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Abstract

Background: Mesenchymal stem/stromal cells derived from chorionic villi of human term placentae (pMSCs)
protect human endothelial cells from injury induced by hydrogen peroxide (H,O,). In diabetes, elevated levels of
glucose (hyperglycaemia) induce H,O, production, which causes the endothelial dysfunction that underlies the
enhanced immune responses and adverse complications associated with diabetes, which leads to thrombosis and
atherosclerosis. In this study, we examined the ability of pMSCs to protect endothelial cell functions from the
negative impact of high level of glucose.

Methods: pMSCs isolated from the chorionic villi of human term placentae were cultured with endothelial cells
isolated from human umbilical cord veins in the presence of glucose. Endothelial cell functions were then
determined. The effect of pMSCs on gene expression in glucose-treated endothelial cells was also determined.

Results: pMSCs reversed the effect of glucose on key endothelial cell functions including proliferation, migration,
angiogenesis, and permeability. In addition, pMSCs altered the expression of many genes that mediate important
endothelial cell functions including survival, apoptosis, adhesion, permeability, and angiogenesis.

Conclusions: This is the first comprehensive study to provide evidence that pMSCs protect endothelial cells from
glucose-induced damage. Therefore, pMSCs have potential therapeutic value as a stem cell-based therapy to repair
glucose-induced vascular injury and prevent the adverse complications associated with diabetes and cardiovascular
disease. However, further studies are necessary to reveal more detailed aspects of the mechanism of action of
pMSCs on glucose-induced endothelial damage in vitro and in vivo.
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Background

Diabetes is a metabolic disorder characterized by hyper-
glycaemia, insulin resistance, and relative insulin defi-
ciency [1]. Diabetes is associated with vascular
complications that contribute to morbidity and mortality
in diabetic patients [2—4]. In diabetic patients, hypergly-
caemia stimulates the production of reactive oxygen spe-
cies in the endothelium, which play an essential role in
the development of vascular damage and contribute to
the incidence of thrombotic events [5—8]. Indeed, dia-
betes shares similar features with cardiovascular dis-
eases, which also features enhanced responses of
inflammatory cells and increased formation of throm-
bosis because of endothelial cell dysfunction [9, 10].

Injured endothelial cells express elevated levels of ad-
hesion molecules and have enhanced permeability [9,
10]. These two events stimulate the recruitment of im-
mune cells, such as monocytes, as well as the entry of
low-density lipoprotein cholesterol (LDL) from the
blood vessel lumen into the wall [5-8]. Subsequently,
LDL is oxidized to ox-LDL and is taken up by macro-
phages, which leads to the formation of foam cells, in-
creases inflammatory responses, and leads to the
deposition of collagen [5-8]. These events lead to the
formation of atherosclerotic plaques, and the subsequent
rupture of these plaques activates platelets and culmi-
nates in thrombosis [5—8]. Therefore, improving or alle-
viating the effects of endothelial cell damage in diabetes
is a potential therapeutic target, with the expected out-
come of repairing vascular dysfunction and preventing
complications associated with diabetes, such as throm-
bosis and atherosclerosis.

Mesenchymal stem cells (MSCs) are multipotent stro-
mal cells that are isolated from adult and fetal tissues,
such as placenta [11]. Previously, we isolated MSCs from
the chorionic villi of human term placentae (pMSCs)
and reported their unique ability to regulate many of the
critical cellular functions of their target cells [11]. More-
over, pMSCs show immunosuppressive properties that
make allogeneic transplantation possible [12, 13].
Recently, we reported that pMSCs protect endothelial
cells from damage induced by an oxidative stress medi-
ator (i.e. hydrogen peroxide) [14]. Therefore, pMSCs
have the key functional properties that make them a
promising therapeutic tool for treating inflammatory
diseases.

Here, we initially examined the ability of pMSCs to pro-
tect various important endothelial cell functions from oxi-
dative stress induced by another oxidative stress mediator;
glucose. To better understand the mechanism of endothe-
lium damage repair following exposure to glucose and
pMSC treatment, we investigated gene expression changes
in a panel of endothelial genes that mediate important cel-
lular functions. We report that pMSCs protect particular
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endothelial cell functions (i.e. proliferation, migration, per-
meability, and tube network formation (angiogenesis))
from glucose. In addition, pMSCs modify the effect of glu-
cose on the expression of many genes that mediate endo-
thelial cell functions. These data suggest that pMSCs have
a protective function on endothelial cells in an oxidative
stress environment induced by glucose. Thus, pMSCs are
promising candidates for a stem cell-based therapy to
repair endothelial cell injury induced by high glucose, and
prevent complications associated with this injury.
However, further studies are required to reveal more de-
tailed aspects of the mechanism of action of pMSCs on
glucose-induced endothelial damage both in vitro and in
vivo.

Methods

Ethics of experimentation and collection of human
placentae and umbilical cords

The study was approved by the institutional research
board (Reference # IRBC/246/13) at King Abdulla Inter-
national Medical Research Centre (KAIMRC), Saudi
Arabia. Samples (i.e. placentae and umbilical cords) were
obtained from uncomplicated human pregnancies (38—
40 gestational weeks) following informed patient con-
sent, and then processed immediately. All clinical and
experimental procedures were performed in compliance
with KAIMRC research guidelines and regulations.

Isolation and culture of pMSCs

MSCs from the chorionic villi of human term placenta
(pMSCs) were isolated using our published method [11].
Briefly, small pieces (~40 mg total wet weight) of the
chorionic villi were washed thoroughly with sterile
phosphate buffered saline (PBS, pH 7.4) and then incu-
bated in a solution of DMEM-F12 (Life Technologies,
Grand Island, NY, USA) containing 2.5% trypsin (Life
Technologies), 270 unit/ml DNase (Life Technologies),
and antibiotics (100 U/l penicillin and 100 upg/ml
streptomycin). After gentle rotation overnight at 4 °C,
tissues were washed thoroughly with PBS and the tissues
were then cultured in a complete DMEM-F12 culture
medium containing 10% MSC Certified fetal bovine
serum (MSC-FBS; Life Technologies), 100 upg/ml of
L-glutamate, and antibiotics (100 U/l penicillin and
100 pg/ml streptomycin). Tissues were then incubated at
37 °C in a humidified atmosphere containing 5% CO,,
within a cell culture incubator. When cells migrated out
of the explants, they were harvested with TrypLE™ Ex-
press detachment solution (Life Technologies) and then
characterized by flow cytometry using well-characterized
MSCs and haematopoietic markers (Table 1). The MSC
differentiation potential into adipocytes, chondrocytes,
and osteocytes was evaluated as published previously
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Table 1 Antibodies used in this study
MSC positive marker

Haematopoietic marker

CD44 CD14
CD90 cD19
CD105 CD40
CD146 CD45
CD166 D80
HLA-ABC D83
CD86
HLA-DR

MSC mesenchymal stem cell

[11]. pMSCs (passage 2) from a total of 20 placentae
were used in this study.

Isolation and culture of human umbilical vein endothelial
cells

Endothelial cells from human umbilical cord veins
(HUVECs) were isolated according to our published
method [15]. Briefly, the cannulated umbilical vein was
rinsed with sterile PBS (pH 7.4) several times, and then
filled with a PBS solution containing 6 mg/ml collagenase
type II (Catalog # 17101-015; Life Technologies). After
25 min of incubation at 37 °C in a cell culture incubator,
HUVECs were collected, resuspended in a complete endo-
thelial cell growth medium (Catalog # PCS-100-041";
ATCC, USA), and then cultured at 37 °C in a cell culture
incubator. Before using HUVECs in subsequent experi-
ments, they were characterized by flow cytometry using a
CD31 endothelial cell marker (R & D Systems, Abingdon,
UK). HUVECs (> 95% purity) from passages 3—5 of a total
of 30 umbilical cords were used in this study.

Cell proliferation in response to glucose
Cells (pMSCs and HUVECs) at a density of 5 x 10> were
seeded in wells of 96-well culture plates containing a
complete cell culture growth medium (i.e. complete
DMEMEF-12 culture medium for pMSCs, and complete
endothelial cell growth medium for HUVECs) and then
incubated at 37 °C in a cell culture incubator. At 75%
confluency, non-adherent pMSCs or HUVECs were re-
moved and cells were cultured in a complete cell culture
growth medium with or without glucose (Prince Care
Pharma Pvt. Ltd, India), and then incubated at 37 °C in
a cell culture incubator. Different concentrations of glu-
cose (0-2000 mM) and various culture time points (i.e.
24, 48, and 72 h) were examined. The viability of pMSCs
and HUVECs was determined by the Trypan blue exclu-
sion assay.

The proliferation of pMSCs and HUVECs was evaluated
after each indicated culture time point (ie. 24, 48, and
72 h) by a tetrazolium compound (3-(4,5-dimethylthiazol-
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2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-
trazolium, inner salt (MTS)) kit (Catalog # G5421, CellTiter
96° Aqueous Non-Radioactive Cell Proliferation Assay;
Promega, Germany), as described previously [14]. The
blank was cells incubated in MTS solution in a complete
cell culture growth medium. Results were presented as
means (+ standard errors). Each experiment was per-
formed in triplicate and repeated with five independ-
ent pMSC (passage 2) and HUVEC (passage 3-5)
preparations.

HUVEC proliferation in response to glucose in presence of
different treatments of pMSCs

HUVECs (5 x 10* cells) were seeded in wells of 96-well
culture plate containing a complete endothelial cell
growth medium and cultured at 37 °C in a cell culture
incubator. After 24 h, adherent HUVECs were cultured
alone, or co-cultured with different concentrations (20,
50, and 100 mM) of glucose in the presence of 25%
CMpMSC (conditioned medium of unstimulated
pMSCs, produced as described previously [14]) and
pMSCs (whole cells) at a ratio of 1 HUVEC:1 pMSC.
These concentrations and ratios of CMpMSC and
pMSCs, respectively, were chosen because they can in-
duce optimum HUVEC proliferative responses as re-
ported previously by us [14]. Cells were then cultured in
a complete endothelial cell growth medium for 72 h at
37 °C in a cell culture incubator.

HUVEC proliferation was then evaluated by the MTS
assay as described previously [14]. Before adding pMSCs
to the HUVEC culture, pMSCs were treated with 25 pg/
ml Mitomycin C to inhibit their proliferation as de-
scribed previously [14]. The blank was cells incubated in
MTS solution in a complete endothelial cell growth
medium. Results were presented as means (+ standard
errors). Each experiment was performed in triplicate and
repeated as already described.

Culture of HUVECs with glucose and different treatments
of pMSCs (conditioned medium and intercellular direct
contact)

HUVECs were cultured alone in a complete endothelial
cell growth medium (Fig. 1a), or with 100 mM glucose
(Fig. 1b), or with 100 mM glucose and 25% CMpMSC
(Fig. 1c). For the intercellular direct contact experiment
(ICpPMSC, Fig. 1d), HUVECs and pMSCs were separated
by a transwell chamber membrane culture system (Cata-
log # 657640, ThinCert™ Cell Culture Inserts (0.4 pum);
Greiner Bio-One, Germany). pMSCs were seeded on the
reverse side of the membrane of the chamber while
HUVECs were seeded on the upper side of the membrane
as described previously [14]. Cells were cultured at a ratio
of 1 HUVEC:1 pMSC in a complete endothelial cell
growth medium in the presence of 100 pM glucose and
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Untreated HUVEC

Addition of Complete Endothelial Cell Growth Medium
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Fig. 1 HUVEC culture system consisted of HUVECs seeded on surface of six-well culture plate in complete HUVEC culture medium alone
(untreated HUVECs) (@), or with 100 mM glucose (b), or with 100 mM glucose and 25% conditioned medium (CM) obtained from unstimulated pMSCs (c),
and ICpMSC (intercellular direct contact experiment) culture system consisted of pMSCs seeded on reverse side of membrane of chamber and HUVECs
seeded on upper side of membrane (d). For ICoMSC, 04-um pore size transwell chamber membranes were used. In ICoMSC culture system, cells cultured
at a ratio of 1 HUVEC:T pMSC in HUVEC culture medium in presence of 100 mM glucose. In all culture systems, cells incubated for 24, 48, and 72 h at 37 °C
in a cell culture incubator. CMpMSC conditioned medium of unstimulated pMSCs, HUVEC human umbilical vein endothelial cell, pMSC placental

incubated as already described. After 72 h, HUVEC were
harvested with TrypLE™ Express detachment solution and
used in the adhesion, proliferation, migration, and inva-
sion experiments (see later). HUVEC viability was deter-
mined using the Trypan blue exclusion assay. Each
experiment was performed and repeated as already de-
scribed. HUVECs cultured in complete endothelial cell
growth medium without glucose or pMSCs were included
as negative controls for all HUVECs cultured with glu-
cose, and different treatments of pMSCs.

HUVEC adhesion and proliferation using xCELLigence
system

The xCELLigence system (RTCA-DP version; Roche
Diagnostics, Mannheim, Germany) was used as de-
scribed previously [14, 15] to evaluate the adhesion and
proliferation of HUVECs. The xCELLigence system is a
real-time cell analyser that constantly monitors and re-
cords the changes in electrical impedance that arise from
cellular events, and these changes are reported as an ar-
bitrary cell index [14, 15]. Briefly, 100 pul complete endo-
thelial cell growth medium was added to well in 16-well
culture plates (Catalog # 05469813001, E-Plate 16; Roche

Diagnostics), and the background impedance was then
achieved as described previously [14, 15]. Then, 2 x 10°
HUVECs (initially cultured alone or co-cultured with
100 mM glucose, or with 100 mM glucose and
CMpMSC, or with 100 mM glucose and ICpMSC, as
already described) were seeded in 100 pul of complete
endothelial cell growth medium in quadruplicate wells
and equilibrium was achieved as described previously
[14, 15]. For the adhesion experiments, two treatment
groups of HUVECs were used. Group one consisted of
HUVEC:s pretreated as already described, and group two
consisted of HUVECs seeded in wells of the E-Plate 16
containing complete endothelial cell growth medium
with 100 mM glucose or with 100 mM glucose and 25%
CMpMSC.

To record data, culture plates were placed in the
xCELLigence system at 37 °C in a cell culture incuba-
tor. The HUVEC cell index was then monitored in
real time for 72 h. For data analysis, the xCELLigence
software (version 1.2.1) was used. For cell adhesion,
data were measured after 2 h, and the value of cell
index was then expressed as mean + standard error of
the cell index. For cell proliferation, data were
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expressed as mean t standard error of the cell index
normalized to the cell index recorded after 2 h (ie.
the adhesion time point). The rate of cell proliferation
was determined by calculating the normalized cell
index at 24, 48, and 72 h. Each experiment was per-
formed and repeated as already described.

HUVEC migration using xCELLigence system

The migration of HUVECs was evaluated using CIM mi-
gration plates (Catalog # 05665825001; Roche Diagnos-
tics) in the xCELLigence system as described previously
[14, 15]. The CIM plates have 16 migration wells that
each consist of two chambers (upper and lower) sepa-
rated by a membrane (polyethylene terephthalate) with a
pore size of 8 um. The membrane is in contact with mi-
croelectrodes. In the migration experiments, three treat-
ment groups were used as illustrated in Fig. 2. Group
one consisted of HUVECs seeded in the upper chamber
containing HUVECs in serum-free medium alone, or
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supplemented with 100 mM glucose, or with 100 mM
glucose and 25% CMpMSC, while HUVEC medium was
supplemented with 30% FBS and added to the lower
chamber. Group two consisted of HUVECs seeded in
the upper chamber containing HUVEC serum-free
medium, while HUVEC medium supplemented with
100 mM glucose alone or with 100 mM glucose and
25% CMpMSC, and with HUVEC medium supple-
mented with 30% FBS, was added to the lower chamber.
Group three consisted of HUVECs that were initially
cultured alone, or co-cultured with 100 mM glucose, or
with 100 mM glucose and CMpMSC, or with 100 mM
glucose and ICpMSC as already described. HUVECs
were seeded in the upper chamber in HUVEC
serum-free medium while HUVEC medium supple-
mented with 30% FBS was added to the lower chamber.
Following the addition of 50 ul pre-warmed media to
the wells of the upper chamber and 160 pl endothelial
cell growth medium containing 30% FBS to the lower

’ Group One: Migration of HUVEC Cultured with Glucose and CMpMSC ‘ ‘ Group Two: Migration of HUVEC in response to Glucose and CMpMSC
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Fig. 2 HUVEC migration groups. Group 1: HUVECs cultured alone (a), or with 100 mM glucose (b), or with 100 mM glucose and 25% conditioned
medium obtained from unstimulated pMSC culture (CMpMSC) (c) in upper chamber of CIM migration plate, while HUVEC medium with 30% FBS
added to lower chamber. Group 2: HUVECs seeded in HUVEC serum-free medium in upper chamber of CIM migration plate while HUVEC
medium with 30% FBS (a), or with 100 mM glucose (b), or with 100 mM glucose and 20% CMpMSC (b) added to lower chamber of migration
plate. Group 3: HUVEC cultured alone (a), or with 100 mM glucose (b), or with 100 mM glucose and 25% CMpMSC (c), or with pMSCs at ratio of 1
HUVEC:1 pMSC in intercellular direct contact experiment (ICpMSC) (d). Pretreated HUVECs seeded in HUVEC serum-free medium in upper
chamber of CIM migration plate while HUVEC culture medium containing 30% FBS added to lower chambers. CMpMSC conditioned medium of
unstimulated pMSCs, FBS fetal bovine serum, HUVEC human umbilical vein endothelial cell, pMSC placental mesenchymal stem cell
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chamber, the plates were then locked in the RTCA DP
device at 37 °C in a cell culture incubator for 1 h to ob-
tain equilibrium, and a measurement step was then per-
formed as described previously [14, 15]. Group one
measured HUVEC migration, under the effect of glucose
and CMpMSC added to the upper chamber of the plate.
Group two measured HUVEC migration in response to
glucose and CMpMSC added to the lower chamber of
the plate. Group three measured HUVEC migration after
cell exposure to glucose and different treatments of
pMSCs. To initiate the experiment, HUVECs (above)
were seeded at a density of 2x 10* cells in the upper
chamber in 100 pl, and the plates were then incubated
for 30 min at RT to allow the cells to settle onto the
membrane as described previously [14, 15]. Each condi-
tion was performed in quadruplicate, and after equilibra-
tion the analyser was programmed to measure electrical
impedance every 15 min for 24 h. The impedance value
of each well was automatically monitored by the xCEL-
Ligence system for a duration of 24 h and expressed as a
CI value. Migration observed in the presence of 30%
FBS, and with medium alone, served as positive and
negative controls, respectively. Each experiment was per-
formed and repeated as already described.

pMSC effect on monocyte invasion of endothelial cell
monolayer

To evaluate the permeability of HUVECsS, the ability of
monocytes (THP-1) to invade a monolayer of HUVECs
was evaluated using the E-Plate 16 and the xCELLigence
system. In the invasion experiments, two treatment
groups were used. Group one consisted of HUVECs
seeded in wells of the E-Plate 16 containing complete
endothelial cell growth medium with 100 mM glucose
alone, or with 100 mM glucose and 25% CMpMSC.
Group two consisted of HUVEC: initially cultured alone,
or co-cultured with 100 mM glucose alone, or with
100 mM glucose and CMpMSC, or with 100 mM glu-
cose and ICpMSC. To initiate the invasion experiments,
2x10* HUVECs were seeded in a 16-well culture
E-Plate as already described. When cells reached a
growth plateau, monocytes (10* cells) were added to the
HUVEC monolayer. Data for cell invasion were mea-
sured and expressed as a cell index with the value
expressed as mean t standard error of the cell index.
After 10 h, the rate of cell invasion was determined by
calculating the normalized cell index at the pausing time
(15-20 h) of the growth of HUVECs. Five experiments
were performed in triplicate using HUVECs and pMSCs
as already described.

Tube formation experiments
Aliquots (100 pl) of Matrigel® Growth Factor Reduced
(GFR) Basement (Catalog # 354230; Corning, USA) were
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plated into individual wells of 96-well tissue culture
plates (Becton Dickinson) and allowed to polymerize
overnight at 37 °C in a cell culture incubator. In the tube
formation experiments, three treatment groups were
used. Group one consisted of HUVECs cultured alone.
Group two consisted of HUVECs cultured with 100 mM
glucose. Group three consisted of HUVECs cultured
with 100 mM glucose and 25% CMpMSC. Group four
consisted of HUVECs cultured with 100 mM glucose
and pMSCs. Varying pMSC:HUVEC ratios (1:30, 1:6,
and 1:4) were used.

HUVECs were seeded at a density of 3 x 10* cells per
well in a complete endothelial cell growth culture
medium on the polymerized Matrigel. Following 14 h,
the tube network formed was observed under an
inverted Nikon ECLIPSE Ti U microscope (Nikon,
Japan). Photomicrographs were recorded using a Nikon
DS-Qil camera and data were analysed with the soft-
ware (Nikon, Japan). Experiments were carried out in
triplicate and repeated as already described.

RNA isolation, cDNA synthesis, and real-time polymerase
chain reaction analysis

The expression of 84 genes related to endothelial cell
biology (Catalog # PAHS-015ZD-24; Qiagen, Hilden,
Germany) by HUVECs was determined using Quanti-
Tect Primer Assay (Qiagen) in a real-time polymerase
chain reaction (RT-PCR) as published previously [16].
Briefly, total RNA extracted from HUVECs initially
co-cultured with 100 mM glucose alone or in the pres-
ence of different treatments of pMSCs (CMpMSC and
ICpMSC) for 72 h was isolated. cDNA was then synthe-
sized and the real-time PCR reaction was performed in
triplicate on the CFX96 real-time PCR detection system
(BIO-RAD) as published previously [16]. To analyse the
data, the CFX manager software (Bio-Rad, CA, USA)
was used. The results were exported to Microsoft Excel
for further analysis. The results were expressed as the
fold change by calculating the AA™? values. The relative
expression of an internal house-keeping gene as a load-
ing control was used as provided in the kit. Experiments
were performed in triplicate and repeated three times
using HUVECs and pMSCs as already indicated.

Flow cytometry

Cells were characterized by flow cytometry as described
previously [14]. Briefly, cells (1 x 10°) were stained with
monoclonal antibodies (Table 1) for 30 min. Cells were
then washed twice by adding cold PBS and centrifuged
at 150 x g for 5 min at 8 °C. Unstained and isotype con-
trols were used. Immunoreactivity to cell surface anti-
body markers or intracellular proteins was assayed by a
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BD FACS CANTO II (Becton Dickinson, NJ, USA) flow
cytometer.

Statistical analysis

Data were analysed using an unpaired ¢ test, two
tailed. These analyses were performed using GraphPad
Prism 5. Results were considered to be statistically
significant if p < 0.05.

Results

Isolation and characterization of pMSCs

MSCs from the chorionic villi of human term placentae
(pMSCs) were isolated and characterized using our pub-
lished methodologies [11]. pMSCs at passage 2 were
positive (>95%) for MSC markers, were negative for
haematopoietic markers, and were able to differentiate
into adipocytes, chondrocytes, and osteocytes. These
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characteristics of pMSCs were consistent with our previ-
ous report [11]. Subsequently, pMSCs at passage 2 were
used in all experiments.

Glucose effects on the proliferative potential of pMSCs
and HUVECs

To evaluate the proliferative response of pMSCs to glu-
cose, pMSCs were cultured alone, or with glucose, and
the proliferation potential was then determined using
the MTS assay. After 24, 48, and 72 h treatment with
200-2000 mM glucose, pMSC proliferation was signifi-
cantly reduced (p>0.05) as compared to glucose-un-
treated pMSCs (Fig. 3a—c), while the treatment with 20—
150 mM glucose had no significant effect (p >0.05) on
pMSC proliferation at all culture time points (24—72 h)
(Fig. 3a—c). The viability of pMSCs treated with 20—
200 mM glucose was >95% while the exposure of
pMSCs to a concentration of glucose higher than
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compared to glucose-untreated HUVECs after 24 h (d), 48 h (e), and 72 h (f). Culture of HUVECs with 100 mM glucose for 24 h (d) did not
significantly change proliferation, but significantly decreased proliferation after 48h (e) and 72 h (f) as compared to glucose-untreated pMSCs.
HUVEC proliferation in response to 200 mM glucose significantly reduced as compared to glucose-untreated HUVECs after 24 h (d), 48 h (e), and
72 h (f). Each experiment performed in triplicate using pMSCs (passage 2) and HUVECs (passage 3-5) from five independent placentae and
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200 mM significantly reduced cell viability (<50%) for
all culture time points.

Next, we evaluated the proliferation of HUVECs in re-
sponse to 20-2000 mM glucose. HUVEC proliferation did
not significantly change (p >0.05) after treating the cells
with 20 and 50 mM glucose as compared to glucose-un-
treated HUVECs for all culture time points (Fig. 3d-f),
while the treatment with 100 mM glucose
significantly reduced HUVEC proliferation (p < 0.05)
as compared to glucose-untreated HUVECs only after
48 and 72 h (Fig. 3e, f), but not after 24 h (p > 0.05,
Fig. 3d,). In contrast, the treatment with 200 mM glu-
cose significantly reduced HUVEC proliferation as
compared to glucose-untreated HUVECs after 24, 48,
and 72 h (p<0.05 Fig. 3d-f). The viability of
HUVECs treated with 20, 50, and 100 mM glucose
was >95% while the treatment with 200 mM glucose
reduced the viability to less than 50% for all culture
time points. The exposure of HUVECs to glucose
concentrations higher than 200 mM significantly re-
duced (< 20%) the viability for all culture time points.

Based on the results obtained, the exposure time of
72 h and 100 mM glucose were selected to evaluate the
effect of glucose on the functions of HUVECs (prolifera-
tion, adhesion, migration, permeability, and tube net-
work formation).

pMSCs and glucose modulate the proliferation of HUVECs
To evaluate the effects of pMSCs on endothelial cell
functions in response to glucose, the proliferation of
HUVECs cultured with 100 mM glucose alone, or with
100 mM glucose and different treatments of pMSCs
(CMpMSC and pMSCs), was examined using the MTS
assay. The treatment of HUVEC with glucose, HUVEC
proliferation significantly reduced after 48 and 72 h (p <
0.05), but not after 24 h (p>0.05), as compared to
glucose-treated HUVECs (Fig. 4). The addition of
CMpMSC to glucose-treated HUVEC significantly in-
duced the proliferation of HUVECs after 48 and 72 h
(p<0.05), but not after 24 h, as compared to
glucose-treated HUVECs (Fig. 4a—c). However, the
addition of pMSCs to glucose-treated HUVECsS signifi-
cantly induced the proliferation of HUVECs after 24,
48, and 72 h (p <0.05) as compared to glucose-treated
HUVECs (Fig. 4a—c). The addition of glucose to
HUVECs in the presence of CMpMSC had no signifi-
cant effect on HUVEC proliferation (p >0.05) as com-
pared to glucose-untreated HUVECs after all culture
time points, while the addition of glucose to HUVECs
in the presence of pMSCs significantly increased the
proliferation of HUVECs after 24 and 48 h (p <0.05),
but not after 72 h (p>0.05), as compared to
glucose-untreated HUVECs (Fig. 4a—c).
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The reversibility of HUVEC proliferation in response to
glucose and pMSCs

To evaluate the reversibility effect of pMSCs on the prolif-
eration of glucose-treated HUVECs, HUVECs were ini-
tially cultured alone, or with 100 mM glucose alone, or
with 100 mM glucose and different treatments of pMSCs
(CMpMSC and ICpMSC) for 72 h and their proliferation
was measured using the xCELLigence system. After 24
and 48 h, the proliferation of glucose-pretreated HUVECs
(100(Pre)) was not significantly changed (p >0.05), but
after 72 h it was significantly reduced (p<0.05) as
compared to glucose-untreated HUVECs (Fig. 4f). These
data show that glucose has an irreversible inhibitory effect
on HUVEC proliferation. The proliferation of HUVECs
pretreated with glucose and CMpMSC (PreCM + 100) did
not significantly change (p >0.05) after 24 and 48 h, as
compared to glucose-untreated HUVECs or glucose-pre-
treated HUVECs (100(Pre)) (Fig. 4d, e). However,
proliferation was significantly reduced (p<0.05) or
unchanged (p > 0.05) after 72 h as compared to untreated
HUVECs and glucose-pretreated HUVECs (100(Pre)),
respectively (Fig. 4f). Therefore, the stimulatory effect of
CMpMSC on glucose inhibiting HUVEC proliferation is
reversible. The proliferation of HUVECs pretreated with
glucose and ICpMSC (PreIC + 100) did not significantly
change (p>0.05) after 24 and 48 h, as compared to
glucose-untreated HUVECs and glucose-pretreated
HUVECs (100(Pre)) (Fig. 4d, e). However, proliferation sig-
nificantly increased (p < 0.05) or was unchanged (p > 0.05)
after 72 h as compared to glucose-pretreated HUVECs
(100(Pre)) and glucose-untreated HUVECs, respectively
(Fig. 4f). These data show that the stimulatory effect of
ICpMSC on glucose inhibition of HUVEC proliferation is
irreversible.

PMSCs and glucose effects on HUVEC adhesion

To study the effects of pMSCs and glucose on the adhe-
sion of HUVECs, two HUVEC treatment groups were
evaluated as already described. After 2 h, the adhesion of
HUVECs treated with 100 mM glucose alone (100), or
with 100 mM glucose and CMpMSC (100 + CM), did
not significantly change as compared to glucose-un-
treated HUVECs (p > 0.05, Fig. 5a). Similarly, after 2 h,
the adhesion of HUVECs pretreated with 100 mM glu-
cose alone (100(Pre)), or with 100 mM glucose and
CMpMSC (PreCM + 100), or 100 mM glucose and
ICpMSC (PreIC +100), were reduced but not statisti-
cally significant as compared to glucose-untreated
HUVECs (p>0.05, Fig. 5b). In addition, the pretreat-
ment of HUVECs with 100 mM glucose and CMpMSC
(PreCM + 100), or with 100 mM glucose and ICpMSC
(PreIC + 100), did not affect the adhesion of HUVECs as
compared to glucose-pretreated HUVECs (100(Pre))
(p > 0.05, Fig. 5b).
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Fig. 4 HUVEC proliferation in response to glucose in presence of pMSCs, or after removing glucose and pMSCs, examined after 24, 48,
and 72 h in MTS assay. In response to conditioned medium (CMpMSC), pMSCs had no significant effect on HUVEC proliferation in
presence of glucose after 24 h as compared to untreated or glucose-treated HUVECs (a). CMpMSC significantly increased HUVEC
proliferation in presence of glucose after 48 h (b) and 72 h (c), as compared to glucose-treated but not untreated HUVECs. Cell-cell
contact assay showed that, compared to glucose-untreated or treated HUVECs, pMSCs significantly increased HUVEC proliferation in
presence of glucose after 24 h (a) and 48 h (b), while after 72 h (c) pMSCs significantly increased HUVEC proliferation in presence of
glucose, as compared to glucose-treated but not untreated HUVECs. HUVEC proliferation after removing effects of glucose and pMSCs.
HUVECs initially cultured with 100 mM glucose (100(pre)) in presence of different treatments of pMSCs (CMpMSC(PreCM + 100) and

ICpMSC(PreCM +100)) for 72 h, and then used in proliferation assay using xCELLigence real-time cell analyser. After 24 and 48 h (d, e),
proliferation of HUVECs pretreated with glucose alone (100(pre)), or with CMpMSC (PreCM + 100) or ICpMSC (PreCM + 100), did not
significantly change as compared to glucose-untreated HUVEC (p > 0.05). As compared to glucose-treated HUVECs (100(pre)), proliferation
of HUVECs pretreated with glucose and CMpMSC (PreCM + 100), or glucose and ICpMSC (PrelC + 100), did not significantly change after
24 and 48 h (p>0.05) (d, e). In contrast, proliferation of HUVECs pretreated with 100 mM glucose alone (100(pre)), or with CMpMSC
(PreCM + 100), significantly reduced after 72 h as compared to glucose-untreated HUVEC (f). When compared with glucose-treated
HUVECs (100(pre)), proliferation of HUVECs pretreated with glucose and CMpMSC (PreCM + 100) did not significantly change after 72 h of
culture. In contrast, proliferation of HUVECs pretreated with glucose and ICpMSC (PrelC + 100) increased significantly after 72 h of culture
as compared to glucose-treated but not untreated HUVECs (f). Each experiment performed in triplicate using HUVECs (passage 3-5) and
pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively. *P value is significant p < 0.05. Bars represent

standard errors. pMSC placental mesenchymal stem cell

pMSCs and glucose modulate HUVEC migration

We further evaluated the migration of HUVECs exposed
to 100 mM glucose alone (100(in)) or to 100 mM glucose
and CMpMSC (100 + CM(in)) during the migration assay
(migration group one, Fig. 2). After 24 h incubation with
glucose (100(in)), HUVEC migration significantly reduced
(p<0.05) as compared to glucose-untreated HUVECs
while the incubation with glucose and CMpMSC
(100 + CM(in)) had no significant effect (p >0.05) on
HUVEC migration as compared to glucose-untreated
HUVECs (Fig. 6a). As compared to glucose-treated

HUVECs (100(in)), HUVEC migration in the presence
of glucose and CMpMSC (100 + CM(in)) significantly
increased (p <0.05, Fig. 6a).

We also examined the migration of HUVECsS in response
to 100 mM glucose alone (100(out)) or to 100 mM
glucose and CMpMSC (100 + CM(out)) (migration
group two, Fig. 2). After 24 h, HUVEC migration in
response to glucose alone (100(out)) or to glucose
and CMpMSC (100 + CM(out)) significantly reduced
(p <0.05) as compared to glucose-untreated HUVECs
(Fig. 6b). In contrast, the migration of HUVECs in
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Fig. 5 HUVEC adhesion in response to glucose and pMSCs, or after removing effects of glucose and pMSCs. HUVECs cultured with 100 mM
glucose alone (100), or with 25% CMpMSC (100 + CM), and adhesion then measured using xCELLigence real-time cell analyser. After 2 h, as
compared to glucose-untreated HUVECs, HUVEC adhesion in presence of glucose alone (100), or with CMpMSC (100 + CM), did not significantly
change (p > 0.05) (a). Adhesion of HUVECs in presence of glucose and CMpMSC (100 + CM) did not significantly change as compared to glucose-
treated HUVECs (100) after 2 h (p > 0.05) (a). HUVECs pretreated with 100 mM glucose (100(pre)) in presence of different pMSC treatments
(CMpMSC (PreCM + 100) and ICpMSC (PrelC + 100)) were cultured in 16-well culture plate and adhesion measured as already indicated. After 2 h,
and as compared to glucose-untreated HUVECs, preteatment of HUVECs with glucose (100(pre)), or with glucose and CMpMSC (PreCM + 100), or
with glucose and ICpMSC (PrelC + 100), did not significantly change (p > 0.05) (b). Adhesion of HUVECs in presence of glucose and CMpMSC
(PreCM + 100), or glucose and ICpMSC (PrelC + 100), did not significantly change as compared to glucose-treated HUVECs (100(pre)) after 2 h

(p >0.05) (b). Each experiment performed in triplicate using HUVECs (passage 3-5) and pMSCs (passage 2) from five independent umbilical cord
tissues and placentae, respectively. Bars represent standard errors

response to glucose and CMpMSC (100 + CM(out))  (Fig. 2). After 24 h, the migration of HUVECs pretreated
did not change (p<0.05) as compared to glucose- with 100 mM glucose alone (100(Pre)), or with 100 mM
treated HUVECs (100(out)) (Fig. 6b). glucose and CMpMSC (100 + CM(Pre)), or with 100 mM

Next, we evaluated the effect of pretreatment with glu-  glucose and ICpMSC (100 + IC(Pre)), significantly increased
cose and pMSCs as described in migration group three as compared to glucose-untreated HUVECs (Fig. 6c). In
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Fig. 6 HUVEC migration measured using xCELLigence real-time cell analyser. After 24 h, migration of HUVECs cultured with 100 mM glucose
(100(in)) significantly reduced as compared to glucose-untreated HUVECs (a). As compared to glucose-untreated HUVECs, HUVEC migration in
presence of glucose and CMpMSC (100 + CM(in)) did not significantly change (p > 0.05) after 24 h but migration significantly increased as
compared to glucose-treated HUVECs (100(in)) (a). Migration of HUVECs in response to 100 mM glucose alone (100(out)), or with CMpMSC (100 +
CM(out)) added to lower chamber of migration plate, significantly reduced as compared to glucose-untreated HUVECs after 24 h (b). As
compared to glucose-treated HUVECs (100(out)), HUVEC migration in response to glucose and CMpMSC (100 + CM(out)) did not significantly
change after 24 h as compared to glucose-treated HUVECs (100(out)) (b). After 24 h, migration of HUVECs pretreated with glucose alone
(100(pre), or with glucose and CMpMSC (100 + CM(Pre)), or with glucose and ICpMSC (100 + IC(Pre)), significantly increased as compared to
glucose-treated HUVECs (100(pre)) (c). After 24 h, as compared to glucose-treated HUVECs (100(pre)), migration of HUVECs pretreated with
100 mM glucose and CMpMSC (100 + CM(Pre)), or with 100 mM glucose and ICpMSC (100 + IC(Pre)), did not significantly change (p > 0.05) (c).
Each experiment performed in triplicate using HUVECs (passage 3-5) and pMSCs (passage 2) from five independent umbilical cord tissues and
placentae, respectively. *P value is significant < 0.05. Bars represent standard errors
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comparison with glucose-pretreated HUVECs (100(Pre)), the
migration of HUVECs pretreated with glucose and
CMpMSC (100 + CM(Pre)), or with glucose and ICpMSC
(100 + IC(Pre)), was not significantly changed (p < 0.05) after
24 h (Fig. 6¢).

pPMSCs reduce the effect of glucose on HUVEC
permeability

In the xCELLigence real-time system, increased invasion is
defined as a reduction in the cell index due to the infiltra-
tion of the HUVEC monolayer by monocytes, causing de-
tachment of HUVECs, while an increased cell index defines
the reduction in cell invasion. The effect of glucose on the
permeability of HUVECs in the presence or absence of
CMpMSC was examined by adding monocytes to a mono-
layer of HUVECs and the invasion of monocytes through
the HUVEC monolayer was then assessed by the xCELLi-
gence real-time system. After 10 h and in the presence of
glucose (100(in)), monocyte invasion of the HUVEC mono-
layer significantly increased (p<0.05) as compared to
glucose-untreated HUVECs (Fig. 7a). The addition of
CMpMSC to glucose-cultured HUVECs (100 + CM(in))
significantly reduced (p < 0.05) monocyte invasion as com-
pared to glucose-treated HUVECs (100(in)), but was not
significantly changed (p > 0.05) as compared to glucose-un-
treated HUVECs (Fig. 7a).

We also evaluated the reversibility of monocyte invasion
through the HUVEC monolayer by using HUVECs that
were initially cultured alone, or with 100 mM glucose
alone, or with 100 mM glucose and different treatments
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of pMSCs (CMpMSC and ICpMSC). The invasion of
monocytes through the monolayer of HUVECs pretreated
with glucose alone (100(pre)), or with CMpMSC
(CM100(pre)), was not significantly changed as compared
to glucose-untreated HUVECs, while the addition of
ICpMSC (IC100(pre)) significantly reduced (p <0.05)
monocyte invasion as compared to glucose-treated
HUVECs and untreated HUVECs (Fig. 7b).

The effect of pMSCs on glucose inhibition of HUVEC
tubule network formation in vitro

To evaluate the effect of glucose on the ability of HUVECs
to form tubule networks in vitro, HUVECs were seeded
alone, or with 100 mM glucose, or with 100 mM glucose
and different treatments of pMSCs (CMpMSC and
pMSC) on a Matrigel-coated surface. After 14 h, untreated
HUVECs formed tube networks (Fig. 8a). The addition of
CMpMSC to the HUVEC culture had no apparent effect
on tubule network formation by HUVECs (Fig. 8b).
However, the co-culture of HUVECs with pMSCs resulted
in limited tubule network formation by HUVECs (Fig. 8c).
The incubation of HUVECs with glucose had the most
dramatic effect in that it completely inhibited HUVEC tu-
bule network formation (Fig. 8d). The addition of
CMpMSC to glucose-treated HUVECs reversed the in-
hibitory effect of glucose on HUVEC tubule network for-
mation (Fig. 8e). Finally, the co-culture of HUVECs with
pMSCs and glucose, HUVECs were unable to form exten-
sive tubule networks (Fig. 8f).
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Fig. 7 HUVEC permeability under effects of glucose and pMSCs examined by adding monocytes to monolayer of HUVECs and assessing invasion
of monocytes through HUVEC monolayer by xCELLigence real-time system. Increased invasion defined as reduction in cell index due to
infiltration of HUVEC monolayer by monocytes, causing detachment of HUVECs, while increased cell index defines reduction in cell invasion. In
presence of 100 mM/ml glucose (100(in)), monocyte invasion of HUVEC monolayer significantly increased after 10 h as compared to glucose-
untreated HUVECs (a). After 10 h and as compared to glucose-untreated HUVECs, monocyte invasion in presence of glucose and CMpMSC (100 +
CM(in)) significantly reduced but not significantly changed as compared to glucose-untreated HUVECs (a). Monocyte invasion through monolayer
of HUVECs pretreated with glucose alone (100(pre)), or with glucose and CMpMSC (100 + CM(pre)), not significantly changed after 10 h as
compared to glucose-untreated HUVECs, while addition of ICoMSC (100 + IC(pre)) significantly reduced monocyte invasion as compared to
glucose-treated (100(pre)) or untreated HUVECs (b). Each experiment performed in triplicate using HUVECs (passage 3-5) and pMSCs (passage 2)
from five independent umbilical cord tissues and placentae, respectively. *P value is significant < 0.05. Bars represent standard errors
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Fig. 8 HUVEC tubule formation in presence of glucose and pMSCs. After 14 h, glucose-untreated pMSCs (a) and HUVECs cultured with 25%
CMpMSC (b) able to form tube networks. HUVECs cultured with pMSCs alone did not form extensive tubule networks (c), and with 100 mM
glucose alone (d) were unable to form tube networks. HUVECs cultured with 100 mM glucose and 25% CMpMSC (e) able to form tube networks,
while culturing HUVECs with 100 mM glucose and pMSCs (f) failed to form extensive tube networks. Each experiment performed in triplicate
using HUVECs (passage 3-5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively

pPMSCs modulate the effect of glucose on the expression
of genes important in endothelial cell functions

The expression of genes mediating endothelial cell func-
tions was studied after culturing endothelial cells with glu-
cose in the presence or absence of pMSCs for 72 h, and
then analysed and assessed using the real-time PCR assay.
Results show that pMSCs modulated glucose effects on
endothelial cell expression of genes underlying many of the
endothelial cell functional activities, including survival,
apoptosis, injury, inflammation, angiogenesis, permeability,

and leukocyte infiltration, as compared to glucose-treated
endothelial cells (Tables 2, 3, 4, 5, 6, and 7).

Discussion

In diabetes, hyperglycaemia stimulates the production of
H,0, in the endothelium that contributes to the devel-
opment of endothelial injury and the development of
thrombosis [2—-8]. Recently, we reported the ability of
pMSCs to protect endothelial cells from injury induced
by H,O, [14]. Therefore, pMSCs are potential

Table 2 pMSCs modulate expression of genes involved in endothelial cell (EC) survival, apoptosis, injury, and inflammation

Number Gene Gene full name

Glucose mean  Glucose + CMpMSC  Fold change, glucose vs  Biological

symbol AA? value mean AA™ % value  glucose + CMpMSC activity
(p <0.05)

1 CAVI Caveolin-1 6 3 2-fold | Inhibits EC
2 COLI8AT  Collagen, type XVIll, alpha 1 463 4 115-fold | proliferation
3 PROCR Protein C receptor, endothelial 061 9.11 14.93-fold 1 Induces EC
4 F2R Protease-activated receptor-1 1.8 104.45 58.02-fold 1 survival
5 EDN1 Endothelin-1 1 6 6-fold 1
6 TYMP Thymidine phosphorylase 5 219 43.80-fold 1t
7 ENG Endoglin 6047 1.79 33.78-fold | Induces EC injury
8 CX3CL1 Chemokine ligand 1 6.85 255 2.68-fold |
9 F3 Coagulation factor Ill, tissue factor 717 1.39 5.15-fold |
10 THBD Thrombomodulin 131.78 852 1546-fold |
11 IL3 Interleukin 3 4775 0.0006 79,5833-fold | Induces EC
12 ALOX5 Arachidonate 5-lipoxygenase 10345 17.62 53.05-fold | inflammation
13 FLT1 Vascular endothelial growth factor 7.4 2.75 2.59-fold |

receptor 1

CMpMSC conditioned medium of unstimulated pMSCs, pMSC placental mesenchymal stem cell, | decrease, 1 increase
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Table 3 pMSCs modulate expression of genes mediating endothelial cell (EC) angiogenesis

Number Gene symbol Gene full name

Glucose AA™* value Glucose + CMpMSC  Fold change, glucose vs  Biological

AA™? value glucose + CMpMSC activity
(p <0.05)

1 AGT Angiotensinogen 33 0.004 825-fold | Inhibits EC
2 COL18AT Collagen, type XVIll, alpha 1 463 4 115-fold | angiogenesis
3 F2R Protease-activated receptor-1 1.8 104.45 58.02-fold 1 Induces EC
4 ICAM1 Intercellular adhesion molecule 1 115 2385 2.07-fold 1 angiogenesis
5 PGF Placental growth factor 321 2227 6.93-fold 1
6 ccL2 Monocyte chemotactic protein-1 (MCP-1) 17.72 3567 2.01-fold 1
7 EDN1 Endothelin-1 1 6 6-fold 1 Induces EC
8 PF4 Platelet factor 4 0.79 394 4.98-fold 1 migration
9 ICAM1 Intercellular adhesion molecule 1 115 2385 2.07-fold 1

CMpMSC conditioned medium of unstimulated pMSCs, pMSC placental mesenchymal stem cell, | decrease, 1 increase

candidates for cellular therapy to repair endothelial dys-
function and prevent complications associated with dia-
betes, such as thrombosis and atherosclerosis. Here, we
examined the ability of pMSCs to protect the functions
of endothelial cells from injury induced by glucose; an
oxidative stress mediator.

First, we showed that pMSCs retain their survival and
proliferation potentials in a glucose environment, which
contains up to 200 mM glucose (Fig. 3a—c). pMSCs are
usually found in close and continuous contact with fetal
circulation, and therefore are exposed to relatively low
levels of oxidative stress mediators [17, 18]. This may ex-
plain the inability of pMSCs to overcome the toxicity of
glucose at high concentrations since we recently re-
ported that exposure of pMSCs to a concentration of
H,0, higher than 200 puM is toxic [14]. These data indi-
cate that pMSCs can resist the effects of glucose and
maintain their normal function, but only up to a certain
concentration, after which glucose becomes toxic.

Next, we demonstrated the ability of endothelial cells
to survive in a glucose environment, but at a concentra-
tion of up to 100 mM glucose. At this concentration, the
viability of endothelial cells was higher than 95%, but

with reduced proliferation potential (Fig. 3d—f). This inhibi-
tory effect of glucose on endothelial cell proliferation [19, 20]
was reversed by pMSCs (Fig. 4a—c). Interestingly, pMSCs
showed a dual effect on the reversibility of glucose-treated
endothelial cells (Fig. 4f). Molecules produced by unstimu-
lated pMSCs (CMpMSC) have a reversible effect on
glucose-treated endothelial cells while the intercellular direct
contact (ICpMSC) with endothelial cells showed an irrevers-
ible stimulatory effect on glucose-treated endothelial cells
(Fig. 4f). These data provide evidence that pMSCs protect
endothelial cell proliferation from the negative effect of glu-
cose. This is supported by the finding that pMSCs modify
the expression of genes mediating endothelial cell prolifera-
tion. CMpMSC and ICpMSC reduced endothelial cell ex-
pression of antiproliferative genes including CAV1 [21] and
COLI8AI [22] (Tables 2 and 5). In addition, ICpMSC in-
duced endothelial cell expression of pro-proliferative genes
including PLAT [20] and PDGFRA (23] (Table 5). This pro-
tective role of pMSCs was further confirmed by the ability of
CMpMSC to reverse the inhibitory effect of glucose on
endothelial cell migration [24] (Fig. 6a), and this stimula-
tory effect of pMSCs (CMpMSC and ICpMSC) on endo-
thelial cell migration is irreversible (Fig. 6c). One

Table 4 pMSCs modulate expression of genes mediating endothelial cell (EC) permeability and leukocyte infiltration of ECs

Number  Gene symbol  Gene full name Glucose Glucose + CMpMSC  Fold change, glucose  Biological activity

AA"? value  AA % value vs glucose + CMpMSC

(p <0.05)

1 ALOX5 Arachidonate 5-lipoxygenase 10345 17.62 53.05-fold | Induces EC permeability
2 ICAM1 Intercellular adhesion molecule 1 11.5 2385 2.07-fold 1
3 NPR1 Atrionatriuretic peptide receptor A 1.16 3.79 3.26-fold 1 Inhibits EC permeability
4 CAVI Caveolin-1 587 3.16 1.85-fold |
5 ENG Endoglin 6047 1.79 33.78-fold | Induces leukocyte
6 VCAM1 Vascular cell adhesion molecule 1 64.03 1.79 35.77-fold | infiltration
7 SELL Selectin L 22.05 3591 1.62-fold 1
8 SELE E-selectin 22.05 3591 1.62-fold 1

CMpMSC conditioned medium of unstimulated pMSCs, pMSC placental mesenchymal stem cell, | decrease, 1 increase
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Table 5 pMSCs modulate expression of genes involved in endothelial cell (EC) survival, apoptosis, injury, fibrosis formation, and

inflammation

Number Gene symbol Gene full name

Glucose AA™* value Glucose +ICpMSC  Fold change, glucose  Biological activity

AA™? value vs. glucose + ICpMSC
(p <0.05)

1 PLAT Plasminogen activator, tissue 452 24712 54.67-fold 1 Induces EC
2 PDGFRA Platelet-derived growth factor receptor, 38 76 2-fold 1 proliferation

alpha polypeptide
3 CAVI Caveolin-1 6 2 3-fold | Inhibits EC
4 COL18AT Collagen, type XVill, alpha 1 463 19 24-fold | proliferation
5 PROCR Protein C receptor, endothelial 061 7.69 12.6-fold 1 Induces EC survival
6 F2R Protease-activated receptor-1 1.8 1091 6.06-fold 1
7 TGFBI1 Transforming growth factor beta 1 0.96 37.26 138-fold 1
8 BCL2L1 BCL2-like 1 14 14043 100.3-fold 1
9 MMP1 Matrix metallopeptidase 1 1.06 24 22.64-fold 1
10 KDR Vascular endothelial growth factor 062 50.83 81.92-fold 1

receptor 3 (VEGFR3)
11 SPHK1 Sphingosine kinase 1 1330.29 1,156,189.43 869.12-fold 1
12 TNFSF10 TNF-related apoptosis-inducing 1.65 178825 1083-fold

ligand (TRAIL)
13 FASLG Fas ligand 18,254.05 9.84 1855.08-fold | Induces EC

apoptosis

14 ENG Endoglin 6047 1.89 31.99-fold | Induces EC injury
15 AGTRI Angiotensin Il receptor, type 1 2366.34 22748 104-fold |
16 THBD Thrombomodulin 131.78 10.19 12.93-fold |
17 IL3 Interleukin 3 47.75 0.59 80.93-fold | Induces EC
18 ALOXS Arachidonate 5-lipoxygenase 103.45 0.82 126.15-fold | inflammation
19 FLTT Vascular endothelial growth 7.14 1.96 3.64-fold |

factor receptor 1

ICpMSC intercellular direct contact experiment, pMSC placental mesenchymal stem cell, TNF tumour necrosis factor, | decrease, 1 increase

possibility is that pMSCs induce glucose-treated endothe-
lial cell migration by upregulating their expression of
pro-migratory genes including EDNI [25], PF4 [26],
ICAMI1 [23], and SPHKI [27] (Tables 3 and 6).

We previously reported that pMSCs produce many mol-
ecules with survival, pro-proliferative, and migratory
activities, such as IL-6 [28], IL-8 [29, 30], IL-10 [31],
IL-11 [32], and PDGF-RB [33]. These molecules po-
tentially mediate the pMSC protective effects on endo-
thelial cells treated with glucose. However, future
functional studies are essential to elucidate the detailed
molecular mechanism.

Migration is an important early step in endothelial cell
biology that is followed by angiogenesis [15]. In this
study, CMpMSC do not interfere with the angiogenic ac-
tivity of endothelial cells (Fig. 8b). Importantly,
CMpMSC reversed the anti-angiogenic effect of glucose
[20] on endothelial cells (Fig. 8d, e). This protective
function of CMpMSC on endothelial cell angiogenesis
could be mediated by a number of angiogenic genes.
CMpMSC reduced glucose-treated endothelial cell ex-
pression of various anti-angiogenic genes including AGT

[34] and COL18A1 [22] (Table 3). In addition, CMpMSC
increased glucose-treated endothelial cell expression of
various pro-angiogenic genes including F2R [35], ICAM1
[23], PGF [36], and CCL2 [37] (Table 3). In contrast,
ICpMSC inhibited endothelial cell angiogenesis and did
not prevent the anti-angiogenic effect of glucose on
endothelial cells (Fig. 8f). This anti-angiogenic effect of
pMSCs is possibly mediated by a number of
anti-angiogenic genes including TIMP-1 [38], PF4 [26],
and CASPI [39] (Table 6), although ICpMSC also re-
duced glucose-treated endothelial cell expression of
anti-angiogenic genes including AGT [34] and COLI8A1
[22] (Table 6) and induced the expression of
pro-angiogenic genes including F2R [35], I[CAMI [23],
PGF [36], CCL2 [37], and PTGS2 [40] by endothelial
cells (Table 6). These data provide evidence that pMSCs
have dual effects (i.e. “a double-edged sword”) on the an-
giogenic activity of endothelial cells as was previously re-
ported for the immunomodulatory properties of bone
marrow-derived MSCs [41]. Supporting evidence comes
from the ability of pMSCs to produce both
anti-angiogenic molecules, such as IL-12 [42], and
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Table 6 pMSCs modulate expression of genes mediating endothelial cell (EC) angiogenesis

Number Gene Gene full name Glucose AA™? Glucose + ICpMSC  Fold change, glucose Biological activity
symbol value AA? value vs glucose + ICpMSC
(p < 0.05)
1 TIMP1 TIMP metallopeptidase inhibitor 1 2.28 6.7 2.93-fold 1 Inhibits EC
2 CASP1 Apoptosis-related cysteine peptidase  0.01 897 897-fold 1 angiogenesis
3 PF4 Platelet factor 4 0.79 354 448-fold 1
4 AGT Angiotensinogen 33 0.54 6.1-fold |
5 COL18AT Collagen, type XVIII, alpha 1 463 19 24-fold |
6 F2R Protease-activated receptor-1 1.8 1091 6.06-fold 1 Induces EC
7 ICAM1 Intercellular adhesion molecule 1 11.5 642.79 55.89-fold 1 angiogenesis
8 PGF Placental growth factor 321 178.53 55.56-fold 1
9 cce Monocyte chemotactic protein-1 17.72 44.51 2.52-fold 1
(MCP-1)
10 PTGS2 Cyclooxygenase (COX) 1.9 384 2.02-fold 1
11 SPHK1 Sphingosine kinase 1 1330.29 1,156,189.43 869-fold 1 Induces EC migration
12 PF4 Platelet factor 4 0.79 354 4.48-fold 1
13 ICAM1 Intercellular adhesion molecule 1 11.5 642.79 55.89-fold 1

ICpMSC intercellular direct contact experiment, pMSC placental mesenchymal stem cell, | decrease, 1 increase

pro-angiogenic molecules such as IL-8 [29] and IL-10
[43]. Our data indicate that the nature of pMSC treat-
ments determines the type of angiogenic activity of
pMSCs on endothelial cells. However, future study is es-
sential to determine what factors determine whether the
effects are pro-angiogenic or anti-angiogenic.

The exposure of endothelial cells to high levels of glu-
cose increases their permeability [44]. This in turn en-
hances the infiltration of monocytes through
endothelium as reported previously [44]. pMSCs re-
duced the stimulatory effect of glucose on monocyte in-
filtration through the endothelial cell monolayer, which
suggests that pMSCs reduce the stimulatory effect of
glucose on endothelial cell permeability (Fig. 7a). The

preconditioning of endothelial cells with glucose also in-
creased endothelial cell permeability, an effect that was
reversed by ICpMSC but not by CMpMSC (Fig. 7b).
This further shows the dual effects of pMSCs on the re-
versibility of endothelial cells in the presence of glucose.
These data further support a protective effect of pMSCs
on endothelial cells. The addition of pMSCs (CMpMSC or
ICpMSC) to glucose-treated endothelial cells downregu-
lated and upregulated endothelial cell expression of
pro-permeability genes (i.e. ALOXS5 [45] and NPPB [46])
and the anti-permeability genes (i.e. NPRI [47]), respect-
ively (Tables 4 and 7). In addition, pMSCs reduced the
glucose stimulatory effect on endothelial cell expression of
genes (ENG [48], VCAMI1 [49]) which mediate the

Table 7 pMSCs modulate expression of genes mediating endothelial cell (EC) permeability and leukocyte infiltration of ECs

Number Gene symbol Gene full name Glucose Glucose + ICpMSC  Fold change, glucose Biological activity
AA? value  AA? value compared with glucose +
ICpMSC (p < 0.05)
1 ALOX5 Arachidonate 5-lipoxygenase 10345 0.82 126.15-fold | Induces EC permeability
2 NPPB Natriuretic peptide B 412 0.04 103-fold |
3 IL1B Interleukin 1 beta 337 2352 6.97-fold 1
4 IL6 Interleukin 6 043 3223 74.95-fold 1
5 ICAM1 Intercellular adhesion molecule 1 11.5 642.79 55.89-fold 1
6 CAVI Caveolin-1 587 25 2.34-fold | Inhibits EC
7 NPR1 Atrionatriuretic peptide receptor A 1.16 12.58 10.84-fold 1 permeability
1 ENG Endoglin 6047 1.89 31.99-fold | Induces leukocyte
2 VCAM1 Vascular cell adhesion molecule 1 64.03 1.19 53.8-fold | infiltration
3 SELL Selectin L 22.05 359.67 16.3-fold 1
4 SELE E-selectin 2205 35967 16.31-fold 1

ICPMSC intercellular direct contact experiment, pMSC placental mesenchymal stem cell, | decrease, 1 increase
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Fig. 9 Proposed effects of placental mesenchymal stem cells (pMSCs) on modifying negative impact of glucose on endothelial cell functions.
pMSCs prevent endothelial cell injury and apoptosis from glucose and reverse inhibitory effects of glucose on endothelial cell survival,
proliferation, migration, and angiogenesis. pMSCs also reduce stimulatory effects of glucose on endothelial cell permeability and monocyte
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infiltration of monocytes into endothelium (Tables 4 and
7). As for angiogenesis, pMSCs (CMpMSC and ICpMSC)
showed a dual effect on endothelial expression of
pro-invasion (ICAMI, IL1f3, and IL6), anti-invasion
(CAVI), and pro-infiltration (SELL and SELE) genes
(Tables 4 and 7). Together, these data provide evidence of
multiple protective roles that pMSCs have on the perme-
ability of endothelial cells via mechanisms that involve the
genes indicated. This protective role of pMSCs was fur-
ther supported by the ability of pMSCs to induce
glucose-treated endothelial cell expression of various
genes mediating their survival (i.e. EDNI [50, 51], TYMP
[52], PROCR [53], F2R [35, 53], TGFBI [54], BCL2L1 [55],
MMPI [56], KDR [57], SPHK1 [58], TNFSF10 [59]) (Ta-
bles 2 and 5). Finally, pMSCs reduced glucose-treated
endothelial cell expression of genes that induce their
apoptosis (FASLG [60]), injury (ENG [48], CX3CLI [61],
F3 [62], THBD [62], AGTRI [63]), and inflammation (/L3
[64], ALOXS5 [65], FLTI [66]) (Tables 2 and 5). These data
further support pMSCs having a beneficial effect on mul-
tiple endothelial cell functions in the presence of glucose.

Conclusions

This is the first comprehensive study to provide evidence
for a protective role of pMSCs on endothelial cells in an
oxidative stress environment induced by glucose. pMSCs
protect important functions of endothelial cells (i.e. pro-
liferation, migration, angiogenesis, and permeability)
from the negative impact of glucose (Fig. 9). Endothelial
cell injury is a hallmark of vascular diseases, such as

diabetes, that results in adverse complications leading to
thrombosis and atherosclerosis. Therefore, we propose
that pMSCs are promising candidates for stem cell-
based therapies to treat vascular injury and the adverse
complications associated with inflammatory diseases,
such as diabetes and cardiovascular diseases. However,
the therapeutic value of pMSCs needs to be determined
in future animal studies.
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