
                                                
 
 
 
 
 
 

 
 
 

Final Draft  
of the original manuscript 
 
 
 
 
Xu, L.; Willumeit-Römer, R.; Luthringer-Feyerabend, B.:  
Mesenchymal Stem Cell and Oxygen Modulate the Cocultured 
Endothelial Cells in the Presence of Magnesium Degradation 
Products.  
In: ACS Applied Bio Materials. Vol. 4 (2021) 3, 2398 - 2407.  
 
First published online by ACS: 26.02.2021. 
 
https://dx.doi.org/10.1021/acsabm.0c01289  

https://dx.doi.org/10.1021/acsabm.0c01289




bone morphogenetic protein (BMP) signaling,11 matrix
metalloproteinases (MMPs),12 and tissue inhibitor of metal
loproteinase 1 (TIMP1).13 Angiogenic effects of an MSC are
mediated by the vascular endothelial growth factor (VEGF)14

and platelet derived growth factor (PDGF).15 Besides the
communication via cytokines, emerging results suggest that the
heterotypic contact may promote cellular transdifferentia
tion.16 In other words, transdifferentiated ECs from MSCs
could be beneficial for the growth and differentiation of the
EC.17,18

Effects of Mg deficiency (in opposition to increased
physiological Mg concentrations) on an endothelial system
have been mostly studied in vitro and in vivo and highlighted its
dysfunctions. In vitro, Mg deficiency resulted in altered
proliferation and migration, accompanied by a nuclear factor
k B (NF kB) pathway activation, increased levels of IL8, IL6,
IL1, tumor necrosis factor α (TNFα), reactive oxygen species
(ROS), prostaglandin E2 (PGE2), and nitric oxide synthase
(NOS) activity.19−23 In vivo, contradictory Mg supplementa
tion effects were observed. However, the systematic review and
meta analysis of randomized controlled Mg supplementation
on endothelial function trials performed by Darooghegi
Mofrad et al.24 highlighted that daily supplementation of Mg
had a significant effect (increase) on flow mediated dilation.
Mg based materials are promising biomaterials for vascula

rization related therapies; thanks to their mechanical properties
and biocompatibility. Mg degradation products have proved to
improve in vivo vascularization and in vitro endothelial
migration and proliferation25,26 and the activities of
MSCs.27−30 Besides impacting the implant’s mechanical
properties, the degradation of Mg in body fluids or in vitro
aqueous environments could ultimately modify local oxygen
concentration as Mg degradation consummates dissolved
oxygen.31 The local oxygen content is decisive for proper
vascularization and MSC’s fate. For instance, hypoxia increases
oxidative stress and endothelial activation.29 Oxygen can
influence the differentiation and multipotent status or tropic
secretion of MSCs.30 Oxygen tension varies from tissue sites
(about 6% in bone marrow and 4−14% in the vascularized
system32,33), health status, and healing phases like the usual
hypoxic condition during tissue healing neovascularization
(about 4% in adult mice tibial fractures34). Furthermore, 5%
O2 was selected in many hypoxia research studies;35−37 thus
we choose 5 and 20% to represent hypoxia and normoxia,
respectively. A previous study of EC monoculture25 indicated
that increased Mg concentrations had a general negative effect
on early (migration) and late (tubulogenesis) angiogenesis
under normoxia. However, under hypoxia, these effects were
absent. The interplay between oxygen content Mg or even
degradable materials and the MSC and EC interactions, two
important constituents of bone marrow, represent high
scientific interest for tissue engineering and biodegradable
Mg applications and remain to be fully understood. Therefore,
with special interest in orthopedic applications, we mimic the
effects of Mg degradation and oxygen content on the
vascularization of EC and MSC−EC interactions using
monoculture and coculture systems as well as different
concentrations of Mg degradation products and oxygen
contents. We applied cell culture medium containing 0.813
mM Mg as the physiological level of Mg in blood (control)
and 2, 4, and 8 mM Mg containing degradation products
because up to 10 mM has no adverse effects on ECs.30

■ MATERIALS AND METHODS
Coculture Models and Settings. The migration and morpho

genesis are two essential steps during angiogenesis. Previous studies of
EC monoculture indicates the significant effects of Mg degradation
products and oxygen tension on these two angiogenic stages.20 In
order to investigate the roles of MSCs, we set up three cell culture
models (Table 1) and compared the obtained results to the ones of

the former EC monoculture. First, to induce the migration and
morphogenesis of ECs, transwell coculture was applied. Especially, a
thin layer angiogenesis (TLA) assay was used to examine tube
formation (morphogenesis) of ECs, allowing for quantitative real time
polymerase chain reaction and microscopy studies.38 In addition, a
cell mixture coculture was applied to represent the latter stage of
MSC−EC interaction, in which the proliferation and cellular
transdifferentiation were investigated.

Isolation and Immunophenotyping of MSCs and ECs. Cell
isolation’s ethical approval was acquired from the Ethics Committee
of the Hamburg Medical Association (PV4058). MSCs were isolated
from Wharton’s jelly of arteries and thus also termed human umbilical
perivascular cells (HUCPV). The detailed isolation protocol can be
found here.39 MSCs were expanded in minimum essential medium
eagle α modification (α MEM, Fisher Scientific GmbH, Schwerte,
Germany) supplemented with 15% fetal bovine serum optimized for
human MSCs (SC FBS, Biological Industries, Beit Haemek, Israel)
and 1% penicillin streptomycin (P/S, Fisher Scientific GmbH,
Schwerte, Germany). ECs were derived from the lumen of an
umbilical vein using collagenases, type IA (Sigma Aldrich Chemie
GmbH, Taufkirchen, Germany). The complete isolation procedure
was previously published by Xu et al.25 The proper identities of MSCs
and ECs were validated by their immunophenotyping with flow
cytometry using a cell specific cluster of differentiation (Supporting
Information S2: antibodies and isotype controls selected for flow
cytometryresults can be found here40). HUVEC and HUCPV (up
to passage 6th and 12th, respectively) were used.

Magnesium Degradation Products. After permanent mold
gravity casting, pure Mg (99.95%) ingots were T4 treated and
extruded into rods (Ø 1 cm; Helmholtz Zentrum Geesthacht,
Geesthacht, Germany). Subsequently, discs were prepared (1.5 mm
thickness) from the further machined rods (Ø 0.9 cm). The discs
were sonically cleaned (100% n hexane, acetone, and ethanol for 20
min), sterilized with ethanol (70%, for 20 min; Merck, Darmstadt,
Germany), and finally sterilely air dried. Extracts obtained from the
Mg sample degradation were obtained following EN ISO standards I.
10993 5:2009 and I. 10993 12:2012 (i.e., 0.2 g Mg in 1 mL extraction
medium, here α MEM supplemented with 15% SC FBS and 1% P/S)
under cell culture conditions for 72 h. The extract Mg content was
measured via inductively coupled plasma mass spectrometry (ICP−
MS; Agilent, Waldbron, Germany). The degradation products
containing solutions were prepared by diluting Mg degradation
extract into 2/4/8 mM Mg with α MEM supplemented with 15% SC
FBS and 1% P/S. The osmolality (measured with a cryoscopic
osmometer; Gonotec, Berlin, Germany) and pH (Sentron pH Meter;
Sentron Europe BV, VD Leek, Netherlands) were investigated and
found to be not significantly different compared to cell culture
medium.

Monoculture and Transwell Coculture. Wound Healing
Assay. The wound healing assay was performed to elucidate the

Table 1. Models of Monoculture and Coculture

model component methodology

monoculture EC wound healing
tube formation

transwell
coculture

MSCs and ECs separated by
transwell

wound healing

tube formation
direct coculture mixture of MSCs and ECs proliferation

transdifferentiation



cellular edge extension during the migration of ECs. The ECs were
maintained in 1.5 mL of endothelial cell growth medium (ECGM,
PromoCell, Heidelberg, Germany) plus FBS (Biochrom, Berlin,
Germany) until approaching 80% confluence. MSCs were seeded in
1.5 mL of α MEM supplemented with 15% SC FBS and 1% P/S
(same as extraction medium). Before wound healing assay, ECs were
starved in ECGM with 1% FBS for 24 h to obtain a synchronized
cellular cycle. Prior to wound healing assay, ECs were treated with
mitomycin C (10 μg/mL) to inhibit proliferation for 2 h. MSCs
(80,000 cells, in the inserts and ECs (20,000 cells, at the bottom
chamber) per well) were seeded in 24 well plates. Wounds of the EC
were produced using a 1 mL pipette tip on the cell monolayer at 0 h
(Supporting Information S3). Wounds were cultured in Mg
degradation products under 20 and 5% O2 for 24 h. Hypoxia was
achieved by replacing oxygen by nitrogen in an incubator with an
oxygen sensor (Thermo ScientificFisher Scientific GmbH,
Langenselbold, Germany), an efficient method to provide stable
conditions.41 Acquisition of the pictures was performed at 0 h (T0)
and after 24 h (T24) with a Ti S/L100 microscope (Nikon GmbH,
Dusseldorf, Germany). The cellular edge extension was calculated
from the scratch difference between T0 and T24 using Image
Processing and Analysis in Java (ImageJ version 1.51b; National
Institutes of Health, Bethesda, USA) with the MRI plugin. The
supernatants and cells were collected and stored at −80 °C for further
experiments.
Tube Formation Assay. An adapted thin layer assay (TLA)38 was

applied. MSCs and ECs were maintained, as described in the wound
healing assay. The matrix (Geltrex, Fisher Scientific GmbH, Schwerte,
Germany) was homogeneously spread with a pipette tip on each well
bottom of 24 well plates. The coating was polymerized at 37 °C for
30 min. MSCs were seeded in the inserts (80,000 cells). ECs were
seeded as 4000 cells per reconstituted matrix layer in bottom
chambers of 24 well plates. The image was visualized using an
inverted microscope at 6 h. The number of branches and the total
length of the tubes were quantified by ImageJ with an Angiogenesis
Analyzer Plugin (Gilles Carpentier Research). The supernatants and
cells were collected and stored at −80 °C for further experiments.
Direct Coculture. Transdifferentiation Assessment. MSCs and

ECs (200,000:50,000 cells) were seeded in T25 flasks for 7 days. The
medium was refreshed every 3 days. On days 1, 4, and 7, supernatants
and cells were collected and stored at −80 °C for further experiments.
The CD 90 (Thy 1 cell surface antigen) and CD 31 (platelet EC
adhesion molecule 1) in total cell population were measured using
flow cytometry on days 1, 4, and 7. The cell dissociation was
performed using trypsin−EDTA (0.05%; Thermo ScientificFisher
Scientific GmbH, Langenselbold, Germany), adjusted to 500,000 cells
in 20 μL of staining buffer, and stained with the antibody solutions.
Cells resuspended in phosphate buffered saline (PBS) served as a
blank control. The bovine serum albumin in PBS (1% w/v) was used
as the staining buffer. Samples were incubated with antibodies on ice
for 30 min in darkness. Stained cells were washed once with warm
staining buffer. Cells were resuspended in a 5 mL of ice cold PBS.
Total 5000 events per measurement were collected with a Flow
cytometer S3e (Bio Rad Laboratories GmbH, Munich, Germany)
using ProSortTM software (v1.5; Bio Rad Laboratories GmbH,
Munich, Germany). Ultimately, the results were quantified using Flow
Jo (version 10.5.3; Ashland, Oregon, USA) by removing debris
events, death population (positive propidium iodide staining). The
population was double stained by CD 90 and 31 were compensated
with their single staining.
Proliferation. In order to assess cells’ metabolic activity or cell

proliferation, WST 1 assay was performed. ECs and MSCs were
seeded as 4:1 (5000 cells in total) per well in 96 well plates at 37 °C
for 1, 4, and 7 days. Every 3 days, the media was renewed (0.4 mL).
At day 1, 4, and 7, the media was exchanged with 0.2 mL of fresh α
MEM complete medium supplemented with 20 μL of WST 1 (Takara
Bio Inc., Shiga, Japan) for 30 min in 37 °C. The optical absorbance of
100 μL of each sample was measured at 450 nm using a Sunrise
microplate reader (TECAN Deutschland GmbH, Crailsheim,
Germany). Afterward, DNA content was measured using bisbenzi

mide (Sigma Aldrich Chemie GmbH, Munich, Germany) in order to
normalize the variation induced by cell proliferation. In parallel, at day
1, 4, and 7 cells were stained with rhodamine 123 (10 μg/mL in PBS,
Sigma Aldrich, Munich, Germany) and 4′,6 diamidino 2 phenylindole
(1 μg/mL DAPI in ddH2O; Sigma Aldrich, Munich, Germany).

Enzyme-Linked Immunosorbent Assay. Supernatants were
thawed on ice and centrifuged at 2000 rpm for 2 min. Expression of
IL8, platelet derived growth factor subunit A (PDGFA), metal
loproteinase inhibitor 1 (TIMP1), fibroblast growth factor 2 (bFGF),
and transforming growth factor β 1 (TGFb1) were measured via
enzyme linked immunosorbent assay (ELISA). All ELISAs were
purchased from R&D (R&D Systems GmbH, Wiesbaden, Germany)
and prepared according to manufacturer instructions. The capture
antibody was coated in 96 well plates 50 μL per well for 12 h at room
temperature (RT). The plates were blocked with 50 μL of block
buffer for 1 h at RT. Samples (or standards) were bound with 50 μL
of capture antibodies for 1 h at RT. Detection antibodies were added
to plates 50 μL per well for 1 h at RT. Streptavidin−horseradish
peroxidase (HRP) was added to detection antibodies for 20 min at
RT avoiding direct light. Plates were incubated for 20 min with 50 μL
of substrate solution at RT with no direct light. The reaction was
terminated with 25 μL of stop solution (corrosive sulfuric acid) and
measured with a Sunrise microplate reader (TECAN Deutschland
GmbH, Crailsheim, Germany) at 450 nm (540 nm as reference
wavelength). Between each coating and reaction, plates were washed
2 times with 150 μL of washing buffer using a Bio Plex Pro wash
station (Bio Rad Laboratories GmbH, Munich, Germany). Cytokine
concentrations were quantified with standard curves.

Real-Time Quantitative Polymerase Chain Reaction. Total
ribonucleic acid (RNA) was extracted using QIAshredder and RNeasy
kit (QIAGEN GmbH, Hilden, Germany). The RNA concentration
[optical density (OD) at 260 nm] and purity (OD at 260/280 nm)
were measured using a NanoDrop spectrophotometer (Thermo
ScientificFisher Scientific GmbH, Schwerte, Germany). Comple
mentary deoxyribonucleic acid (cDNA) was synthesized via reverse
transcription using a reverse transcription Kit Omniscript from
QIAGEN GmbH (Hilden, Germany). Primers (either selected from
the RTPrimerDB database or prepared via Primer 3; version 4.0.0)
were purchased from Eurofins GmbH (Hamburg, Germany). Actin β
(ACTB) and glyceraldehyde 3 phosphate dehydrogenase (GAPDH)
were selected as reference genes. All primers are presented in
Supporting Information S4. RT qPCR was achieved using SsoFast
EvaGreen Supermix with a PCR detection system (CFX96 Touch)
and CFX Manager Software (Bio Rad Laboratories GmbH, Munich,
Germany). The thermal cycling conditions included (i) an initial
denaturation at 95 °C for 3 min, (ii) 40 cycles of denaturation (20 s at
95 °C), annealing (20 s at 60 °C), and elongation (30 s at 75 °C),
(iii) and a melting curve step (30 s at 95 °C and then heating from 65
to 95 with 0.5 °C increments of 5 s). Control without cDNA or “no
treatment control” was included.

Statistical Analysis. Two independent experiments with two
technical replicates, using cells of three donors (n = 12), were
performed. The statistical differences between control and Mg
treatment were analyzed with one way ANOVA following Dunnett’s
post hoc multiple comparisons (α = 0.05) via SigmaPlot version 13.0
(Systat software GmbH, Erkrath, Germany). The comparison
between oxygen at the same Mg treatment was analyzed with a
paired t test (α = 0.05) using SigmaPlot. In RT qPCR, t test (with α
= 0.05) was performed, and differential expressions were calculated
via CFX manager software (V3.1; Bio Rad, Munich, Germany).

■ RESULTS
Monoculture and Transwell Coculture. Wound Heal-

ing and Tube Formation of ECs. Wound closure was
calculated from the scratch areas between the T0 and T24
(0 and 24 h)see Figure 1. Scratches at T0 made the unified
noncell area for further comparison at T24. As our previous
work indicated, Mg degradation products had no influence
under 5% O2.

25 However, at 20% O2, an increased closure area



of EC monoculture was observed in EC monoculture
(statistical difference with 2 mM Mg). When cocultured with
MSCs at 20% O2, Mg concentrations had no effects on
migration. Conversely, at 5% O2, EC migration in coculture
was inhibited by increased Mg concentrations.
Tube formation was acquired from the tube formation areas

after 6 h and the total length was quantified (Figure 2). Under
5% O2, the total length of tubes in EC monoculture was not
remarkably changed after 6 h. However, at 20% O2, the total
length was clearly reduced by 4 and 8 mM Mg (Figure 2b).20

When cocultured with MSCs, the total length of ECs was
decreased significantly by 4 and 8 mM Mg at both 5 and 20%
O2.
Cytokine Expression in Wound Healing and Tube

Formation. By merging the different Mg treatments and
mono /coculture conditions, results emphasized no significant
difference between high and low oxygen (Figure 3aleft).
However, all cytokines especially PDGFA, TIMP1, and bFGF
were significantly decreased when ECs were cocultured with
MSCs (Figure 3aright). In the wound healing of EC
monoculture (Figure 3b), 8 mM Mg significantly decreased
PDGFA at 5% O2. At 20% O2, TIMP1 was significantly
decreased with 8 mM Mg. IL8 was remarkably increased at
both 5 and 20% O2 with 4 or 8 mM Mg. Similar results were
also observed for bFGF (except for 5% 4 mM Mg). Within
cocultures, a general decrease of PDGFA, TIMP1, and bFGF
productions was observed with increasing concentrations of
Mg (except for the expression of bFGF, which remained
constant at 5% O2 and TIMP1 production which was
significantly decreased only by 2 mM Mg at 5% O2). Especially

at 20% O2, PDGFA was significantly decreased with up to 8
mM Mg, whereas TIMP1 was significantly decreased by 4 and
8 mM Mg. Under 5% O2, PDGFA was significantly reduced by
8 mM Mg. The bFGF level in coculture was significantly
reduced with 8 mM Mg at 20% O2. However, the level of IL8
was only increased by 8 mM Mg at 20% O2.
By considering the effect of oxygen content on tube

formation (Figure 4aright), all cytokines except for
PDGFA were significantly upregulated when ECs were
cocultured with MSCs. In the tube formation of EC
monoculture, a decrease of IL8 and bFGF was found with 2
and 4 mM Mg under 5% O2, respectively. Under 20% O2, only
bFGF content was significantly decreased with all Mg
concentrations. In the cocultures, both PDGFA and TIMP1
contents were significantly reduced with increasing concen
tration of Mg under 20% O2. Under 5% O2, PDGFA remained
constant. TIMP1 and bFGF contents decreased with Mg
(statistically for all Mg concentrations for TIMP1 and only for
8 mM for bFGF). However, for IL8 an increased expression
could be observed (statistically with 8 mM Mg).

Gene Expression in Wound Healing and Tube Formation.
During the wound healing and tube formation of the EC, the
gene expressions of MSCs (upper insert) and ECs (bottom
chamber) in transwell were investigated (Figure 5). Under 5%
O2 in ECs, angiogenin (ANG), IL8, and vascular endothelial
growth factor B isoform (VEGFB) were upregulated in the
presence of 4 or 8 mM Mg. However, under 20% O2, these
increases were reversed into downregulation already with 2
mM Mg. Under 5% O2, Mg degradation products had no
influence on the expression of PDGFA and TIMP1, while
under 20% O2, the expression of PDGFA was statistically

Figure 1. Wound healing: assessment of EC migration in
monoculture and transwell coculture. Data were collected from two
technical replicates of two independent experiments from cells of
three donors (n = 12). (a) Pictures were acquired with an inverted
microscope at 0 and after 24 h. Here, exemplary pictures of EC
cocultured with MSCs after 24 h (starting migration at T0 can be
found in Figure S1) are presented. Scale bar represents 500 μm. (b)
No cell area difference between T0 and T24 of EC monoculture and
coculture with MSCs was quantified using ImageJ. Data are
represented as arithmetic mean ± standard deviation. Significances
between Mg treatments and controls were tested by ANOVA and
indicated by an asterisk (α = 0.05, *P ≤ 0.05).

Figure 2. Tube formation of ECs in monoculture and transwell
coculture. Data were collected from 2 technical replicates of two
independent experiments from cells of three donors (n = 12). (a)
Pictures were acquired with an inverted microscope at the 6th h
(representative pictures are presented); scale bar represents 500 μm.
(b) Total length of tubes of EC monoculture and coculture with
MSCs was quantified using ImageJ. Data are represented as arithmetic
mean ± standard deviation. Significances between Mg treatments and
controls were tested by ANOVA and indicated by an asterisk (α =
0.05, *P ≤ 0.05). Significance between 5 and 20% O2 within same Mg
treatments was tested by paired t test and indicated by hashtags (α =
0.05, #P ≤ 0.05, and ###P ≤ 0.001).



upregulated by 8 mM Mg. In wound healing under 5% O2,
ANG, hypoxia inducible factor type 1A (HIF1A), IL8, TIMP1,
and VEGFB expressions in MSCs were not influenced by Mg
degradation products. Only PDGFA expression was remarkably
downregulated with 4 and 8 mM Mg.
During the tube formation of ECs, the gene expressions

measured in MSCs were significantly upregulated by Mg under
5% (up to hundreds of times higher than the expressions under
20% O2). However, the regulation folds between oxygen
conditions in ECs were at most 10 times different. Under 5%
O2, VEGFB and TIMP1 in MSCs were remarkably upregulated
when cultured with 4 and 8 mM Mg. However, the expression
of other MSC genes presented similar U shaped curves.
Significantly downregulated ANG and HIF1A were observed
with 2 mM Mg but became upregulated with increased Mg

content. Likely, IL8 and PDGFA expressions were decreased
(not statistically) under 5% O2 with 2 and 4 mM Mg. Notably,
all investigated genes of MSCs were constantly uninfluenced
with up to 8 mM Mg at 20% O2. In ECs at both 5 and 20% O2,
ANG, TIMP1, and VEGFB186 expressions were not regulated
after Mg degradation product treatments. Under 5% O2,
obvious upregulation of HIF1A as well as PDGFA was
observed with 8 or 4 mM Mg. However, at 20% O2, only
HIF1A was significantly downregulated (2 and 8 mM Mg),
while IL8 and PDGFA expressions remained unchanged.

Direct Coculture (Transdifferentiation and Proliferation).
Considering heterotypic contact16 and the high TGFb1 level in
direct coculture (Figure 6a), the transdifferentiation potential
of MSCs was only investigated when MSCs and ECs were
cocultured as a cell mixture. Interestingly, during the coculture

Figure 3. Quantification of cytokines during wound healing. Data (collected from two technical replicates of two independent experiments from
cells of three donors; n = 12) are represented as arithmetic mean ± standard deviation. (a) To emphasize the effect of oxygen content on cytokine
production, different Mg treatments and mono /coculture conditions were merged (left chart). Similarly, to accentuate the effect of mono /
coculture conditions on cytokines production, different Mg treatments were merged (right chart). (b) Levels of cytokines under different Mg
concentrations, oxygen content, and mono/coculture settings. Significances were investigated by t test or ANOVA and indicated by an asterisk (α =
0.05, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001).

Figure 4. Quantification of cytokines during tube formation. Data (collected from two technical replicates of two independent experiments from
cells of three donors; n = 12) are represented as arithmetic mean ± standard deviation. (a) To emphasize the effect of oxygen content on cytokine
production, different Mg treatments and mono /coculture conditions were merged (left chart). Similarly, to accentuate the effect of mono/
coculture conditions on cytokine production, different Mg treatments were merged (right chart). (b) Levels of cytokines under different Mg
concentrations, oxygen content, and mono /coculture settings. Significances were investigated by t test or ANOVA and indicated by an asterisk (α
= 0.05, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001).



of MSCs and tube formatting ECs, we observed some
upregulation of morphogenesis genes in MSCs (Supporting
Information S5) under hypoxic conditions. In addition, only in

hypoxia, collagen type I α 1 chain (COL1A1), bFGF, and
fibronectin (FN1) were significantly downregulated by 2 or 4
mM Mg. Therefore, we hypothesized that MSCs experienced

Figure 5. Gene expression of MSCs and ECs during wound healing assay. Data (collected from two technical replicates of two independent
experiments from cells of three donors; n = 12) are represented as arithmetic mean ± standard deviation. (a) MSCs and ECs were collected
separately from transwell inserts and bottom chambers, respectively. (b) Gene expression was investigated by RT qPCR. Significance between
treatments and controls were tested via one way ANOVA and indicated by an asterisk (α = 0.05, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001).

Figure 6. Proliferation and transdifferentiation of MSCs and ECs in coculture. (a) TGFb1 level. (b) Gating procedure and (c) results of flow
cytometry. (d) WST 1 at day 1 and 7. Data (collected from two technical replicates of two independent experiments from cells of three donors; n =
12) are represented as arithmetic mean ± standard deviation. Significances between Mg treatments and controls were tested via one way ANOVA
and indicated by an asterisk (α = 0.05, *P ≤ 0.05, and ***P ≤ 0.001).



phenotype transition during the direct coculture, which could
depend on oxygen and be monitored by the double positive
CD 90 and 31 using flow cytometry (Figure 6b,c). The
proliferation of the MSC−EC mixture was quantified using
WST 1 colorimetric assay (Figure 6d).
At day 1 of direct coculture, and compared to the respective

controls, the level of TGFb1 in the presence of 8 mM Mg was
significantly raised under 5% O2 but reduced under 20% O2. At
day 7, decreased TGFb1 was observed with 4 and 8 mM Mg
under 5% O2 but increased with 2 and 4 mM Mg under 20%
O2. The percent of double positive events (CD 90+/CD 31+)
was around 4% for controls at day 1. Similarly, the CD 90+/CD
31+ was significantly increased under 5% O2 but decreased at
20% O2 with increasing Mg doses (both statistically significant
with 4 and 8 mM Mg). On the 7th day, the CD 90+/CD 31+ at
5% O2 was 10% without Mg treatment and started to decrease
in the presence of 4 and 8 mM Mg. Under 20% O2, the CD
90+/CD 31+ percent was below 2.5 in controls as well as in the
presence of 2 and 4 mM Mg but significantly increased with 8
mM Mg. Mock flow cytometry dot plots are presented in
Supporting Information S6. At day 1, the WST 1 OD was
shown to be decreased (not statistically significant) with 8 mM
Mg under 5% O2, while significantly decreased with up to 8
mM Mg under 20% O2. On the 7th day, WST 1 OD was not
influenced by Mg under both 5 and 20% O2.

■ DISCUSSION
While oxygen concentration variation during metal implant
corrosion is not new, observation indicates that degradable
materials can make complex the oxygen context because of
their local corrosion.31 Furthermore, emerging results convey
the regulatory role of Mg based materials in the activities of
ECs, highlighting the therapeutical opportunities of this
biomaterials for endovascular therapy. Furthermore, MSCs
can promote endothelial migration and neoangiogenesis and
induce paracrine secretion.42−44 Thus, we hypothesis syner
gistic or nuancing effects of Mg degradation products and
oxygen content (corrosion or tissue damage induced) on the
MSC influenced endothelial migration and differentiation.
Angiogenesis begins with EC activation from pre existing

vasculature and requires participation of specific signaling
pathways that enable EC departure and further morphogenesis.
The understanding of this mechanism has a high scientific and
clinical value. Under hypoxic conditions, the Mg degradation
products alone could not induce the EC migration. However,
with addition of MSCs, Mg degradation products had a
positive influence on EC migration. No matter under normoxia
or hypoxia, MSC coculture reduces the EC migration and
differentiation when Mg degradation products were present.
Therefore, decreased migration is assumed in higher
concentrations of Mg degradation products during early
corrosion. The comparison between monoculture and
coculture indicates the therapeutic potential of MSCs, which
release factors modulating migration, inflammation, and
thrombosis. PDGF, bFGF, IL8, and TIMP1 are well known
MSC tropic factors regulating EC migration and angio
genesis.45 The PDGF and bFGF, as two potent mitogens,
have been applied as therapeutic genes or cytokines for their
synergistic effect on MSC proliferation and migration as well as
angiogenesis.46,47 Mg deficiency is believed to induce PDGF
secretion,21 which can be attenuated by extracellular Mg
ions.48 FGF signaling and bFGF were demonstrated to have
also a role in bone regeneration of rat calvarial defects.49

Affinity of bFGF to its receptor is modulated by extracellular
Mg.50 As chemotactic cytokine, IL8 production was proved to
be influenced by the Mg ions.51 The TIMPs proteolytically
cleave and inactivate MMP activity and therefore mediate the
extracellular matrix (ECM) reorganization during migration.
Mg treatments attenuate the TIMP level in many inflammatory
symptoms.52

The hypoxia upregulated genes, such as ANG, IL8, and
VEGFB186, suggested that ECs are more likely to migrate and
proliferate at the hypoxic area. ANG can regulate the
proliferation and attenuate inflammation via counteracting
IL8.53 IL8 exerts its activity via VEGF pathways. VEGF is a
major signaling pathway for EC activation.54 Additionally,
hypoxia can also stimulate HIF1A and PDGFA, which can
trigger many subsequent pathways for migration and differ
entiation.54,55 Therefore, more re endothelialization can be
expected on the hypoxic interface of endothelium. On the
contrary, both migration and differentiation of ECs tend to be
downregulated under normoxia. Hypoxia can modulate MSC
proliferation and differentiation through ANG, bFGF, and
PDGFA.56−59 Additionally, hypoxia decreases factors relative
to ECM synthesis and interaction, that is, BMPs, FN1,
COL1A1, BMP4, and BMPR1A.60−63 On the contrary,
normoxia tends to stabilize the expression of selected genes
in MSCs. Therefore, more undifferentiated MSCs could be
expected at the hypoxic site of lesions or materials, in which
the oxygen may promote the stemness and secretion of
angiogenic factors of MSCs.64

Transdifferentiation, also known as lineage reprogramming,
is a critical step to restore the endothelium post stenting (re
endothelialization) and the tissue development. MSCs can be
differentiated into ECs (mesenchymal−endothelial transition−
MET) in vitro,65 while ECs can lose their specific markers and
acquire a mesenchymal phenotype66 (endothelial−mesenchy
mal transition−EndoMT). The TGFb pathway is reported to
mediate this transition by supporting EndMT66 but inhibiting
MET.67 TGFb can inhibit the EC growth of different cell
sources68 by altering the cellular response to growth
stimulatory factors. HIF1A is the main cellular response
induced by hypoxia exposure and synergistically acts with
TGFb.69 The present results suggest that the MSC−EC
transdifferentiation is reciprocally regulated by Mg degradation
products in the two different oxygen conditions. Based on a
former study, the reciprocal effects of Mg could depend on the
fact that Mg downregulates HIFs at 5% but upregulates them
under 20% O2.

25 As EndoMT contributes to a multitude of
diseases while MET can enhance the tissue repair, modulation
of these signaling pathways may prove to be an effective target
for therapeutic treatment.18,70 Thus, environmental oxygen and
the interaction with Mg materials could be a way for improving
cellular transdifferentiation of the unideal somatic cells and
stem cells.

■ CONCLUSIONS
We investigated the oxygen contents and biochemical
environments vascularization could be exposed to during
Mg based biomaterial degradation, paracrine secretion, and
heterotypic contact of MSCs. Our results consolidate the
suitability of Mg based absorbable materials for therapeutic
vascularization strategies and tissue engineering. Oxygen
concentration as well as degradation rate of resolvable metal
based biomaterials could be essential parameters to be
monitored or tailored in order to modulate the distribution
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