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Abstract Efficacy of therapeutic angiogenesis needs a com-
prehensive understanding of endothelial cell (EC) function
and biological factors and cells that interplay with ECs. Stem
cells are considered the key components of pro- and anti-
angiogenic milieu in a wide variety of physiopathological
states, and interactions of EC-stem cells have been the subject
of controversy in recent years. In this study, the potential ef-
fects of three tissue-specific adult stem cells, namely rat
marrow-derived mesenchymal stem cells (rBMSCs), rat
adipose-derived stem cells (rADSCs) and rat muscle-derived
satellite cells (rSCs), on the endothelial activation of key an-
giogenic signaling molecules, including VEGF, Ang-2,
VEGFR-2, Tie-2, and Tie2-pho, were investigated. Human
umbilical vein endothelial cells (HUVECs) and rat lung mi-
crovascular endothelial cells (RLMECs) were cocultured with
the stem cells or incubated with the stem cell-derived condi-
tioned media on Matrigel. Following HUVEC-stem cell co-
culture, CD31-positive ECs were flow sorted and subjected to

western blotting to analyze potential changes in the expression
of the pro-angiogenic signaling molecules. Elongation and co-
alignment of the stem cells were seen along the EC tubes in
the EC-stem cell cocultures on Matrigel, with cell-to-cell dye
communication in the EC-rBMSC cocultures. Moreover,
rBMSCs and rADSCs significantly improved endothelial
tubulogenesis in both juxtacrine and paracrine manners. These
two latter stem cells dynamically up-regulated VEGF, Ang-2,
VREGR-2, and Tie-2 but down-regulated Tie2-pho and the
Tie2-pho/Tie-2 ratio in HUVECs. Induction of pro-
angiogenic signaling in ECs by marrow- and adipose-
derived MSCs further indicates the significance of stem cell
milieu in angiogenesis dynamics.
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Introduction

Angiogenesis or the formation of new capillaries from pre-
existing vessels is a dynamic phenomenon with juxtacrine or
paracrine cross-talks between endothelial cells (ECs) and their
spatially distinct microenvironment, including neighboring
cells, signals, and extracellular matrix (ECM) (Boomsma
and Geenen 2012; Davis and Senger 2005; Rahbarghazi
et al. 2013). To date, numerous in vivo and in vitro experi-
mental studies have been carried out to illuminate the under-
lying mechanisms behind physiological and pathological neo-
angiogenesis. Stem cells are touted as the key regulators of
neo-angiogenesis through dynamic interactions with ECs in a
context-dependent manner in different physiopathological
conditions (Nassiri and Rahbarghazi 2014). In this regard,
tissue-derived stem cells, especially bone marrow-derived
mesenchymal stem cells (BMSCs), adipose-derived stem cells
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(ADSCs), and muscle-derived satellite cells (SCs), have been
extensively investigated for angiogenesis-based regeneration
with some attempts undertaken to unveil the corresponding
mechanisms. Accumulating evidence from different experiments
suggests that these cells are emerging as therapeutics for the
augmentation of angiogenesis in some pathologies such as
prolonged myocardial and muscular ischemia (Mima et al.
2012; Sambasivan et al. 2011; Tang et al. 2009). In the coculture
of rat SCs and microvascular fragments, the index of angiogen-
esis was greater than that of single cell culture (Rhoads et al.
2009). Moreover, ADSCs and SCs were able to promote angio-
genesis through cytokine and protease expression (Kachgal and
Putnam 2011). Meanwhile, the topical administrations of orbital
fat-derived stem cells contributed to corneal regeneration through
the modulation of inflammation and trans-differentiation into
epithelial-like cells (Agorogiannis et al. 2012). In a recent study,
we also showed some pro-angiogenic properties of BMSCs and
SCs in vivo and in vitro (Rahbarghazi et al. 2013). Themolecular
analysis and secretome profile of BMSCs revealed that a variety
of soluble factors, including vascular endothelial growth factor
(VEGF), vascular endothelial growth factor receptor 2
(VEGFR2), and Tie2, are secreted into their conditioned medi-
um. However, the biological effects of these signaling molecules
have yet to be determined in angiogenesis dynamics (Baraniak
andMcDevitt 2010; Nassiri and Rahbarghazi 2014; Rahbarghazi
et al. 2013). Despite the pro-angiogenic effect of BMSCs on
ECs, someMSC-derived anti-angiogenic properties were report-
ed by some authors, and a number of conditions, including
connexin-43 expression and reactive oxygen species production,
were considered prone to the anti-angiogenic effect of MSCs
(Otsu et al. 2009; Villars et al. 2002), which could be of thera-
peutic relevance in certain pathologies such as tumor growth
(Nassiri and Rahbarghazi 2014). For example, Ho et al. (2013)
found that the co-administration of BMSCs and glioma cells into
immuno-deficient mice resulted in a reduction in tumor size
and microvessel formation.

Understanding the different interactions between stem cells
and ECs and the role of stem cells in the tissue microenviron-
ment under physiological and pathological conditions as well
as the kinetics of pro-angiogenic signaling molecules is indis-
pensable during development of new stem cell-based pro- or
anti-angiogenic therapeutic strategies (Nassiri and Rahbarghazi
2014). Under relative control, designing coculture systems can
be helpful to elaborate the reciprocal cell–cell interactions in
angiogenesis dynamics (Aguirre et al. 2010). The present study
sought to comparatively investigate the effects of three types of
adult stem cells, namely rat BMSCs (rBMSCs), rat SCs (rSCs),
and rat ADSCs (rADSCs), on the kinetics of key angiogenic
signaling molecules in ECs in order to determine the potential
signaling pathways that each of these stem cells may dynami-
cally induce in ECs and to compare the potency of these three
types of stem cells for switching on a special angiogenic sig-
naling pathway in ECs.

Materials and methods

Animals

In the present study, both green fluorescent protein (GFP)-
positive (ratGFP+/+) ([Wistar-TgN (CAG-GFP) 184ys] strain)
and GFP-negative adult maleWistar rats (ratGFP−/−) were used
(Hakamata et al. 2001; Rahbarghazi et al. 2013). The rats,
weighing 80–100 g, were treated in accordance with the pub-
lished guidelines of The Care and Use of Laboratory Animals
(NIH Publication No. 85–23, revised 1996). All phases of this
study were approved by the Animal Care Committee of the
University of Tehran.

Cell isolation and expansion

Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) were iso-
lated from the umbilical vein as previously described (Baudin
et al. 2007; Marin et al. 2001). Umbilical cords were obtained
from normal placentas with no gross abnormalities and with-
out hepatitis or HIV contamination. For each cord, the vein
was cannulated with sterile blunt needles and the needles were
fixed with a sterile string. The vein was perfused with
phosphate-buffered saline (PBS), then filled with 0.2 % colla-
genase type I solution (Catalog No. C0130; Sigma-Aldrich),
placed into a bottle containing sterile 0.15 M NaCl and incu-
bated at 37 °C for 15 min in the water bath. The suspension of
ECs was flushed from the cord by perfusion with 40 ml 1×
PBS into a tube containing 10 ml culture medium and centri-
fuged at 750g for 10 min. Then, the cell pellet was re-
suspended in 5 ml M199 medium (Catalog No. M5017; Sig-
ma-Aldrich) supplemented with 20 % fetal bovine serum
(FBS; Catalog No. 10270; Gibco-Invitrogen), 1 % L-gluta-
mine (Catalog No. 25030–081; Gibco-Invitrogen), 1.5 %
1 M HEPES (Catalog No. H3375; Sigma-Aldrich), and
100 IU/ml penicillin-100 mg/ml streptomycin (Catalog No.
15140–122; Gibco-Invitrogen), then plated in 25-cm2

gelatin-coated plastic cell culture flasks (Catalog No. 70025;
SPL Life Science) and incubated at 37 °C in a 95 % air/5 %
CO2 atmosphere. The culture medium was replaced after
24 h, and then every 2 days until confluency. At contact inhi-
bition, the EC cultures displayed a cobblestone appearance by
the phase-contrast microscopy.

Rat lung microvascular endothelial cells

Rat lung microvascular endothelial cells (RLMECs) were iso-
lated from the peripheral lung tissue as previously described
with some modifications (Magee et al. 1994). Briefly, the
lungs were excised under aseptic conditions from the
sacrificed rats and the outer 3–5 mm of the peripheral lung
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lobes were dissected from the remaining tissue, gently
minced, washed with PBS, and incubated in 2 mg/ml colla-
genase type I solution at 37 °C for 45 min on a rotator.
Subsequently, the suspension was centrifuged at 200g for
5 min and the pellet was resuspended in endothelial cell
growth medium (M199 supplemented with Endothelial Cell
Growth Medium MV2 SupplementPack; Catalog No.
39221; PromoCell) containing 5 ng/ml epidermal growth
factor (EGF), 10 ng/ml basic fibroblast growth factor
(bFGF), 20 ng/ml insulin-like growth factor (IGF),
0.5 ng/ml VEGF, 1 μg/ml ascorbic acid and 0.2 μg/ml hy-
drocortisone together with 10 % FBS and 100 IU/ml peni-
cillin-100 mg/ml streptomycin), then passed through a
100-μm nylon mesh, plated in a 25-cm2 cell culture flask
and incubated in a humidified incubator at 37 °C with 5 %
CO2. The medium was changed after 24 h to remove non-
adherent and dead cells. After 48 h, the cells were refed with
L-valine free media (Catalog No. M 7395; Sigma Aldrich)
supplemented with Endothelial Cell Growth Medium MV2
SupplementPack, 10 % FBS, 1.2 mg/l D-valine (Catalog
No. V1255; Sigma Aldrich) and 100 IU/ml penicillin-
100 mg/ml streptomycin. Passage 3 cells were used for
our experiments.

Rat bone marrow mesenchymal stem cells

Rat marrow-derived mesenchymal stem cells (rBMSCs) were
isolated from healthy adult rats and expanded as previously
described (Barbash et al. 2003; Deng et al. 2010). Briefly, the
femur and tibia were aseptically excised. After removing all
connective tissues attached to bones, the epiphyses were re-
moved, and then an 18-gauge needle was inserted into the
medullary cavity and medullary components were flushed
with 2 ml culture medium. Next, the medullary components
were layered onto an equal volume of Ficoll-Hypaque (Cata-
log No. 10771; Sigma-Aldrich) and centrifuged at 400g for
30 min. Bone marrow mononuclear cells were subsequently
isolated from the gradient interface, washed with PBS, re-
suspended in Dulbecco’s Modified Eagle's Medium-low glu-
cose (DMEM/LG; Catalog No. 31600; Gibco-Invitrogen)
containing 20 % FBS, 100 IU/ml penicillin-100 mg/ml strep-
tomycin, plated in 25-cm2 culture flasks, and incubated at
37 °C humidified atmosphere with 5 % CO2. Hematopoietic
cells were discarded during routine medium replacement. Pas-
sage 3 cells were used in our experiments.

Rat adipose tissue-derived stem cells

Rat adipose tissue-derived stem cells (rADSCs) were isolated
from subcutaneous inguinal adipose tissues as previously de-
scribed (Meligy et al. 2012; Taha and Hedayati 2010). Briefly,
adipose tissues were aseptically harvested from the inguinal
region and cut into small pieces. The pieces were then

digested with 0.1 % collagenase type I at 37 °C for 30 min
to obtain cell suspension. The suspension was filtered through
a 70-μm-diameter mesh to remove tissue debris. After centri-
fugation (1200 rpm, 10 min), the cell pellet was suspended in
DMEM/LG containing 20 % FBS, 100 IU/ml penicillin-
100 mg/ml streptomycin. The culture media was changed ev-
ery 2 days, and passage 3 cells were used for our experiments.

Rat satellite cells

Rat muscle satellite cells (rSCs) were obtained from the hind-
limb muscles of the adult rats as was previously described
with some modifications (Danoviz and Yablonka-Reuveni
2012; Rhoads et al. 2009). Briefly, after euthanasia, tibialis
anterior and gastrocnemius muscles were harvested from both
hind limbs and the tendons, fat, vessels, and connective tissues
were carefully removed as far as possible. Subsequently,
the muscles were pulverized into small fragments and incu-
bated in 0.1 % collagenase type I in DMEM at 37 °C for
60 min. At the end of the digestion period, the enzyme solu-
tion containing tissue fragments was centrifuged at 400g for
5 min. After aspirating the supernatant, 5 ml DMEM contain-
ing 10 % FBS was added, and mechanical trituration was
performed to release still attached satellite cells. Afterwards,
the supernatant from the trituration was passed through a
40-μm mesh to eliminate residual large debris. After centrifu-
gation, the cell suspension was transferred to DMEM/HG
(Catalog No. 12800-116; Gibco-Invitrogen) supplemented
with 15 % FBS, 5 % horse donor serum, and 10 ng/ml bFGF
(Catalog No. f0291; Sigma-Aldrich) and incubated at 37 °C,
95 % relative humidity, and 5 % CO2 in an incubator, where it
was not disturbed for 3 days before the first medium ex-
change. Passage 3 cells were used for the experiments.

Flow cytometry

The third passage of rBMSCs, rADSCs, HUVECs and
RLMECs was trypsinized and subjected to flow cytometry
to determine the expression level of cellular CD markers.
Flow cytometry analysis was performed with a panel of anti-
bodies, including mouse anti-CD90-fluorescein isothiocya-
nate (FITC; Catalog No. ab11155; Abcam), mouse anti-
CD105-FITC (Catalog No. ab53318; Abcam), mouse anti-
CD44-FITC (Catalog No. MCA643F; AbD Serotec), mouse
anti-CD34-FITC (Catalog No. SC-7324; Santa Cruz Biotech-
nology), rabbit anti-CD45 (Catalog No. ab10558; Abcam),
and mouse anti-CD31 (Catalog No. sc-80913; Santa Cruz
Biotechnology). Isotype control antibodies included mouse
IgG2a isotype control-FITC (Catalog No. 14–4724;
eBioscience), mouse IgG1 isotype control-FITC (Catalog
No.11-4714; eBioscience), rabbit IgG isotype control (Cata-
log No. ab27472; Abcam), and mouse IgG1 (Catalog No. sc-
3877; Santa Cruz Biotechnology). Goat anti-rabbit IgG-
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phycoerythrin (PE; Catalog No. ab97070; Abcam) and goat
anti-mouse IgG1-PerCP-Cy5.5 (Catalog No. sc-45103; Santa
Cruz Biotechnology) were used as secondary antibodies

against unconjugated primary antibodies. Flow cytometry
was performed by FACSCalibur (BD Bioscience), and the
output data were analyzed with the FlowJo software (v.7.6.1).
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Immunofluorescence

The rSCs were seeded in 4-well glass-slide chambers. The
cultures were rinsed with PBS-Tween 20 (0.05 %) for 5 min,
fixed with 4 % paraformaldehyde (PFA) at room temperature
for 20 min, and permeabilized with 0.5 % Triton X-100 in
PBS for 10 min at room temperature. After rinsing with
PBS-Tween 20, the blocking solution (5 % bovine serum al-
bumin (BSA) in PBS) was added and incubated for 1 h to
block non-specific antibody binding. The cells were then in-
cubated overnight at 4 °C with the following primary antibod-
ies: mouse anti-Pax-7 (1:200; Developmental Studies Hybrid-
oma Bank, University of Iowa, USA) and mouse anti-MyoD
(5 mg/mL dilution, Catalog No. 554130; BD Pharmingen).
After washing the cells with PBS-Tween 20, FITC conjugated
goat anti-mouse IgG1 (1:3,000, Catalog No. ab6785; Abcam)
secondary antibody was applied for 1 h in a dark humidified
chamber at room temperature. Finally, the cells were washed
three times with 0.05 % Tween-PBS solution (15 min each
time). Additionally, 4-6-Diamidino-2-phenylindole (DAPI,
300nM in PBS) (Catalog No.D8417; Sigma-Aldrich) was
used for nuclear counterstaining. The prepared mounts were
imaged using a fluorescent microscope (DP72; Olympus), and
the images were merged and processed by DP2-BSW soft-
ware (v.2.2). Anti-desmin (Catalog No. M0760; Dako), anti-
MyoD (Catalog No. M3512; Dako), and anti-alpha-smooth
muscle actin (α-SMA) (Catalog No. M0851; Dako) antibod-
ies were used for immunocytochemistry. Counterstain with
hematoxylin was used to identify the nuclei.

Collection of conditioned media

In order to investigate the paracrine effects of rBMSCs,
rADSCs, and rSCs on tubulogenesis of ECs, stem cell-
conditioned media (CM) was collected in a period of 24 h.
After 70–80 % cell confluency in T25 culture flasks, the cul-
ture medium was aspirated and the cells were washed three
times with PBS to remove serum remnants. Next, 5 ml serum-
free M199 medium was added to the cells and incubated for

24 h (Hsiao et al. 2012; Kinnaird et al. 2004). Then, the CM
was collected, centrifuged at 1000g for 10 min, and filtered
through a 0.2-μm filter (GVS Filter Technology). The harvest
was stored at −80 °C until use.

EC fluorescent staining with CM-Dil

The ECs were labeled with Cell Tracker™ CM-Dil (Catalog
No. C-7000; Molecular Probes) to facilitate EC tracking in
EC-stem cell coculture experiments. For this purpose, the cells
were incubated with 2 μM of the dye for 20 min at 37 °C,
washed with PBS, trypsinized, washed with PBS, and resus-
pended in M199 medium (Sorrell et al. 2009).

In vitro tube formation assay

Tube formation assay was carried out by using growth factor
depleted Matrigel (Catalog No. 356231; BD Biosciences).
Two types of ECs, including HUVECs and RLMECs, were
used for Matrigel tube formation assays. Briefly, 96-well
plates (Catalog No. 167008; Nunclon) were coated with
50 μl per well of Matrigel diluted in M199 medium (1:1 ratio)
and incubated at 37 °C for 30 min to solidify. For each type of
ECs, two separate experiments were designed to perform the
in vitro tube formation assay: (1): ECs (2×104 cells per well)
with 200 μl of either M199 medium, rBMSCs-CM, rADSCs-
CM, or rSCs-CM, supplemented with 1 % FBS; and (2) co-
culture experiments with 16,000 ECs+4000 either rBMSCs,
rADSCs, or rSCs (EC-stem cell ratio of 4:1) in 200 μl M199
medium supplemented with 1 % FBS. After 16 h of incuba-
tion, the cells were photographed and analyzed (Salvucci et al.
2002). Immediately after seeding on Matrigel, the ECs colo-
nized and then started sprouting and elongating (Rahbarghazi
et al. 2013). In vitro tubulogenesis was assessed using a col-
ony scoring system according to our previous study
(Rahbarghazi et al. 2013). Briefly, 25 colonies in each well
were examined and a 0–4 score was allocated to each colony
as follows: 0, aggregate with no sprouting; 1, colony sprouting
without arborization; 2, with arborization; 3, with anastomo-
sis; and 4, development of a complex network. For each well,
the total score was calculated by adding all the 25 scores, with
a maximum possible score of 100. The average tubular length
from 10 serial microscopic fields per well was also measured
using ImageJ software. Fluorescent images were captured
with an inverted microscope (Olympus IX71) and merged
using analysis LS Starter software.

Proliferation assay

In order to comparatively assess whether tissue-specific stem
cells had any proliferative effect on ECs in the EC-stem cell
coculture systems, GFP-positive rat stem cells were
cocultured with HUVECs, which were prelabeled with red

�Fig. 1 Cell characterization. Phase-contrast micrographs of the confluent
monolayer of the cells (passage 3) (a–a''''). HUVECs (a) and RLMECs
(a') exhibit a cobblestone, polygonal appearance with prominent nucleoli
in a flat layer, whereas rSCs (a''), rADSCs (a'''), and rBMSCs (a'''') are
characterized by flattened, fibroblast-like morphology with a whirlpool
growth pattern. Flow cytometric histograms of CD31 expression by
HUVECs and RLMECs (b). Immunophenotypic characterization of
rADSCs and rBMSCs by flow cytometry (c). Both rADSCs and
rBMSCs are positive for CD44, CD105, and CD90, but they are
negative for CD34, CD45, and CD31 (c). The colorless histograms
show the profile of the isotype control. Immunofluorescence and
immunocytochemistry stainings of rSCs show the expression of Pax-7
(d–d'') and MyoD (e) and negative staining for alpha-smooth muscle
actin (e') and desmin (e''). rSCs were also characterized as CD31
negative (f). Scale bar (a–a'''', d–d'' and e–e'') 100 μm
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fluorescent dye CellTracker™ CM-Dil. For this assay, the
fluorescently-labeled HUVECs were first serum-starved in
M199 containing 1 % FBS overnight. Then, the ECs were
harvested and cocultured with rat stem cells in Matrigel-
coated 24-well plates at an EC-stem cell ratio of 4:1 in
M199 containing 1 % FBS. After 48 h, the cells were harvest-
ed, resuspended in 0.5 ml PBS, and counted under a fluores-
cent microscope to determine the number of ECs and stem
cells in each coculture.

Three-dimentional coculture

In order to analyze the potential effects of rBMSCs, rADSCs,
and rSCs on angiogenic signaling molecules in ECs, a three-
dimensional coculture system was used on Matrigel in 6-well
dishes. For this purpose, HUVECs-stem cells were mixed (4:1
ratio) in M199 medium with 1 % FBS and seeded on
Matrigel-coated wells. For control conditions, ECs were cul-
tured alone on Matrigel in M199 medium with 1 % FBS.

Cell sorting and western blotting

To evaluate the kinetics of angiogenic-signaling molecules,
HUVECs at 16, 24, and 48 h after coculture were subjected
to western blot analysis. Prior to cell lysis, the ECs were pu-
rified for CD31 expression (Catalog No. 14-0319-82;
eBioscience) by flow sorting using FACSAria (Becton Dick-
inson, USA) cell sorter system. Total protein was extracted
from 1.2×106 ECs using PRO-PRE™ Protein Extraction

Solution (Catalog No.17801; iNtRON Biotechnology, Seong-
nam, Korea), and then protein concentration was determined
with the SMART™ Micro BCA Protein Assay kit (Catalog
No. 21071; iNtRON Biotechnology) by Smartspec Plus spec-
trophotometer (Bio-Rad). Subsequently, 40 μg of cell lysate
(under reducing condition) was loaded on SDS-PAGE gels
(5 % stacking and 10 % separating gels) and then transferred
to 0.2 μm immune-Blot™ polyvinylidenedifluoride (PVDF)
membranes (Catalog No. 162–017777; Bio-Rad Laboratories,
CA, USA). The membranes were blocked with 3 % non-fat
dry milk (Catalog No. 1.15363.0500; Merck, Darmstadt, Ger-
many) or 5 % BSA (Catalog No. A-7888; Sigma-Aldrich,
MO, USA) in Tris-buffered saline containing 0.1 % Tween
20 (TBST), for 1 h in accordance with the manufacturer’s
recommendations and then immunoblotted with primary anti-
bodies for 1 h at room temperature. Antibodies used in west-
ern blot assays were as follows: mouse anti-VEGF (5 μg/mL,
Catalog No. ab1316; Abcam), rabbit anti-VEGF receptor 1

Fig. 2 Representative images of
juxtaposed rSCsGFP+/+ (a),
rADSCsGFP+/+ (b), and
rBMSCsGFP+/+(c) with
HUVECsCM-Dil+ (a', b', and c') in
Matrigel tube-like arrays. In all
cocultures, the GFP-positive cells
align along the red-fluorescent-
labeled HUVECs to establish
well-formed vascular networks
(a'', b'', and c''). In the EC-
rBMSC coculture, dual
fluorescent cells (yellow) are seen
by dual-fluorescence filter (c'',
white arrows). These tissue-
specific stem cells are able to
intercalate with ECs and stabilize
capillary-like structures

�Fig. 3 Effects of tissue-derived stem cells and their conditioned media
(CM) on the tube formation of HUVECs. A significantly higher Matrigel
tubulogenesis scoring (e) and a greater tube length (f) was recorded when
HUVECs were juxtaposed with marrow- (d) or adipose-derived stem
cells (c), whereas HUVECs-rSCs interaction (b) did not change the
endothelial Matrigel tube formation compared with HUVECs only (a).
Conditioned media from marrow- (j) and adipose-derived stem cells (i)
had a superior effect on the Matrigel tube formation of HUVECs (k, l).
Lumens are shown by the asterisks. Data are expressed as mean±SD
(three independent experiments were performed in triplicate).
*P<0.05, **P<0.01 (One-way ANOVAwith Bonferroni post hoc test)
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(1:10000, Catalog No. ab32152; Abcam), rabbit anti-VEGF
receptor 2 (1 μg/mL, catalog No. ab39256; Abcam), rabbit
anti-angiopoietin 1 (1 μg/mL, Catalog No. ab95230; Abcam),
rabbit anti-angiopoietin 2 (1 μg/ml, Catalog No. ab65835;
Abcam), mouse anti-Tie1 (2 μg/mL, Catalog No. ab27851;
Abcam), mouse anti-Tie2 (1 μg/mL; Catalog No. ab24859;
Abcam), rabbit anti-phospho-Tie2 (1:1000, Catalog No.
ab78142; Abcam), and mouse anti-beta actin-loading control
(1 μg/mL, Catalog No. ab8224; Abcam). Bound antibodies
were detected using horseradish peroxidase (HRP)-conjugat-
ed secondary antibodies, including rabbit anti-mouse IgG-
HRP (1:4000; Catalog No. ab6728; Abcam) and sheep anti-
rabbit IgG-HRP (1:5000, catalog No. ab6795; Abcam). A
solution containing 0.006 % 3, 3’-diaminobenzidine (DAB)
(Catalog # D5637; Sigma-Aldrich) was used for immunoblot
protein detection according to the manufacturer’s instruction.
The films were scanned using an HP Scanjet G3110 apparatus
(Hewlett-Packard, CA, USA). Finally, the quantification of
each band was accomplished by the corresponding densitom-
etry of the actin band using ImageJ v.1.44p software (NIH,
USA) as described previously (Rahbarghazi et al. 2013). The
area (%) under the curve of each band was divided by the
corresponding percentage of the area under the curve of the
actin band, and the calculated values were compared statisti-
cally between groups.

Statistical analysis

Statistical analysis was carried out by SPSS software v.16
(SPSS, Chicago, IL, USA), and the data were presented as
mean±standard deviation (SD). One-way ANOVA, followed
by Bonferroni’s post hoc comparison test, was used to analyze
the results of the experiments. The mean difference was sig-
nificant at P<0.05. In histograms, statistical difference be-
tween the groups is shown by brackets with *P<0.05,
**P<0.01, and ***P<0.001.

Results

Cell characterization

HUVECs and RLMECs at passage 3 (Fig. 1) were sub-
jected to flow cytometry to test the expression level of
CD31. Flow cytometric immunophenotyping showed that
both types of the cultured ECs expressed CD31 (Fig. 1b),
whereas the adult stem cells used in this study were
CD31 negative (Fig. 1c, f). For the rBMSCs and
rADSCs, the immunophenotyping of the cultured cells
revealed the expression of several stemness molecules,
including CD44, CD90, and CD105. These cells were
negative for CD34 and CD45 (Fig. 1c). In addition, α-
SMA immunostaining of the HUVECs, RLMECs,

rADSCs, and rBMSCs revealed that these cells were neg-
ative for α-SMA (Supplementary Fig. 1). Meanwhile,
immunostaining of the rSCs revealed the co-expression
of Pax-7 (1d) and MyoD (1e), whereas these cells were
α-SMA- and desmin-negative (Fig. 1e', e'').

Interaction between ECs and rBMSCs, rADSCs,
and rSCs in the coculture system

Matrigel tube formation assay was performed to evaluate the
effects of EC-stem cell coculture on tube formation. There-
fore, HUVECs pre-labeled with Cell-Tracker™ CM-Dil were
mixed with rBMSCsGFP+/+, rSCsGFP+/+, and rADSCsGFP+/+ at
a ratio of 4:1. Within the first 16 h of seeding on Matrigel, the
development of neo-capillary networks with well-formed lu-
mens was observed. The lumen of tubular-like structures was
paved by ECs, while rBMSCsGFP+/+, rSCsGFP+/+, and
rADSCsGFP+/+ immediately migrated toward the lumens and
then elongated, co-aligned, and ultimately intercalated among
the ECs, although aggregated cells were occasionally present
(Fig. 2). Moreover, compared to the EC monoculture, the
formation of vascular-like networks was remarkably enhanced
in the coculture conditions. The rBMSC- and rADSC-
HUVEC cocultures exhibited a significantly improved
tubulogenesis scoring (P=0.023 and P=0.034, respectively)
as well as increased tube length (P=0.034 and P=0.041, re-
spectively) compared with the HUVECmonoculture, whereas
the rSC-HUVEC coculture resulted in a non-significant dif-
ference inMatrigel tube formation 16 h after seeding (Fig. 3a–
f). Our results also showed that none of the adult stem cells
had a stimulatory effect on endothelial proliferation in the EC-
stem cell coculture systems (Fig. 4). Specifically, in the
rBMSC-HUVEC coculture, some dual-fluorescent cells were
discernible, indicating that extensive cell-cell cross-talks oc-
curred between rBMSC and EC (Fig. 2c''). Vesicle trafficking
between adjacent stem cell-EC, in addition to cell-cell

Fig. 4 Effects of adult stem cells on the proliferation of endothelial cells.
8×104 red-fluorescent-labeled HUVECs were cocultured with 2×104

GFP-positive rat stem cells. After 48 h, the cells were harvested and
counted under a fluorescent microscope. No difference was observed in
the number of ECs and stem cells or in the ratio of ECs to stem cells
between different cocultures. Data are expressed as mean±SD (two
independent experiments were performed in triplicate)
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connection and juxtacrine interactions, may contribute to the
modulation of endothelial angiogenic response (Aguirre et al.
2010).

Likewise, the allogeneic coculture of RLMECs with the rat
tissue-specific stem cells showed that the rBMSCs and
rADSCs had superior effects on the Matrigel tube formation
properties of the RLMECs (Fig. 5a-f).

Pro-angiogenic properties of stem cell-CM

In order to explore the paracrine interactions of the stem cells
used in this study and ECs, endothelial tube formation on
Matrigel was assessed after 16 h incubation of HUVECs or
RLMECs with the rSCs-, rADSCs-, and rBMSCs-derived
CM. Statistical analysis revealed stimulatory effects of all

Fig. 5 Effects of tissue-specific stem cells and their conditioned media
(CM) on the tubulogenic properties of RLMECs. Tube formation
properties (e, f) of RLMECs were significantly improved when
RLMECs were cocultured with rBMSCs (d) or rADSCs (c) compared
with the control monoculture (a) or RLMECs-rSCs coculture (b).

Promotion of tubulogenesis score (k) as well as tube length (l) for
RLMECs incubated with the CM from marrow- (j) and adipose-derived
stem cells (i). Data are expressed as mean±SD (three independent
experiments were performed in triplicate). *P<0.05, **P<0.01,
***P<0.001 (one-way ANOVAwith bonferroni post hoc test)
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CM on endothelial tubulogenesis scoring as well as on tube
length, with the rBMSCs-CM possessing the strongest pro-
angiogenic activities (Figs. 3g–l, 5g–l). Intriguingly, CM from
the tissue-specific stem cells had a similar effect on the
HUVECs and RLMECs, although the length of the tubes
formed by the RLMECs was greater than that by the
HUVECs.

Kinetics of angiogenesis signaling in the EC-stem cell
coculture system

After coculturing each stem cell with HUVECs, sorting for
GFP-negative cells was performed. The sorted CD31-positive

ECs were then subjected to western blotting to analyze the
endothelial kinetics of key angiogenesis signaling molecules,
including VEGF, Ang-1, Ang-2, VEGFR-1, VEGFR-2, Tie-2,
and Tie2-pho, in the EC-stem cell coculture systems. For this
purpose, ECs in the 16, 24, and 48 h after EC-stem cell co-
cultures were sorted and submitted to western blot analysis.
Our findings showed that tissue-derived stem cells used in the
experiments altered the expression of the angiogenic factors in
ECs (Fig. 6a–e).

Western blotting showed no Ang-1 and VEGFR-1 immu-
noreactive bands in CD31-positive ECs harvested from the
cocultures as well as from the monoculture controls. In all
groups, maximum VEGF levels were detected after 48 h.

Fig. 6 Changes in vascular endothelial growth factor (VEGF),
angiopoietin 2 (Ang-2), vascular endothelial growth factor receptor 2
(VEGFR-2), Tie-2, Tie2-pho, and the Tie2-pho/Tie-2 ratio after HUVECs
juxtaposition with tissue stem cells. Western blot analysis shows the
dynamic up-regulation of VEGF (a, a'), Ang-2 (b, b'), VREGR-2 (c,
c'), and Tie-2 (d, d') and the dynamic down-regulation of Tie2-pho (e,
e') and the Tie2-pho/Tie-2 ratio (e'') in ECs when HUVECs were
cocultured with tissue stem cells. Western blotting was performed on
CD31 positive cells sorted from HUVECs or from HUVECs cocultures

with stem cells. Molecular weights of the immunoreactive bands are as
follows: VEGF≃42kD, Ang-2≃63, VEGFR-2≃150, Tie-2≃126, and
Tie-pho≃126. The Y-axis stands for arbitrary units. After band
densitometry, the area under the curve of each band was divided by the
area under the curve of the corresponding actin band (f), and the
calculated values were compared between the groups. Data are from
three independent experiments (quintuplicate samples for each group in
each time point). Data are expressed as mean±SD. *P<0.05, **P<0.01,
and ***P<0.001 (one-way ANOVAwith Bonferroni post hoc test)
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Endothelial VEGF expression was more prominent in the EC-
rBMSCs coculture than in the other coculture systems, and the
endothelial VEGF level was significantly augmented in the
EC-rBMSCs coculture after 24 and 48 h (P<0.01) compared
to the EC monoculture (Fig. 6a'). At all three time points, the
mean VEGF expression was higher in the EC-rSCs and -
rADSCs cocultures than that in the EC monoculture, but it
did not reach the significance level (Fig. 6a').

Like VEGF, the endothelial Ang-2 expression level was
greater in the EC-stem cell cocultures at 16, 24, and 48 h
and significant changes were detected in the EC-rBMSCs co-
culture at 16 and 48 h (P<0.01) (Fig. 6b'). In addition, the
differences in Ang-2 were statistically significant between
rBMSCs and rSCs or rADSCs-related cocultures after 16
and 48 h. Our results showed a dynamic rise in the VEGF
and Ang-2 expression levels in ECs over time under the influ-
ence of stem cells, in particular marrowMSCs. For VEGFR-2,
an upward trend was also observed in the coculture systems
with the most significant level in the presence of marrow-
derived MSCs (Fig. 6c').

Like pro-angiogenic factors, the endothelial Tie-2 receptor
exhibited an upward trend over time (Fig. 6d'). Meanwhile,
the rBMSCs and rADSCs further augmented the level of Tie-2
in ECs (Fig. 6d'). However, the rSCs failed to alter Tie-2
expression when compared with the EC monoculture.

Western blot analysis revealed that the endothelial Tie2-
pho level was decreased in the coculture systems compared
to the control monocultures after 16, 24, and 48 h (Fig. 6e').
The reduction in the phosphorylation of Tie-2 in the ECs was
effectively significant by rADSCs after 16, 24, and 48 h (P16<
0.05, P24<0.001, and P48<0.001) as well as by rBMSCs (P16
<0.01, P24<0.001, and P48<0.001) compared to the control
monocultures. Indeed, the Tie2-pho/Tie-2 ratio in the ECs was
decreased when the ECs were cocultured with tissue-derived
stem cells (Fig. 6e''). Meanwhile, significant changes were
noted for the rBMSCs (P16<0.05, P24<0.05, and P48<0. 01)
and rADSCs (P16<0.05, P24<0.05, and P48<0.01).

Discussion

To date, accumulating evidence demonstrates that angiogene-
sis switching on/off is governed by orchestrated interactions
between endogenous pro- and anti-angiogenic factors (Xie
et al. 2011). Deciphering the kinetics of pro- and anti-
angiogenic factors in physiological and pathological neo-
angiogenesis enables us to modulate this intricate phenome-
non in different tissue pathologies. In this regard, tissue-
derived stem cells are heralded as a source of great promise
for augmenting or harnessing neo-angiogenesis. In the present
study, the effects of rBMSCs, rADSCs, and rSCs on the ki-
netics of angiogenesis signals in ECs were investigated via
xenogeneic coculture systems with rat and human cells. For

this purpose, we focused on key angiogenic signaling mole-
cules, including VEGF and Ang-2, along with their counter-
receptors, VEGFR-2 and Tie-2.

Our findings revealed improvement in endothelial tube-
like array by rBMSCs and rADSCs, achieved in both
juxtacrine and paracrine manners. The pro-angiogenic prop-
erties of these cells have also been reported by some previous
authors (Duffy et al. 2009; Kachgal and Putnam 2011;
Matsuda et al. 2013; Rahbarghazi et al. 2013; Sorrell et al.
2009). For rSCs, however, the paracrine pro-angiogenic activ-
ity was more potent than direct rSC-EC interaction. Using EC-
stem cell coculture systems, we also demonstrated self-
assembled and elongated tube-like structures formed by inti-
mate contact between stem cells and ECs soon after seeding
on Matrigel. Moreover, the presence of dual-fluorescent cells
in the HUVEC-rBMSC cocultures further affirmed cell-to-cell
dye communication and intercellular trafficking between stem
cell-ECs, which may partially be mediated by microvesicles
and nano-sized exosomes (Zhang et al. 2012). Exosomes
transfer a number of molecules, including proteins, RNAs,
and microRNAs, between adjacent cells (Otsu et al. 2009;
Zhang et al. 2012). Some authors have even indicated that
juxtacrine interactions via gap junctions could transfer cell
organelles; for example, mitochondria, from MSCs to adja-
cent cells (Otsu et al. 2009). Gap-junctions were also involved
in juxtacrine interactions between rBMSCs and HUVECs
(Otsu et al. 2009).

Our results showed that marrow and adipose tissue MSCs
were more able to induce a pro-angiogenic response in ECs
than muscle-derived stem cells. Interestingly, similar results
were obtained when tissue-specific rat stem cells were
cocultured with both xenogeneic and allogeneic ECs. These
findings further confirmed marrow- and adipose-derived
MSCs as potential candidates for promoting angiogenesis in
regenerative medicine. Previous investigations have also re-
ported that MSCs displayed vascular cell phenotypes upon
interaction with endothelial matrix in the EC-MSC coculture
(Lozito et al. 2009). In this context, the endothelial differenti-
ation of MSCs could be triggered through the contact of ECM
proteins with MSC surface and the induction of intracellular
mechano-transduction pathways (Barker 2011; Nassiri and
Rahbarghazi 2014).

According to the results of the present study, rBMSCs and
rADSCs simultaneously enhanced the endothelial expression
levels of VEGF, Ang-2, VEGFR-2, and Tie-2, whereas these
cells reduced Tie2-pho in HUVECs. The concentration of
VEGF, Ang-2, and VEGFR-2 signal proteins started to in-
crease in ECs after 16 h of the EC-stem cell cocultures, and
then, after a continuous rise, reached a maximum level by
48 h. Taken together, these findings suggest that VEGF,
Ang-2, and VEGFR-2might exert their pro-angiogenic effects
synergically (Hata et al. 2004). It seems that the sustained
increase of VEGF and Ang-2, coupled with the reciprocal
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decrease of the Tie2-pho/Tie-2 ratio, had a pivotal role for
establishing a pro-angiogenic milieu (Lobov et al. 2002). Be-
sides the upward expression of Tie-2 by HUVECs onMatrigel
over time, the juxtaposition of the stem cells with ECs further
enhanced the expression of Tie-2, while rBMSCs and
rADSCs strongly decreased the Tie2-pho/Tie-2 ratio. The re-
duction in the Tie2-pho/Tie-2 ratio can partially be related to
the up-regulation of Ang-2, a negative regulator of Tie-2 phos-
phorylation (Bogdanovic et al. 2006; Felcht et al. 2012). As
some recent findings have described both agonistic and antag-
onistic effects of Ang-2 on Tie-2 receptor in a context-
dependent manner (Chen et al. 2004), it seems that the co-
activation of other signaling pathways, for example VEGF,
might have a modulatory effect on Tie-2 signaling.

Consistent with the results of the current study, it was dem-
onstrated that the transplantation of marrowMSCs in myocar-
dial infarction dynamically induced a pro-angiogenic milieu
in the injured myocardium through activation of the VEGF
signaling and increasing the Ang2/Ang1 ratio, leading to a
decreased Tie2-pho/Tie-2 ratio (Rahbarghazi et al. 2014).
Meanwhile, MSCs from different tissues may have different
biological effects on tumor angiogenesis. The coculture of
human umbilical cord blood-derived MSCs with glioma cells
resulted in the induction of apoptosis in tumor cells via tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
with subsequent inhibition of tumor growth, whereas ADSCs
promoted glioma growth, which was associated with the over-
expression of some pro-angiogenic factors, including VEGF,
Ang1, PDGF-α, PDGF-β, IGF, and SDF-1 (Akimoto et al.
2013). In addition, the secretion of pro-angiogenic factors,
including VEGF and Ang1, by bone marrow MSCs was
shown to play a pivotal role in the recruitment and prolifera-
tion of ECs and keratinocytes in the mouse excisional wound
splinting model, leading to accelerated neo-angiogenesis and
wound healing (Chen et al. 2008; Wu et al. 2007).

The results of the present study showed that tissue-derived
stem cells are potent regulators of the endothelial cell function.
The activation of VEGF and Ang-2 signalings in ECs by
marrow- and adipose-derived MSCs indicates the importance
of the stem cell milieu in the induction of neo-angiogenesis.
As the induction ormodulation of angiogenesis is an outstand-
ing therapeutic target inmany diseases, adult stem cells should
be considered as an important strategy to regulate the endo-
thelial function in angiogenesis. For this purpose, interactions
between stem cells and ECs need to be clarified in different
physiopathological conditions.
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