P<.05 vs untreated MSCs
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the NFκB pathway and HIF-1 as a key regulator for cellular responses 
to hypoxia.35

It appears that alpha subunit of HIF is not only regulated by the O2 
concentration but also is controlled by various other stimuli, such as cy-
tokines, nitric oxide, transition metals, growth factors and mechanical 
stresses.36 The COX-2 expression is known to catalyse the synthesis of 
prostaglandins, particularly the PGE2 that induces the HIF-1 expression 
and von Hippel–Lindau tumour suppressor (VHL) protein degradation. 

As a result, the sustained expression of VHL protein played an essen-
tial regulatory role in suppressing hypoxia-induced HIF-1a accumula-
tion.37 Jones et al. reported that non-steroidal anti-inflammatory drugs 
(NSAID) improved the VHL expression through COX-2 inhibition, which 
targeted HIF-1α for ubiquitination and decreased HIF-1 stabilization.38 
It has been shown that the nuclear localization of HIF-1α is repressed 
by COX-2 inhibitor and PGE2 effects on HIF-1α is controlled by MAP 
kinase signalling pathway in PC-3ML human prostate tumour cell. 

F IGURE  8 Effect of ATRA on 
collagenization and epithelialization. A, 
Masson’s trichrome staining was used for 
assessment of collagenization. Fibers of 
collagen are stained blue and arrows signify 
collagen fibers. Wounds injected with 
ATRA-treated MSCs and untreated MSCs 
had higher tissue collagenization compared 
to those injected with PBS at 6 and 9 days. 
Intensity of staining was compared with 
normal skin on day 0 was determined by 
NIH image J. B, Comparison between 
percent of collagen fibers in groups within 
14 days. C, Epithelialization was evaluated 
using H&E staining of wound sections. 
Arrows signify epithelium. Wounds 
injected with ATRA-treated MSCs had 
higher tissue epithelialization compared to 
untreated MSCs and PBS groups at 9 days. 
D, Comparison between the number of 
epithelium layers in groups. Data are 
represented as mean±SEM. (n=30) *P<.05, 
**P<.01, ***P<.001 vs control group and 
#P<.05, ##P<.01 vs untreated MSCs
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However, COX-2 inhibitors suppress prostate cancer growth and an-
giogenesis via regulation of HIF-1α and VEGF.14

In this study, we examined the effect of ATRA on CXCR4 and 
CCR2 expression. Stem cell therapy success depends on the migra-
tion of the transplanted cells. Chemokines are small polypeptides that 
coordinate stromal cells traffic throughout tissue microenvironments. 
Chemokines and growth factors illustrate chemotactic effects on bone 
marrow MSCs. Hence, it seems that chemokines and their receptors 
are important factors to control cell migration through phosphoryla-
tion of mitogen-activated protein kinase (MAPK) and focal adhesion 
kinase (FAK) pathways.39,40 It has been shown that PGE2-induced 
myeloid-derived suppressor cells relocated to ascites in ovarian cancer 
patients due to both CXCL12 and CXCR4.41 ATRA treatment enhances 
migration of MOLT-3 cell lines (T lymphoblast) via M-CXCR4/SDF-1 
axis and the PI3K/Akt pathway.42

However, celecoxib repressed CD133-positive cell migration 
through decrease of CCR2 expression levels of gastric cancer tissue in 
Helicobacter pylori-infected gastritis model.43

Moreover, our previous studies showed that HIF-1 directly in-
creased the expression of CXCR4 and CCR2 on the surface of the 
DFO-treated MSCs.44 In low oxygen concentration, CXCR4 expres-
sion increased in different cell types that lead to high chemotactic 
response to CXCL12.45 Thus, we think that increased expression of 
HIF-1 in cells treated with ATRA can indirectly increase the expression 
of CXCR4 and CCR2 in addition to increased expression of COX2.

Adequate new blood vessel formation is essential for stem cell sur-
vival, proliferation and wound healing. Our results showed that ATRA-
treated MSCs displayed a significant increase in VEGF, Ang-2, Ang-4 
gene expression and capillary tube formation of HUVECs, compared 
with non-treated MSCs. In order to investigate COX-2 mediated effect 
of ATRA on angiogenic genes, the expression levels of these genes 
were measured in presence of COX-2 inhibitor. Celecoxib treatment 
reversed the ATRA-mediated increases of genes expression. These 
findings reveal that COX-2 is an essential mediator in induction of an-
giogenic factors. These results are similar to our previous study indicat-
ing that endothelin-1-induced COX-2 can increase the VEGF, Ang-2 
and Ang-4 expression in MSCs.46

Along with this result, one research has also shown that ATRA 
has high stimulatory effects on endothelial cells vessel formation in 
vitro model in the presence of fibrin and inflammatory mediators.47 
This proangiogenic effect of ATRA was reported in low concentration. 
Angiogenic effect of ATRA also has been showed in the chicken cho-
rioallantoic membrane assay.48 ATRA enhances the expression of the 
VEGF gene in human retinal pigment epithelial cells.49 ATRA is also 
demonstrated to induce angiogenesis through RAR mainly by induc-
tion of hepatocyte growth factor and angiopoietin-2 generation.50 
Conversely, Kini et al. have reported that ATRA suppresses VEGF pro-
duction and angiogenesis and decreases microvessel density in bone 
marrow of acute promyelocytic leukaemia patients.51 The difference 
in results may be due to the kind of cell and concentration of ATRA 
in these examinations. Under hypoxic condition, HIF-1 increases the 
mRNA and protein levels of VEGF, Ang-2 and Ang-4 in primary human 
endothelial cells.52 VEGF as a primary key regulator of cell proliferation, 

differentiation and migration is induced by hypoxia. Hypoxic-induced 
COX-2 increases the expression of VEGF and angiogenesis through 
p38 and JNK kinase activation pathways.53 Family of angiopoietins is 
another factor that is involved in angiogenesis. Angiopoietins bind to 
their tyrosine kinase Tie-2 receptors and active signalling pathways. 
In the presence of VEGF, Ang-2 enables to make existing vasculature 
more responsive to angiogenic stimuli. Moreover, Ang-4 has stimula-
tory effect on the endothelial cell migration and capillary formation.54

In this study, we used an excisional wound model in rat to confirm 
whether increased in vitro angiogenic potential of ATRA contributes to 
improve wound healing.

Wound healing is a complex chain of processes that contains inter-
action among a variety of different cells and biological factors involve 
in cell migration, proliferation, extracellular matrix (ECM) deposition 
and angiogenesis. Some studies showed that MSCs would promote 
wound healing.55 Also, pretreatment of cell with ATRA increases the 
wound healing in mice diabetic ulcers.56 Therefore, ATRA-treated 
MSCs seem to be more potent and benefit for wound healing. Since 
revascularization is one of the essential process for wound healing, we 
hypothesized that angiogenic factor studied in vitro resulting in angio-
genesis of wound site in rat surgical wound model. Results of histology 
showed that rats’ ulcers which were injected with ATRA-treated MSCs 
have more vessels in terms of size and number. In this regard, several 
immature blood vessels were developed and calibre of existing vessels 
increased. Based on other studies, it seems that VEGF is important for 
angiogenesis during granulation tissue formation from day 4 to 7.57

Our data showed that collagen, epithelialization and wound clo-
sure significantly were increased in ATRA-treated MSC group. Brem 
et al. (2009) demonstrated that VEGF is effective in accelerating 
wound closure rate by stimulating angiogenesis, epithelialization and 
collagenization.58 The results of Mehrabani et al. also showed that 
conditioned medium derived from DFO-treated cells due to higher 
angiogenic potential promotes epithelialization, collagenization and 
wound closure rate compared to CM derived from non-treated cells.21

In conclusion, our results suggest that ATRA may act as an import-
ant indicator in cultured MSCs by inducing multiple chemokine recep-
tors and angiogenic factors. Therefore, preconditioning of stem cells 
with ATRA before transplantation could enhance their therapeutic 
capacity.
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