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Abstract
Hypoxia is one of the factors that trigger the release of 
inflammatory and vasculogenic cytokines during tissue 
regeneration. Mesenchymal stem cells (MSC) with and 
without endothelial cells (EC) were cultured in vitro in 
normoxic and hypoxic environments. The mRNA expression 
of inflammatory and vasculogenic cytokines were evaluated 
at 1, 12, 24 and 48 hours. After 48 hours of incubation in 
normoxic and hypoxic conditions, supernatants termed as 
conditioned medium (CM) from each group were collected 
and analyzed. The protein level of VEGF-A in the CM was 
determined by ELISA. The effects of the CM from different 
groups on EC were evaluated using wound healing- and 
tube formation assays. The mRNA expression of IL-1β, 
IL-6 and IL-8 was up-regulated in both the normoxic and 
hypoxic co-culture (MSC/EC) group, compared with the 
mono-culture normoxic group. The VEGF-A protein level 
was higher in the hypoxic mono- and co-culture group. 
Wound closure was accelerated by CM from the mono- and 
co-culture hypoxic groups compared with both normoxic 
groups. Measurements of tube formation were higher in the 
hypoxic mono-culture group compared with the normoxic 
group. The conditioned medium obtained from hypoxia 
preconditioning of the cells accelerated wound healing and 
vessel formation in vitro.
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EC: human umbilical vein endothelial cells; MSC: primary 
human bone marrow derived multipotent stromal cells 
mesenchymal stem cells; ASC: adipose stem cells; 
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endothelial cell growth medium; FBS: fetal bovine serum; 
EGF: epidermal growth factor; FGF: fibroblast growth factor; 
VEGF: vascular endothelial growth factor; ELISA: enzyme 
linked immunosorbent assay; CM: conditioned medium;

IL: interleukin; ANG: angiopoietin; PDGF: platelet derived 
growth factor; CXCL: chemokine (C-X-C Motif) ligand; HIF: 
hypoxia inducible factor; KGF: keratinocyte growth factor; 
IGF: insulin growth factor; EPO: erythropoietin; TPO: 
thrombopoietin

Introduction
The ability of stem cells to self-renew and differentiate 

into mature cells of different lineages is regulated by 
both intrinsic programming and extrinsic input from 
the stem cell niche or microenvironment [1]. The poor 
post-implantation survival of transplanted cells limit 
therapeutic efficacy [2]. Several strategies have been 
postulated to overcome this challenge, which includes 
preconditioning of the cells by heat shock, oxidative 
stress and hypoxia [3]. The oxygen concentration in 
different tissues and organs varies from 2-9%, whereas 
bone marrow niches have a lower oxygen concentration 
at about 1% [4]. This suggests that bone marrow stem 
cells could favor a hypoxic microenvironment. Several 
studies have shown that hypoxia induces release of 
chemokines, cytokines and growth factors involved in 
cell proliferation, differentiation, migration, apoptosis 
and angiogenesis [5,6]. However, the effect of short- 
and long-term hypoxic environments on survival, 
proliferation and differentiation of mesenchymal stem 
cells (MSC) is still controversial [7]. It has been shown 
that by changing the culture conditions, MSC can 
be directed towards the endothelial cell lineage [8,9]. 
Also, the paracrine effect of implanted MSC promotes 
vascularization by in growth of host microvasculature 
into tissue-engineered constructs [10].
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Different strategies have been suggested to improve 
vascularization in tissue engineering, which include 
both pre-vascularized and pre-conditioned constructs. 
Endothelial cells (EC) have been co-cultured with different 
cell types, including MSC, adipose stem cells (ASC) and 
osteoblasts, all with the aim of improving vascularization 
after being implanted in vivo. It has been shown that the 
microvasculature in pre-vascularized constructs can 
interconnect with the host microvasculature, in order 
to ensure implant survival [11]. Pre-conditioned tissue-
engineered constructs can also be generated by incorporating 
different growth factors, or by changing the physical and 
chemical properties of the scaffold material [12,13]. EC 
were cultured in the conditioned medium obtained from 
MSC under hypoxic condition, which demonstrated higher 
angiogenic potential of EC in vitro [14,15].

Pre-vascularization of tissue-engineered construct 
by directly co-culturing MSC and EC in vitro resulted in 
microvascular network formation in vivo [16]. Despite 
of extensive work on co-culture systems, limited effort 
has been made to address the effect of different culture 
condition on direct co-culture. The aim of this study 
was to evaluate how hypoxia influenced MSC grown in 
mono- and co-culture, and the effect of MSC’s secretome 
on wound healing and vessel formation.

Material and Methods
Cell culture

Primary human bone marrow derived MSC and Hu-
man umbilical vein endothelial cells were purchased 
from Lonza (Walkersville, Maryland, United States). 
MSC were expanded in Mesenchymal Stem Cell Growth 
Medium (MSCGM™) SingleQuots™ (Lonza) containing 
mesenchymal stem cell basal medium supplemented 
with mesenchymal cell growth supplement (MCGS), 
L-glutamine and GA-1000 (Gentamicin, Amphoteri-
cin-B). EC were expanded in Endothelial Cell Growth 
Medium-2 (EGM-2®) BulletKit (Lonza) containing En-
dothelial Cell Basal Medium and supplemented with Fe-
tal bovine serum (FBS), human epidermal growth factor 
(hEGF), hydrocortisone, GA-1000, vascular endothelial 
growth factor (VEGF), human fibroblast growth factor 
(hFGF-B), insulin-like growth factor (R3-IGF-1), ascor-
bic acid and heparin. Both cell types were expanded at 37 
°C and 5% CO₂. Cells older than passage four were not 
used for the experiments.

Experimental setup
The cells were seeded in 6-well plates with a seeding 

density of 200,000 cells/well either MSC alone or MSC/
EC in a 5:1 ratio. The cells were allowed to attach 
overnight. The next day those two groups were further 
sub-divided into hypoxic and normoxic groups. The 
four groups were MSC-NOR (NMSC), MSC/EC-NOR 
(NMSC/EC), MSC-HYP (HMSC) and MSC/EC-HYP 
(HMSC/EC). A Modular Incubator Chamber (MIC-101) 
was used as a hypoxia chamber and the chamber was 

filled with a tri-gas mixture of 1% O2, 5% CO2 and 94% 
N2. After 1, 12, 24 and 48 hours the cells were harvested. 
The cells were trypsinized, and EC were depleted 
with CD31 Endothelial Cell Dynabeads® (Invitrogen, 
Carlsbad, California, United States) according to the 
manufacturer’s instructions. The isolated MSC were 
stored at -80 °C before RNA isolation. The medium from 
each group was collected in aliquots, centrifuged and 
stored at -80 °C for further analysis.

Real-time reverse transcription polymerase chain 
reaction (RT-PCR)

Total RNA isolation was done using Maxwell® 16 LEV 
simply RNA purification kits (Promega, Madison, Wis-
consin, United States). RNA purity and quantification 
were determined with a Nanodrop Spectrophotometer 
(Thermo Scientific Nano-Drop Technologies, Wilming-
ton, Delaware, USA). 1000 ng of RNA was reverse tran-
scribed to cDNA using a cDNA kit (Applied Biosystems, 
Carlsbad, California, United States). Real-time RT-PCR 
was performed on a StepOneTM real time RT-PCR sys-
tem (Applied Biosystems). cDNA corresponding to 10 
ng mRNA in each reaction was prepared in duplicates 
for each target gene and the real-time RT-PCR was run 
under standard cycling conditions. Different angiogenic 
and inflammatory genes were evaluated (Table 1).

Enzyme linked immunosorbent assay
For protein analysis, a commercially available human 

VEGF-A enzyme-linked immunosorbent assay (ELISA) 
(R&D Systems, Minneapolis, Minnesota, United States) 
was used. Cell culture supernatants from the 48 hours’ 
time point were thawed and the VEGF-A concentration 
was determined according to the manufacturer’s instruc-
tions. Optical densities were determined using a FLUO-
star OPTIMA microplate reader (BMG LABTECH, 
Ortenberg, Germany). The values were compared to a 
known standard curve and the final concentrations are 
presented in pg/ml.

Wound healing assay
Human umbilical vein endothelial cells were cultured 

in Culture-Insert 24 (80241, ibidi, Martinsried, Germany) 
at a concentration of 30,000 cells/well in duplicate. The 

Table 1: List of Taqman® probes used for real time reverse 
transcription polymerase chain reaction analysis.

Gene symbol Assay ID
GAPDH Hs99999905_m1
IL-1β Hs01555410_m1
IL-6 Hs00985639_m1
IL-8 Hs00174103_m1
IL-10 Hs00961622_m1
VEGF-A Hs00900055_m1
PDGF Hs00966526_m1
FGF Hs00266645_m1
ANG-1 Hs00375822_m1
ANG-2 Hs01048042_m1
CXCL12 Hs00171022_m1
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culture inserts were carefully removed after the cells 
reached confluency. A wound of approximately 500 
µm width was created by the insert, and the wounded 
monolayer of cells was washed three times with phosphate 
buffered saline (PBS) to remove dead cells and debris. 
The cells were incubated with conditioned medium from 
MSC-NOR, MSC/EC-NOR, MSC-HYP, MSC/EC-HYP 
and positive (EGM-2) and negative (MSCGM) control 
media for 24 hours. Images were taken at the beginning 
as a baseline, and at 3, 6, 12, 18 and 24 hours’ time 
points during the cell migration to close the wound. The 
images were taken with a Nikon Eclipse Ti microscope 
(Nikon, Tokyo, Japan) at magnification of 4x in the 
phase contrast mode. Images obtained from each group 
were analyzed with NIS elements AR 3.2 software (NIS 
elements, Tokyo, Japan). The surface area covered by the 
wound was measured and exported to a Microsoft Excel 
(Microsoft Corporation, Redmond, Washington, United 
States) file before statistical analysis was performed. All 
the images were normalized with the baseline data.

Tube formation assay
Growth Factor Reduced Matrigel (BD Biosciences, 

San Jose, California, United States) was thawed overnight 
at 4 °C, 40 µl per well was added to the growth surface 

of 96 well plates and incubated for 30 min at 37 °C to 
allow the matrigel to solidify. Human umbilical vein 
endothelial cells were suspended in conditioned medium 
from MSC-NOR, MSC/EC-NOR, MSC-HYP, MSC/
EC-HYP and positive (EGM-2) and negative (MSCGM) 
control media. The cells were seeded onto the solidified 
matrigel at a density of 20000 cells/well. After incubating 
for 6 hours, the formation of tube like structures was 
observed under the microscope. The images were 
taken with a Nikon Eclipse Ti microscope (Nikon) at 
magnification of 4x in the phase contrast mode. The 
tube formation was quantified using the ImageJ software 
program (NIH, Bethesda, Maryland, United States) with 
the Angiogenesis Analyzer plugin [17]. The parameters 
of tube formation were normalized with control medium 
(MSCGM).

Results
Inflammatory and angiogenic gene expression

The mRNA expression of pro-inflammatory cyto-
kines Interleukin-1β (IL-1β), Interleukin-6 (IL-6) and 
Interleukin-8 (IL-8) were evaluated in normoxic and 
hypoxic culture conditions for 1, 12, 24 and 48 hours. 
In normoxia, the expression of IL-1β was exponentially 
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Figure 1: Relative gene expression of inflammatory cytokines: IL-1β (A) IL-6 (B) and IL-8 (C) comparing NMSC/EC, HMSC 
and HMSC/EC groups with NMSC at different time points. Data are presented as means ± standard deviation (n = 6). * = p 
< 0.05; ** = p < 0.01; *** = p < 0.001.
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higher in the co-culture group compared with the mo-
no-culture group, whereas in hypoxia, a significant in-
crease was noticed in co-culture group compared with 
NMSC only at 1hr and no significant difference between 
the groups could be found after 12 hours (Figure 1A). 
IL-1β expression was down-regulated in HMSC group 
compared with NMSC group at 12 hours. The mRNA ex-
pression of IL-6 was significantly higher in the co-culture 
normoxic and both hypoxic groups at 1hour compared 
with NMSC (Figure 1B). HMSC showed no significant 
difference after 12 hours and HMSC/EC showed no sig-
nificant difference after 24 hours, although the expres-
sion of IL-6 was still significantly higher in NMSC/EC 
until 28 hours (Figure 1B). The mRNA expression of IL-8 
was significantly higher in NMSC/EC and HMSC/EC af-
ter 1hour compared to NMSC. At 12 hours, the expres-
sion of IL-8 started to reduce significantly in the HMSC 
group. In the NMSC/EC group, IL-8 showed continuous 
up-regulation until 48 hours. However, IL-8 expression 
was lower in HMSC/EC group at 24 hours compared to 
the NMSC group (Figure 1C). Overall, these results show 

that the co-culture with EC increased mRNA expression 
of pro-inflammatory cytokines. Anti-inflammatory cyto-
kine Interleukin-10 (IL-10) was also evaluated but was 
not expressed by any of the groups.

The mRNA level of VEGF-A was significantly higher 
expressed in the hypoxic group. The results also showed 
that the expression of VEGF-A depend on a hypoxic 
environment, independent of co-seeding with EC (Figure 
2A). The mRNA expression of angiopoietin-1 (ANG-
1) was down-regulated in all the groups compared with 
the normoxic mono-culture group (Figure 2C), whereas 
angiopoietin-2 (ANG-2) expression was highly up-
regulated in the co-culture group irrespective of culture 
condition (Figure 2D).

The mRNA expression of platelet derived growth fac-
tor (PDGF) was down-regulated in the HMSC group at 1 
and 12 hours compared with the NMSC group (Figure 3A). 
The mRNA expression of fibroblast growth factor (FGF) 
was higher in HMSC at 1 hour, but the expression was 
down-regulated after 12 hours. The NMSC/EC group 
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Figure 2: Relative gene expression of VEGF-A (A) ANG-1 (C) and ANG-2 (D) comparing NMSC/EC, HMSC and HMSC/EC 
groups with NMSC at different time points. Protein expression of VEGF-A as determined by ELISA (B) data are presented as 
means ± standard deviation. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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groups (Figure 4E).

Tube formation assay
The formation of tube-like structures was quantified 

and the overview of the parameters is shown in figure 5. 
Among different parameters of tube formation, four of 
them was further quantified and normalized with the 
tube formation in the control group. The four selected 
parameters were number of nodes, meshes, segments 
and total length. Results show that hypoxia improved the 
tube formation and was significantly higher in the HMSC 
group compared with NMSC. Also, the tube formation 
was significantly reduced in the NMSC/EC group 
suggesting that the paracrine effect of EC may have a 
negative effect on tube formation (Figure 6).

Discussion
This study shows the effect of a hypoxic microenvi-

ronment on the expression of inflammatory and angio-
genic cytokines, as well as wound healing and angiogen-
esis, for MSC cultured alone or in direct co-culture with 
EC. Hypoxia could alter the expression of inflammatory 
and vasculogenic cytokines in mono- and co-culture, and 
the conditioned medium obtained from hypoxia could 

showed no significant difference compared to NMSC. 
The HMSC/EC group showed significant down-regu-
lation after 12 hours compared with the NMSC (Figure 
3B). There was no significant difference in the mRNA 
expression of CXCL-12 between the groups (Figure 3C).

Elisa
The protein expression of VEGF-A was evaluated for 

mono and co-culture groups with and without hypoxia 
(Figure 2B). VEGF-A expression was higher in the hypoxic 
group compared with the normoxic group and was 
statistically significant. Also, the VEGF-A expression on the 
protein level was independent of the co-culture with EC.

Wound healing assay
Cell migration towards the wounded area at different 

time intervals was compared with both positive (EGM-
2) and negative (CTRL) controls (Figure 4A). The bar 
diagram comparing the experimental groups to the 
NMSC group, show that the wound healing was affected 
by hypoxia and significantly higher in HMSC and 
HMSC/EC groups respectively (Figure 4B, Figure 4C, 
Figure 4D and Figure 4E). After 18 hours of incubation, 
the wound area was completely closed in both hypoxic 
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Figure 3: Relative gene expression of PDGF (A) FGF (B) and CXCL12 (C) comparing NMSC/EC, HMSC and HMSC/EC 
groups with NMSC at different time points. Data are presented as means ± standard deviation. * = p < 0.05; ** = p < 0.01; *** 
= p < 0.001.
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tion, cell survival, cell migration and apoptosis [18]. Sev-
eral studies have demonstrated that the paracrine effects 
of MSC have regenerative potential [19] and it is known 
that the conditioned medium (CM) collected from MSC 
culture in vitro contains different cytokines, chemokines 
and growth factors [20].

It has been shown that MSC cultured in hypoxia 
release angiogenic factors such as VEGF-A, MCP-1 and 

promote wound healing and vessel formation in vitro. 
The addition of EC increased the immune reactivity of 
MSC and decreased tube formation. Under normal oxy-
gen tension, transcriptional activity of hypoxia inducible 
factor-1 (HIF-1) is ubiquitinated and degraded. Howev-
er, in hypoxic conditions, HIF-1α gets accumulated and 
forms a heterodimer with HIF-1β which results in tran-
scription of genes involved in angiogenesis, cell prolifera-
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Figure 5: Tube formation assay: The tube formation in different experimental groups at 4x magnification, NMSC (A) NMSC/EC 
(B) HMSC (C) and HMSC/EC (D) analyzed in ImageJ with angiogenesis plugin.
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levels of vasculogenic cytokines, which in turn improve 
angiogenesis [31]. The hypoxic conditioned medium 
from MSC and EC were compared separately, which 
resulted in reduced vessel formation and decreased 
VEGF-expression in the EC-group compared with MSC 
[15]. In our study, the vessel formation was reduced 
and incomplete luminar structures were detected at a 
higher density in the NMSC/EC-group. Overall, hypoxia 
increased the formation of vessel-like structures.

The MSC secretomes enhance the formation of vessels. 
In previous work from our group, pre-vascularized tissue-
engineered constructs could be generated by co-culturing 
MSC with EC [16]. Therefore, the combination effect 
of MSC and EC in this context could lead to improved 
vascularity of the tissue-engineered constructs. Also, 
MSC and EC co-culture could generate pre-vascularized 
constructs in vitro, whereas the paracrine effect of MSC 
has shown the potential for increased vascular in growth, 
a feature essential for tissue survival and development. 
In combination, these elements could result in improved 
vascularization of tissue-engineered construct and tissue 
regeneration.

Conclusions
The present study shows that hypoxia precondition-

ing altered the expression of inflammatory cytokines and 
VEGF released by MSC and MSC/EC. The secretome col-
lected from hypoxic culture accelerated wound healing 
and promoted angiogenesis in vitro.
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