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Abstract: 

Biodegradable magnesium (Mg) metals have been applied in orthopaedic and stent applications due to 

their biodegradability, bioabsorbability and adaptability to tissue regeneration. However, further 

investigations are still needed to understand how angiogenesis will respond to high concentrations of 

Mg2+ and oxygen content differences, which are vital to vascular remodelling and bone fracture 

regeneration or tissue healing. Human primary endothelial cells were exposed to various concentrations 

(2 to 8 mM) of extracellular Mg2+ degradation products under either hypoxia or normoxia. Increased 

proliferation was measured with Mg extracts under hypoxia but not under normoxia. Under normoxia 

and with Mg extracts, HUVEC migration exhibited a bell-shaped curve. The same pattern was observed 

with VEGFB expression, while VEGFA was constantly downregulated. Under hypoxia, migration and 

VEGFA levels remained constant; however, VEGFB was upregulated. Similarly, under normoxia, tube 

formation as well as VEGFA and VEGFB levels were downregulated. Nevertheless, under hypoxia, tube 

formation remained constant while VEGFA and VEGFB levels were upregulated. These results suggest 

that Mg extracts did not interfere with angiogenesis under hypoxia. 

Statement of significance 

Neoangiogenesis, mediated by (e.g.) hypoxia, is a key factor for proper tissue healing Thus, effect of 

Mg2+ degradation products under either hypoxia or normoxia on angiogenesis were investigated. Under 

normoxia and increased Mg concentrations, a general negative effect was measured on early 

(migration) and late (tubulogenesis) angiogenesis. However, under hypoxia, this effect was abolished. 

As magnesium degradation is an oxygen-dependant process, hypoxia condition may be a relevant factor 

to test material cytocompatibility in vitro. 
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Introduction 

Angiogenesis defines the formation of new blood vessels ranging from large arteries to micron-sized 

capillaries. Intussusceptive and sprouting angiogenesis are the two types of angiogenesis. 

Intussusceptive (or splitting) angiogenesis is generally a fast process that relies on the remodelling of 

existing vessels splitting into two [1]. In contrast, sprouting angiogenesis depends on endothelial cell 

proliferation or migration. This process can be divided in the following different steps: (i) enzymatic 

degradation of the capillary basement membrane in existing blood vessels to allow endothelial cells to 

escape; (ii) endothelial cell proliferation and directed migration towards a source signal; and (iii) 

reorganisation through tubulogenesis (endothelial cell tube formation), vessel fusion, vessel pruning, 

and pericyte stabilisation.  

Angiogenesis has been investigated for the optimisation of vascular stents because proper 

endothelialisation of larger vessels is critical to avoid stent failure from thrombosis and intimal 

hyperplasia [2]. In pathology, angiogenesis is also a fundamental step in tumour transition, in which 

endothelial cells respond to tumour-secreted angiogenic signals by stimulating the growth of new blood 

vessels to receive cytokines, oxygen and nutrients [3]. In addition to angiogenesis, wound hypoxia also 

has a critical role in the fate of the normal healing process. Hypoxia has been proven a vital factor in the 

wound environment because the lack of oxygen induced by blood clotting notably mediates (sprouting) 

angiogenesis [4]. Indeed, the expression of several angiogenic genes are regulated through the hypoxia 

inducible factor (HIF)/VEGF signalling axis, where oxygen is an important signalling molecule [5]. The 

angiogenesis process comes into play rather early during wound healing. It is commonly admitted that 

during the first 2 to 5 days after tissue damage, the clotting cascade is taking place accompanied with 

an inflammatory environment. Directly after this process, under normal conditions, angiogenesis should 

occur to provide an adequate supply of oxygen, nutrients, growth factors, and cells. This return to 

nonmedia in turn promotes the proliferation/granulation phase.   

 As a promising biomaterial, we have been investigating magnesium (Mg) and developing its 

alloys since the material’s biodegradability can prevent second surgeries and its biocompatibility can 

stimulate cell metabolism and proliferation. Some reports have revealed the mechanism of the Mg ion 

on endothelial cells. For instance, Mg2+ can interplay with adenosine diphosphate (ADP), adenosine 

triphosphate (ATP) and the mitochondria in the cytosol. Moreover, it has been proven that Mg material 

can induce variations in the Mg ion concentration compared to physiological conditions, and Mg can 

influence the migration phase of angiogenesis [6]. These studies indicating the roles of Mg were mostly 

performed with hypomagnesemia models, but mechanistic studies and evidence are still sparse and 

general [7]. Furthermore, degradation of magnesium (alloys) materials requires oxygen, which could in 

turn further influence angiogenesis and healing [8].  
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Angiogenesis is a stage-dependent process that initially involves endothelial cell migration into 

relevant areas followed by the formation of tubular structures. Greater understanding of the 

angiogenesis mechanisms in the presence of Mg and hypoxia can shed light on the design of Mg-based 

implants or stents and their tailored degradation rate. Therefore, the influence of Mg was studied with a 

human umbilical vein endothelial cell (HUVEC) model. A high purity isolated endothelial population from 

the endothelium layer of a human umbilical cord was validated by flow cytometry. Furthermore, to mimic 

different healing times, hypoxic conditions were induced using 5% oxygen and normoxia using 20% 

oxygen [9]. The two stages of angiogenesis, including migration (via wound healing assay) and vessel 

or tube formation (i.e., the ability to form capillary-like structures), were studied not only at the phenotypic 

level but also at the gene level. Finally, vascular endothelial growth factor B (VEGFB), a strong 

angiogenic factor, was also measured at the protein level to clarify on the mechanism of Mg on 

endothelial cell migration and tube formation abilities. 

Material and methods 

HUVEC isolation, culture, and immunophenotyping 

Ethical approval for the isolation of HUVECs was obtained from the Ethik-Kommission der Ärztekammer, 

Hamburg. Umbilical cord samples were provided by Asklepios Klinik Altona (Hamburg, Germany) 

immediately after caesarean sections of consenting donors. HUVEC isolation from a human umbilical 

vein was adapted from a previously reported method [10] using 0.2% (w/v) collagenase (from 

Clostridium histolyticum Type IA; Sigma Aldrich, Munich, Germany). Isolated HUVECs and commercial 

HUVEC products (selected as control - BD™ HUVEC-2, BD Bioscience, Heidelberg, Germany) were 

cultured in endothelial cell growth medium (ECGM, PromoCell, Heidelberg, Germany) supplemented 

with endothelial cell growth supplement (ECGS, PromoCell, Heidelberg, Germany) and 10% foetal 

bovine serum (FBS, Biochrom, Berlin, Germany). The cell identity was confirmed according to the 

expression of specific markers (Supplementary Table S1; positive control cluster of differentiation (CD) 

31 and CD105 – negative control CD45) and corresponding isotype controls (all antibodies were 

purchased from Fisher Scientific GmbH, Schwerte, Germany) by flow cytometry (S3e Cell Sorter; Bio-

Rad Laboratories GmbH, Munich, Germany). Cells were dissociated with 0.05% trypsin-EDTA (Life 

Technologies GmbH, Darmstadt, Germany). The dissociated cells were stained with fluorescein 

isothiocyanate (FITC)-conjugated mouse anti-human CD105 monoclonal, PE-labelled mouse anti-

human CD31 monoclonal, or FITC-labelled mouse anti-CD45 monoclonal antibodies or corresponding 

isotypes (mouse immunoglobulin G) added to the cell suspension in phosphate-buffered saline (PBS) 

containing 1% bovine serum albumin (BSA; Carl Roth GmbH, Karlsruhe, Germany). Samples were 

incubated at 4°C for 30 min in dark and analysed by fluorescence label 1 (FL1) or FL2. The positive 

expression was obtained by gating 95% of the event isotype control results and then inverting the gate 

to obtain a percentage of positively stained cells in the samples using the ProSort software (version 1.6; 

Bio-Rad Laboratories GmbH, Munich, Germany). After sufficient expansion, cells were further cultured 

with alpha minimum essential medium (α-MEM, Invitrogen - Fisher Scientific GmbH, Schwerte, 

Germany) supplemented with 15% FBS for human mesenchymal stem cells (hMSC-FBS, Biological 
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Industries, Israel) and 1% penicillin streptomycin (P/S, Life Sciences, Karlsruhe, Germany). HUVECs 

were used up to passage 6.  

Magnesium extract 

Pure Mg (Pure-Mg, 99.95%) was prepared by permanent mould gravity casting (Helmholtz Zentrum 

Geesthacht, Geesthacht, Germany). After T4 treatment, ingots were extruded into 1.2-cm diameter rods 

and machined to obtain a diameter of 1 cm. Finally, 1.5-mm thickness discs were cut. The discs were 

cleaned via 20 min sonication in 100% n-hexane, 100% acetone, and 100% ethanol; sterilised in 70% 

ethanol (Merck, Darmstadt, Germany); and further dried on a clean bench. Mg-degradation products or 

extracts were produced according to EN ISO standards I. 10993-5:2009 and I. 10993-12:2012 (0.2 g 

material/mL extraction medium). Next, the discs were incubated in HUVEC cell culture medium (i.e., α-

MEM, 15% hMSC-FBS, and 1% P/S) for 72 h under physiological conditions (5% CO2, 20% O2, 95% 

relative humidity, and 37 °C) in an incubator (Heraeus BB 6220, Thermo Scientific - Fisher Scientific 

GmbH, Schwerte, Germany). Afterwards, the Mg, Ca and phosphorous (P) contents were measured 

(Supplementary Table S2) via inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700x 

ICP-MS, Waldron, Germany). The Mg extract was diluted to 2, 4, and 8 mM with α-MEM plus 15% 

hMSC-FBS and 1% P/S. The osmolality and pH of the diluted extractions were tested using a Gonotec 

030-D cryoscopic osmometer (Gonotec, Berlin, Germany) and an ArgusX pH Meter (Sentron Europe

BV, Roden, the Netherlands), respectively (Table S2). 

Proliferation 

Proliferation was assessed by measuring DNA quantification. In total, 10,000 HUVEC per well were 

seeded in 24-well plates in 0.5 mL of Mg extract solution or α-MEM medium (as the control) at 37°C with 

either 20% or 5% O2 for 24 h. The HUVECs were lysed by lysis buffer (25 mM NaOH and 0.2 mM EDTA) 

and incubated for 5 min at 37°C. The lysate was incubated at 98°C for 1 h with 1,000 rpm rotation and 

reduced to 15°C at 700 rpm. Neutralisation buffer was then added (40 mM Tris/HCl pH 5.5) and the 

samples were centrifuged at 13,000 rpm for 1 min. The samples were diluted 1:5 in DNA dilution buffer 

(2.5 M NaCl in 19 mM sodium citrate at pH 7). Moreover, 100 µL of diluted samples and 50 µL of DNA 

working buffer (2 M NaCl in 15 mM sodium citrate pH 7) as well as 50 µL of bisbenzimide solution (2 

µg/mL bisbenzimide in DNA Working Buffer) were pipetted into a 96-well plate in triplicate and incubated 

for 15 min in the dark. The DNA content was quantified based on bisbenzimide fluorescence in NaCl 

and sodium citrate solution (pH 7 with HCl) with a VICTOR3 multilabel plate reader (Perkin Elmer, 

Massachusetts, USA) at an excitation wavelength of 355 nm and an emission wavelength of 460 nm. 

The DNA concentration was calculated using the fluorescence values in the standard curve. 

Metabolism (WST-1) assay 

HUVECs (10,000 cells/per well in 24-well plate) were cultured without (control) or with various 

concentrations of Mg degradation products at 37 °C in 20% and 5% O2 for 24 h. Afterwards, the media 
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was exchanged with 0.5 mL of fresh α-MEM complete medium supplemented with 50 µL of WST-1 

(PreMix WST-1 Cell Proliferation Assay System; Takara Bio Inc., Shiga, Japan) for 30 min in an 

incubator (with either 20% or 5% O2) to monitor the metabolism by the cleavage of the tetrazolium salt. 

The absorbance of 100 µL of each sample was measured in triplicate using a microplate reader 

(Sunrise™ Tecan, Tecan Deutschland GmbH, Crailsheim, Germany) at 450 nm. The absorbance was 

normalised by the DNA content from the DNA quantification. 

Mitochondrial membrane potential (Δψm) assay 

HUVECs were seeded at 10,000 cells per well in 24-well plates and cultured with Mg degradation 

products and α-MEM (as control) at 37°C in 20% and 5% O2. After 24 h culture, 30 nM digitonin (Carl 

Roth GmbH, Karlsruhe, Germany) was added to each well and incubated for 5 min on ice to selectively 

permeabilise the plasma membrane [11]. Rhodamine 123 (R123; Sigma-Aldrich Chemie GmbH, Munich, 

Germany) was added (10 µg/mL in PBS) to each well and then incubated for 10 min at room temperature 

(RT). R123 was excited (λEx) at 510 nm and the fluorescence emission was detected at (λEm) 534 nm 

with a VICTOR3 multilabel plate reader (Perkin Elmer, Rodgau, Germany). Antimycin A (Sigma-Aldrich 

Chemie GmbH, Munich, Germany) was added (10 μM) to the cells for 1 min and afterwards the 

fluorescence was measured every 2 min three times. 

Wound healing assay 

HUVECs were seeded in 24-well plates, cultured until reaching 80% confluence, and then starved in 

ECGM complete medium without extra FBS for 24 h. To avoid any interference from cell proliferation in 

this assay, the HUVECs were treated with 10 µg/mL mitomycin C (from Streptomyces, Sigma-Aldrich 

Chemie GmbH, Munich, Germany) for 2 h. Mitomycin C acts as a double-stranded DNA alkylating agent 

that inhibits DNA synthesis and cell proliferation. A cell monolayer was scratched with a 1 mL pipet tip 

to achieve “wounds”. Images were immediately collected and labelled controls (0 h). The wounds were 

cultured with Mg degradation dilutions in α-MEM under physiological or hypoxia conditions for 24 h and 

then stained with Calcein AM at 37 °C for 30 min. Images were once again acquired with an inverted 

microscope and labelled treated values (24 h). Images were analysed with ImageJ with the MRI Wound 

Healing Tool (MRI’s Redmine). The wound healing closure was calculated as the scratch area 

differences between 0 h and 24 h.  

Tube formation assay 

Each well (24-well plates) was first coated with 10 µL of matrix (Geltrex® LDEV-Free Reduced Growth 

Factor Basement Membrane Matrix, Fisher Scientific GmbH, Schwerte, Germany) by homogeneously 

pouring and spreading with the tip of the 1 mL combitip nozzle (Eppendorf AG, Hamburg, Germany). 

The matrix was allowed to polymerise at 37°C for 30 min. On this reconstituted matrix, 4.0×104 HUVECs 

were cultured in α-MEM complete medium (as control) or Mg degradation products under physiological 

or hypoxia conditions (20% and 5% oxygen, respectively) for 6 h. The tubes were then stained with 
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Calcein AM (Invitrogen - Fisher Scientific GmbH, Schwerte, Germany) diluted 1:5,000 in PBS at 37 °C 

for 30 min. Afterwards, microphotographs were taken with an inverted microscope (Eclipse Ti, Nikon 

GmbH, Düsseldorf, Germany). The images were analysed with the ImageJ software (v.1.51b, Rasband, 

W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 

1997-2016) with the Angiogenesis Analyser Plugin (Gilles Carpentier Research). The total length of the 

tubes and number of branches were quantified. 

Ribonucleic acids (RNA) extraction and real-time polymerase chain reaction (RT-qPCR) 

RNA from two independent experiments from two donors from the tube formation and wound healing 

assays were extracted using the Qiagen RNeasy Mini kit and Qiagen shredder (Qiagen, Hilden, 

Germany) following the manufacturer’s protocol. RNA concentrations (optical density (OD) at 260 nm) 

and purity (OD at 260/280 nm) were measured using a NanoDrop 2000c (Thermo Scientific - Fisher 

Scientific GmbH, Schwerte, Germany). Complementary deoxyribonucleic acid (cDNA) was synthesised 

with the Omniscript Reverse Transcription Kit (Qiagen, Hilden, Germany). Primers (Supplementary 

Table S3) were designed by Primer 3 (version 4.0.0) or found in the RTPrimerDB database and 

purchased from Eurofins NDSC Food Testing Germany GmbH (Hamburg, Germany). Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), beta-2-microglobulin (B2M) and actin beta (β-actin) were used

as reference genes. RT-qPCR were performed in triplicate using SsoFastTM EvaGreen® Supermix (Bio-

Rad Laboratories GmbH, Munich, Germany) with a CFX96 Touch real-time PCR detection system and 

the CFX Manager software (version 3.1, Bio-Rad Laboratories GmbH, Munich, Germany). The thermal 

cycling conditions consisted of an initial denaturation at 95°C for 3 min, followed by 40 cycles of 20 s of 

denaturation at 95°C, 20 s of annealing at 60°C, and 30 s of elongation at 75°C. A melting curve step 

(30 s at 95°C from 65 to 95°C with 0.5°C increments for 5 s) was added to confirm the melting 

temperatures (Tm) of the PCR products. All samples and non-treatment-controls were run in duplicate. 

The quantification of gene expression was performed using the comparative CT (ΔC(t) and ΔΔC(t)) 

method, and it is reported as the fold difference relative to internal controls and target mRNA relative to 

the control sample (set to 1). 

Enzyme-linked immunosorbent assay (ELISA) 

In the tube formation and wound healing assays, 500 μL of medium from each group was collected and 

centrifuged (2,000 rpm, 2 min) to obtain supernatants. Quantification of VEGFA and VEGFB 

concentrations was performed using a colorimetric sandwich ELISA assay. The supernatant for VEGFA 

quantification was diluted 1:4 (DY293, R&D systems, Germany). According to the manufacturer, the 

supernatant for VEGFB was diluted 1:1 (RAB1095, Sigma Aldrich, Germany). To ensure the specific 

primary antibody-antigen-secondary antibody binding, nonspecific results were reduced by washing the 

non-bound antibody from the bound materials with an autowasher (Bio-Plex Pro™ wash station; Bio-

Rad Laboratories GmbH, Munich, Germany). The optical density (OD) was read at 450 nm using a 

microplate reader (Sunrise™ Tecan, Tecan Deutschland GmbH, Crailsheim, Germany). 
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Statistical analysis 

The qRT-PCR data represent the results from two independent experiments with two replicates from 

two donors. Other results were collected from three independent experiments with two replicates for 

three donors. All data were presented as the average with standard deviation (SD). Either one-way 

ANOVA or one-way ANOVA on ranks was performed based on the distribution of the data using 

SigmaPlot (version 13.0; Systat software GmbH, Erkrath, Germany). The post-hoc multiple comparisons 

were based on the Tukey test (α=0.05). For RT-qPCR, to detect the differential expression, a t-test 

(P<0.05) was employed and directly calculated using the CFX Manager Software (version 3.0; Bio Rad, 

Munich, Germany). 

Results: 

HUVEC immunophenotyping 

The CD31+ and CD105+ populations of isolated HUVECs were 99.637% and 94.67%, respectively. 

Compared to validated purchased HUVECs and isotype controls, the isolated HUVEC presented a 

highly positive ratio (Fig. 1) and showed a similar “cobblestone” morphology (Supplemental Fig. S1).  

Proliferation 

DNA content is correlated to cell number and thus proliferation. No significant changes in the DNA 

contents were measured with Mg at 20% O2. However, under 5% O2, HUVECs cultured with 4 and 8 

mM Mg degradation products exhibited increased DNA contents compared to the control (Fig. 2a). 

According to a multiple comparison (Fig. 2b), cells at 4 and 8 mM Mg under hypoxia had higher DNA 

contents than the cells measured with different concentrations of Mg at 20% O2 (except 4 mM 5% vs. 

Ctr 20%).  

Metabolism assay 

The tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene 

disulfonate) can be cleaved into formazan dye, which can in turn quantitatively represent the metabolic 

activity of cells. By normalising the results from the WST-1 and R123 assays with DNA content, i.e., cell 

number, the results enable the comparison of the influence of the magnesium degradation products on 

HUVEC metabolism. Under 5% O2, statistically significant decreases in WST-1 can be seen with 4 and 

8 mM Mg compared to the control, as well as between 2 and 8 mM Mg (Fig. 3a). To measure the 

influence of Mg-degradation products and O2 contents on mitochondrial membrane energization, the 

mitochondrial membrane potential gradient was measured. Adenosine triphosphate (ATP) synthesis by 

F0F1ATPase during cellular respiration originates from an electrochemical gradient created by the 

difference in the proton (H+) concentration across the mitochondrial membrane (i.e., potential). 

Quenching of R123 fluorescence is induced by inhibiting mitochondrial energisation; thus, it is possible 

to measure ΔΨM as it is proportional to the fluorescence decay [12]. R123 is a fluorescent cationic dye 
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that can bind to the mitochondria and other plasma membranes. Digitonin can increase the sensitivity 

of R123 probes by permeabilising the cell plasma membrane and allowing access to the inner 

membrane [13]. Antimycin A, an inhibitor of complex III in the respiratory chain, can rapidly collapse the 

energy-linked absorbance [14]. Therefore, the combination of digitonin, R123 and antimycin A can 

assess mitochondrial energisation in intact cells by excluding non-mitochondrial staining by subtracting 

the fluorescence after antimycin A treatment (Fig. 3d). HUVECs treated with 2 and 4 mM Mg at 20% O2 

indicated significantly higher R123 retention (compared to the control). However, under 5% O2, all Mg 

doses showed decreased effects on Δψm (Fig. 3d).  

Wound healing assay 

Wound closure was calculated from the difference in scratch areas between the 0 and 24th h to assess 

the influence of Mg on cell migration. Under 5% O2 and compared to the 5% control, Mg-degradation 

products had no influence on the closure area or cell migration (Fig. 4). However, cell migration was 

increased with Mg at 20% O2 (significantly with 2 mM compared to control 20%). A bell-shaped curve, 

i.e., increased migration at low concentrations of Mg extract and decreased at high concentrations, may

be observed. 

To explore the potential gene regulation influenced by the Mg degradation products and hypoxia during 

HUVEC migration, specific gene expression was studied. Significantly regulated genes are presented 

in Table 1. Under 5% O2, most of the selected genes were downregulated, but not in a dose-dependent 

manner. These results are in accordance with the phenotypic observations during wound healing (i.e., 

no effect observed under hypoxia and increased Mg extract concentrations). Under 20% O2, fewer 

genes were regulated. However, it is interesting to notice that the previously observed bell-shaped curve 

for wound healing can be related to some gene expression. Indeed, some genes (e.g., vascular 

endothelial growth factor B isoform (VEGFB186) and interleukin 8 (IL8 or chemokine (C-X-C motif) 

ligand 8, CXCL8)) exhibited increased and then decreased expression together with the increased 

concentrations of Mg. Other genes such as angiogenin (ANG) and tissue inhibitors of metalloproteinase 

1 (TIMP1) were upregulated only at 2 mM. To exhaustively describe the results and highlight the 

potential relationships, the regulated genes were classified into the following 6 groups: 

i. Cell surface and cytoskeleton organisation. Under 20% O2, ANG and ezrin (EZR) were

upregulated by 2 mM Mg. Vascular cell adhesion protein 1 (VCAM1) was upregulated by 4 mM

Mg. VEGFB186 and vascular endothelial growth factor receptor 1 (FLT1) were upregulated by 2

and 4 mM but downregulated by 8 mM Mg. Vascular endothelial growth factor receptor 2 (KDR)

was upregulated at 2 and 4 mM Mg. Transmembrane 4 (CD9) was upregulated by 2 mM Mg but

downregulated by 8 mM Mg. At 5% O2, all of these genes were increasingly downregulated from

2 to 8 mM Mg.

ii. Adhesion. Integrin subunit alpha 2 (ITGA2) and integrin subunit alpha M (ITGAM) were

upregulated by 2 mM Mg, but ITGA2 was also downregulated by 8 mM Mg at 20% O2. Under



  

hypoxia, ITGA2 was downregulated from 2 to 8 mM Mg and ITGAM was downregulated at 2 and 

4 mM Mg. 

iii. Migration and preconditions for vessels. At 20% O2, IL8 was upregulated at 2 and 4 mM Mg

and downregulated by 8 mM Mg. Matrix metallopeptidase 13 (MMP13) was upregulated at 2 and

4 mM Mg. TIMP1 was upregulated at 2 mM Mg. Under hypoxia, IL8, MMP13 and TIMP1 were all

downregulated under the influence of 2 to 8 mM Mg.

iv. HUVEC differentiation and hypoxia sensor. Basic fibroblast growth factor (FGF2), hypoxia-

inducible factor 1 alpha subunit (HIF1A) and interferon gamma (IFNγ) were upregulated under 2

mM Mg at 20% O2; however, they were downregulated by Mg at 5% O2. HIF2A was

downregulated at 8 mM Mg under 20% O2 and under hypoxia at 2 to 8 mM Mg. The IFNγ was

upregulated by 2 mM Mg at 20% O2 but downregulated by 2 and 4 mM Mg in 5% O2.

v. Ca2+, Mg2+ flux, cell mobility and blood vessel diameter. Ca-activated neutral protease 1

(CAPN1) was observed to be initially upregulated at 20% O2 with 2 mM Mg but remarkably

downregulated with up to 8 mM Mg at 5% O2. Claudin 16 (CLD16) was significantly downregulated

under hypoxia.

vi. Vascular protection and adaptive effect. Nitric oxide synthase (NOS2) was upregulated at 20%

O2 by significantly downregulated with 2 and 4 mM Mg at 5% O2.

Tube formation 

An obvious reduction in the total length of tubes and number of branches at 4 and 8 mM Mg (Fig. 5b 

and 5c) was observed at 20% O2 after 6 h. However, under 5% O2, there were no significant changes. 

Post hoc tests did not indicate significance induced by Mg between 20% and 5% O2. 

The regulation of selected genes during tube formation as influenced by Mg degradation products and 

O2 contents were also investigated. Specific targets (Table S3) were tested and significant changes are 

presented in Table 2. In tube formation, only ANG and ITGA3 were upregulated by Mg degradation 

products under 20% O2; however, 11 genes were downregulated. Under hypoxia, downregulation was 

tempered and four genes were even upregulated. Only MMP13 was downregulated at 5% O2. Once 

again, the remarkably regulated genes were classified into the following 6 classes: 

i. Cell surface and cytoskeleton organisation. Under 5% O2, no obvious regulation of ANG was

observed, though there was significant upregulation by 2 mM Mg at 20% O2. VEGFB186 was

downregulated at 20% O2 by 4 and 8 mM Mg but upregulated at 5% O2 with 8 mM Mg. Both FLT1

and KDR were downregulated at 20% O2 by 4 and 8 mM Mg and upregulated at 2 mM Mg under

hypoxia. No significant regulation of CD9 and EZR were observed under hypoxia. CD9 was

downregulated at 20% O2 by 4 and 8 mM Mg. EZR was also downregulated by 4 Mm Mg at 20%

O2.

ii. Adhesion. Mg extract did not influence the expression of ITGA2 and ITGAM at either 20% or 5%

O2. ITGA3 was upregulated by 2 mM Mg at 20%.
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iii. Migration and precondition for vessels. IL8 and MMP13 were downregulated by 4 mM Mg

degradation products at 20% and 5% O2. TIMP1 was remarkably downregulated by 4 and 8 mM

Mg degradation products.

iv. HUVEC differentiation and hypoxia sensor. Both HIF1A and HIF2A expression were upregulated

by 2 mM Mg but downregulated by 4 mM Mg at 20% O2. In contrast, HIF1A was downregulated by

4 mM Mg and upregulated by 8 mM Mg under hypoxia. IFNγ was downregulated by 4 mM Mg at

20% O2.

v. Ca2+, Mg2+ flux, cell mobility and blood vessel diameter. CAPN1 and CLD16 were

downregulated by 4 and 8 mM Mg at 20% O2.

vi. Vascular protection and adaptive effect. NOS2 was downregulated by 4 and 8 mM Mg at 20%

O2.

VEGFA and VEGFB levels (ELISA test) 

To determine whether the influence of Mg treatments and oxygen conditions on capillary formation and 

the migration process is mediated through VEGFA and/or VEGFB, two angiogenic factors from the 

VEGF family, their concentrations were quantified in the supernatants from the wound healing and tube 

formation experiments. 

For wound healing and tube formation, no differences could be observed under hypoxia. However, under 

normoxia, a decrease could be detected for wound healing in Fig. 6a in a dose-dependent manner 

(statistically significant decreases for 8 mM vs. Ctr and 2 mM). For tube formation, approximately the 

same level of statistically significant downregulation could be detected for all the Mg concentrations vs. 

the Ctr (Fig. 6b). During wound healing (Fig. 6c), a decrease and an increase in VEGFB levels were 

observed in a dose-dependent manner for normoxia and hypoxia, respectively. Similar results were also 

observed for tube formation (Fig. 6d); there was a decrease in VEGFB levels at normoxia (20% O2) 

while all VEGFB levels were upregulated and in a Mg-induced dose-dependent manner under hypoxia 

(Ctr vs. 4 and 8 mM Mg showed statistically significant differences).  

Discussion 

Mg-based biomaterials, compared to steel and titanium-related materials, have similar characteristics to 

bone, including their mechanical properties, density and biodegradability. They are therefore promising 

materials for orthopaedic applications. After fracture, angiogenesis is one of the early processes 

associated with tissue healing and can be influenced by its environment (e.g., hypoxia). Hypoxic 

conditions can be induced and influenced by several parameters around bone fracture and implantation 

areas, such as inflammation, blood clotting, and highly proliferated cell populations (such as 

mesenchymal stem cells; MSC). Hypoxia has been proven to affect tissue development and 

homeostasis [15]. The effects of Mg degradation on the underlying molecular events of angiogenesis 

still need to be better understood. To study the influence of Mg degradation on angiogenesis, we applied 

a concentration range of 2-8 mM of Mg ions in our experiments.  
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Successful (sprouting) angiogenesis involves various stages such as enzymatic degradation of the 

capillary basement membrane, endothelial cell proliferation as well as their directed migration, 

endothelial reorganisation of the tube structure (tube formation), vessel fusion, vessel pruning, and 

pericyte stabilisation [1]. These angiogenesis stages are not completely distinguished from each other. 

For instance, cell mobility, adhesion and cytoskeletal reorganisation all occur at migration and during 

the tube formation step. The present findings suggest to some extent that VEGF, the HIF pathways and 

angiogenic genes are crucial for migration and tubulogenesis when under the influence of hypoxia and 

Mg degradation products. 

Sprouting angiogenesis is initiated when hypoxia is detected in poorly perfused tissues to form new 

blood vessels to meet the metabolic requirements of parenchymal cells such as skeletal muscle 

myocytes and neurons in a fracture site. The vitality of HUVECs was assessed via the following two 

different techniques: (1) by measuring the activity of enzymes or oxidoreductases with WST-1 and (2) 

by determining the mitochondrial membrane potential based on R123 staining. WST-1 is cleaved to 

soluble formazan dye by the mitochondrial succinate-tetrazolium reductase-NAD+-NADH system in 

complex I. However, recent studies indicate that although NADH is responsible for most tetrazolium 

reduction, NADH is located not only in the mitochondria but also on the cytoplasm membrane, as 

indicated in Fig. 8 [16]. Moreover, the membrane potential in respiring mitochondria is not always 

consistent (as judged by the extent of lipophilic ion uptake) with the level of respiration [17]. Therefore, 

to obtain a more specific assessment of mitochondrial metabolic status, R123 can be applied since it is 

a lipophilic cation whose cellular accumulation within the mitochondrial matrix is in accordance with the 

Nernst equation that reflects the ΔΨm (aerobic respiration)-linked ion potential changes via complex III 

in the electron transport chain (Fig. 8). The increased cellular metabolism measured during normoxia 

and higher Mg concentrations is probably due to Mg-induced metabolic adaptations including protein 

and carbohydrate synthesis [18] and ATPase hydrolysis [19]. Many metal ions can perform vital roles in 

mitochondrial respiration. Ca2+, copper (Cu2+) and iron (Fe2+/3+) are functional components of respiratory 

enzyme complexes I, III and IV. For example, Ca2+ regulates cytochrome oxidase complex [20]. Because 

of its hydration shell, Mg can be a non-competitive antagonist of cations such as Ca2+, Na+, and K+ [21]. 

Mg increases the positively charged inner membrane proton gradient that pumps protons and maintains 

the energy to drive ATP synthesis by F0F1ATPase in the respiratory chain [22]. Consequently, Mg 

changes the potential gradient according to the electrochemical potential gradient [23]. Hypoxia can 

attenuate the adaptation of Mg via ATPase and its receptor [24]. Moreover, the glycolytic products will 

be metabolised by anaerobic fermentation, which produces a lower yield of ATP than oxygen-dependent 

aerobic respiration [25]. 

Metabolic changes are involved in cellular proliferation and differentiation, and thus, could be important 

to EC angiogenesis. An increased proliferation was measured with Mg extracts under hypoxia but not 

under normoxia. A previous study reported MgSO4 (up to 10 mM) can increase the proliferation of 

endothelial cells [26]. However, this enhanced proliferation was not observed under normoxia only under 

hypoxia, which suggests the synergistic effects of hypoxia and HIF expression. Another explanation for 
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this discrepancy can be the form of Mg studied. Indeed, different effects of MgCl2 and Mg extracts were 

already observed during osteogenesis and osteoclastogenesis, suggesting the higher complexity of the 

Mg extract composition and properties [27, 28]. The results for the increased ΔΨm under Mg influence 

are consistent with the hypothesis that mitochondrial activity may play a role in the stimulation of 

endothelial migration. The stimulated migration by Mg may partially be regulated by the influence of 

metabolic activity [18]. The elevated ΔΨm in the most motile HUVECs also suggests an increased need 

for mitochondrial activity, i.e., ATP synthesis during migration [29]. Higher Δψm results in greater ATP 

production and ROS production [30]. Accumulating evidence suggests that ROS functions as a direct 

signalling molecule in angiogenesis by influencing the HIF pathway and inflammation [31]. Meanwhile, 

hypoxia can regulate ROS regeneration by inducing eNOS and NADPH oxidases [32]. Since Mg is an 

adenylate cyclase and cAMP-dependent phosphodiesterase cofactor, the sensitisation to motogenic 

factors might be dependent on cAMP altered by elevated Mg, which can modulate endothelial migration 

[33]. Mitochondrial Ca2+ uptake, which may be influenced by Mg2+, controls actin cytoskeleton dynamics 

to affect cell migration [34]. Accordingly, the decreased metabolism in hypoxia suggests that hypoxia 

can decrease migration due to Mg degradation by potentially suppressing ATPase [35].  

Across angiogenesis, VEGFA is the primary regulator when parenchymal cells respond to a hypoxic 

environment [1]. Under normoxia and with Mg extracts, HUVEC migration exhibited a bell-shaped curve. 

The same pattern was observed with VEGFB expression, while VEGFA was constantly downregulated. 

Under hypoxia, migration and VEGFA levels remain constant; however, VEGFB was upregulated. 

Similarly, under normoxia, tube formation as well as VEGFA and VEGFB levels were downregulated. 

Nevertheless, under hypoxia, tube formation remained constant while VEGFA and VEGFB levels were 

upregulated. The HIF pathway is currently proven to be a core regulator of most transcriptional 

responses to hypoxia and further angiogenic factors [36]. Our results indicate the regulatory roles of 

VEGFB during hypoxia and Mg degradation and suggest these roles being cellular stage-dependent. 

Compared to VEGFA, the effects of VEGFB on angiogenesis remain mainly unexplored. The differences 

in the hypoxia effects on migration and tube formation when influenced by Mg degradation rely on HIF 

downregulation. Various studies have reported that HIF can upregulate gene and protein expression 

related to VEGF and VEGFR [37]. VEGFRs can be mediated by HIF via the FLT1 promoter or through 

post-translational mechanisms [38]. Hypoxia downregulated the expression of NOS. Hypoxia attenuated 

VEGF-stimulated activation of NOS2 and has been noted as a consequence for nitric oxide release in 

endothelial cells [39]. Other studies contradict these results by showing that hypoxia effects may depend 

on the cell type [40]. Though extracellular Mg is high, Mg2+ can only alter the intracellular Mg2+ by 

transporting Mg2+ through ion transporters or channels similar to TRPM7 [41]. CAPN1 can decrease 

HD-PTP (PTPN23) to influence intracellular Mg2+ [42]. Claudins are transmembrane tight junction 

proteins and directly responsible for forming ion selective channels or pores. Claudin16 was formerly 

reported to have a critical role in the re-absorption of magnesium [43]. Based on our results, extracellular 

Mg may promote its influence on angiogenesis via influencing CAPN1 and CLD16. Moreover, cell 

morphology changes contribute to endothelial adhesion and the movement of migration and tube 

formation stage. Our study indicates the Mg can enhance migration while decreasing tubule formation 



  

13 

by regulating cytoskeleton-related genes such as ANG, VCAM1, EZR and CD9. These results are 

consistent with previous studies showing that the state of Mg2+ is dynamically regulated by actin 

cytoskeleton rearrangement [44]. Hypoxia was proven to induce actin rearrangement and actin stress 

fibre assembly in cytoskeletal organisation via Rho GTPase signalling [45] and to modify matrix 

(re)modelling [46]. During endothelial adhesion, growth factors and their interactions with adhesion 

factors can mediate angiogenesis through similar pathways [47]. Adhesion is primarily mediated through 

integrins binding to the extracellular matrix (ECM) [48]. For example, integrin β1 regulates angiogenic 

cell survival and differentiation [49]. Integrins can also directly interact with growth factor receptors, 

thereby regulating the capacity of integrin-growth-factor-receptor complexes to propagate downstream 

signalling. For instance, PDGF-, FGF2- and VEGF-induced angiogenesis is related to integrins [50, 51]. 

VCAM-1 is an endothelial adhesion receptor that can bind to integrins and be regulated by CD9 [52].  

The endothelial migration process starts with the ECM and its degradation by collagenases. The ECM 

is also reported to promote capillary-like tube formation [53]. ECM is produced around cells using 

components such as glycosaminoglycans, perlecan, aggrecan, fibronectin, laminins, tenascin and 

collagens [54]. The ECM also serves diverse functions, including being involved in cellular adhesion, 

migration, proliferation, differentiation and death during vascularisation and bone regeneration [54, 55]. 

These effects may be through the upregulation of molecules such as TGFβ and by transmitting 

mechanical stress [56]. ANG can act as a substratum to support endothelial adhesion and induce 

basement membrane degradation [57]. MMPs, as the most prominent family of ECM enzymes, and 

inhibitors such as TIMP perform important roles in ECM turnover (e.g., collagen degradation) [58]. MMP 

is a zinc-containing endopeptidase [59]. Since Mg has a similar radius to Zn2+, some investigations 

suggest that MMPs can be influenced by the Mg content interfering with Zn2+ [60]. IL8 is a chemotactic 

factor that can promote wound healing [61]. Thus, hypoxia, ECM remodelling and chemotaxis can be 

new targets in Mg-related regenerative medicine. 

Some clinical and epidemiological reports indicate the potency of Mg in the treatment of tumours 

because of its effects on endothelial proliferation and differentiation. Interesting but less efficient for this 

application are the pleiotropic and diverging effects on tumour growth [62]. Under normoxia, Mg presents 

a positive effect on endothelial migration, which is in accordance with a former report [26]. This 

stimulation was abolished under hypoxia; however, the decreased endothelial migration could be a 

valuable mechanism for inhibiting tumours by suppressing microvessel formation, which is necessary 

for tumours to metastasize [63]. Additionally, migration dysfunction induced by Mg could decrease the 

secretion of angiocrine factors from endothelial cells, which normally promote tumour progression [64]. 

Nevertheless, tube formation increased by Mg and hypoxia strengthened the beneficial role of Mg to 

fracture healing as well as its effects on MSC fate, osteogenesis and vascularisation around transplant 

sites [65].  
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Conclusion 

Taken together, these results indicated that Mg extracts did not interfere with angiogenesis under 

hypoxia. During wound healing, hypoxia is temporary, but Mg degradation is oxygen-dependant, so it 

may maintain a relatively decreased oxygen content around the implant. Thus, two hypotheses could 

be drawn. First, due to the increased proliferation of endothelial cells, increased angiogenesis could be 

expected. However, due to the experimental time scale and methodology these effects may be 

dampened. Second, the antagonistic effects of hypoxia and Mg could be associated with preventing 

angiogenesis from being affected. It should be mentioned that abnormally increased angiogenesis can 

also be pathological, such as in the case of ocular neovascularisation and haemangiomas. Curiously, 

one of the first therapeutic uses of Mg implants was for the treatment of cavernous haemangioma in the 

early 20th century. Nevertheless, the interaction between hypoxia and Mg needs to be further 

investigated for the development of Mg stents or applications in cardiovascular-, orthopaedic- or tumour-

related research. Future work will focus on developing a more complex in vitro model (e.g., coculture) 

to further study angiogenesis and stem cell recruitment.  

Table 1. Wound healing gene expression changes under different Mg degradation product 

concentrations and oxygen conditions. Values for the Mg-treated groups represent the regulation fold 

compared to hypoxia or the normoxia control. Asterisks with the Mg-treated groups indicate significance 

compared to the respective control (*P≤0.05, ** P≤0.01, and *** P≤0.001). Values for the control groups 

indicate the relative expression fold of hypoxia and normoxia alone when the expression fold of hypoxia 

is set into 1. Asterisks for the control group indicate significance compared to the hypoxia control. A 

slash “/” represents a non-significant change. 

Name 
Mg-

content 
(mM) 

Wound healing 

5% O2 20% O2 

Angiogenin (ANG) 

Ctr 1.000 0.488*** 

2 -3.033** +1.966**

4 -4.200** / 

8 -4.306** / 

Vascular cell adhesion protein 1 
(VCAM1) 

Ctr 1.000 0.602 

2 -2.393** / 

4 -2.750** +2.220**

8 -2.002** / 

Vascular endothelial growth factor B 
isoform (VEGFB186) 

Ctr 1.000 0.499*** 

2 -3.626** +1.931**

4 -5.509** +1.560**

8 -4.189** -1.503**

Vascular endothelial growth factor 
receptor 1 (FLT1) 

Ctr 1.000 0.438*** 

2 -3.293** +1.909**

4 -4.757** +1.581**

8 -3.766** -1.382**
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Vascular endothelial growth factor 
receptor 2 (KDR) 

Ctr 1.000 0.546** 

2 -3.647** +1.819**

4 -4.892** +1.445**

8 -3.998** / 

Transmembrane 4 (CD9) 

Ctr 1.000 0.635 

2 -3.616** +1.851**

4 -4.89** / 

8 -4.249** -1.501*

Ezrin (EZR) 

Ctr 1.000 0.445** 

2 -3.975** +2.067**

4 -5.629** / 

8 -2.771** / 

Integrin subunit alpha 2 (ITGA2) 

Ctr 1.000 0.725* 

2 -3.330** +1.681**

4 -5.707** / 

8 -4.235** -1.414**

Integrin subunit alpha M (ITGAM) 

Ctr 1.000 0.279* 

2 -2.810** +3.138*

4 -2.935** / 

8 / / 

C-X-C motif ligand 8 (CXCL8, IL8)

Ctr 1.000 0.659 

2 -3.546** +1.893*

4 -4.749** +1.523*

8 -3.182** -1.854**

Matrix metallopeptidase 13 (MMP3) 

Ctr 1.000 0.248** 

2 -5.321** +2.706**

4 -6.037** +2.722*

8 -4.378** / 

Tissue inhibitors of metalloproteinase 
1 (TIMP1) 

Ctr 1.000 0.495* 

2 -4.003** +1.343**

4 -5.209** / 

8 -3.299** / 

Hypoxia inducible factor 1 alpha 
(HIF1A) 

Ctr 1.000 0.539** 

2 -2.536** +1.448*

4 -2.618** / 

8 -2.027** -1.392*

Hypoxia-inducible factor 2 alpha 
(HIF2A, EPAS) 

Ctr 1.000 0.740 

2 -2.825** / 

4 -3.175** / 

8 -2.321** -1.977**

Fibroblast growth factor (FGF2) 

Ctr 1.000 0.518* 

2 -2.683** +1.861*

4 -4.040** / 

8 -3.716** -1.630*

Interferon gamma (IFNγ) Ctr 1.000 0.645 
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2 -2.611** +2.250**

4 -3.312** / 

8 / / 

Calpain 1 (CAPN1) 

Ctr 1.000 0.509* 

2 -3.067** +1.626*

4 -5.346** / 

8 -3.975** -1.962**

Claudin 16 (CLD16) 

Ctr 1.000 0.583 

2 / / 

4 -3.773** / 

8 -2.560** / 

Nitric Oxide Synthase 2 (NOS2) 

Ctr 1.000 0.323** 

2 -4.614** +2.974**

4 -8.479** -3.697**

8 / -5.965*

Table 2. Tube formation gene expression changes under different Mg degradation product 

concentrations and oxygen conditions. Values for the Mg-treated groups represent the regulation fold 

compared to hypoxia or the normoxia control. Asterisks with the Mg-treated groups indicate significance 

compared to the respective control (*P≤0.05, ** P≤0.01, and *** P≤0.001). Values for the control groups 

indicate the relative expression fold of hypoxia and normoxia alone when the expression fold of hypoxia 

is set into 1. Asterisks for the control group indicate significance compared to the hypoxia control. A 

slash “/” represents a non-significant change. 

Name 
Mg-

content 
(mM) 

Tube formation 

5% O2 20% O2 

Angiogenin (ANG) 

Ctr 1.000 0.956 

2 / +4.283**

4 / / 

8 / / 

Vascular endothelial growth factor B 
isoform (VEGFB186) 

Ctr 1.000 3.164** 

2 / / 

4 / -1.838**

8 +2.402* -1.863**

Vascular endothelial growth factor 
receptor 1 (FLT1) 

Ctr 1.000 3.036* 

2 +2.476* / 

4 / -2.974*

8 +2.521* -2.027*

Vascular endothelial growth factor 
receptor 2 (KDR) 

Ctr 1.000 4.060** 

2 +2.373* / 

4 / -3.997**

8 +2.322* -2.229**
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Transmembrane 4 (CD9) 

Ctr 1.000 2.018 

2 / / 

4 / -2.298*

8 / -2.750*

Ezrin (EZR) 

Ctr 1.000 3.356* 

2 / / 

4 / -3.953

8 / / 

Integrin subunit alpha 3 (ITGA3) 

Ctr 1.000 1.101 

2 / +2.028*

4 / / 

8 / / 

C-X-C motif ligand 8 (CXCL8, IL8)

Ctr 1.000 2.164 

2 / / 

4 / -1.934*

8 / / 

Matrix metallopeptidase 13 (MMP3) 

Ctr 1.000 0.706 

2 / / 

4 -2.554* / 

8 / / 

Tissue inhibitors of metalloproteinase 
1 (TIMP1) 

Ctr 1.000 2.414 

2 / / 

4 / -2.943**

8 / -1.867*

Hypoxia inducible factor 1 alpha 
(HIF1A) 

Ctr 1.000 1.478 

2 / +2.271*

4 -1.465* -2.260*

8 +1.904** / 

Hypoxia-inducible factor 2 alpha 
(HIF2A, EPAS) 

Ctr 1.000 2.039** 

2 / +2.405**

4 / -2.335**

8 / / 

Fibroblast growth factor (FGF2) 

Ctr 1.000 0.429 

2 / / 

4 / / 

8 / / 

Ctr 1.000 2.314 

2 / / 

4 / -2.274*

8 / / 

Calpain 1 (CAPN1) 

Ctr 1.000 3.856** 

2 / / 

4 / -4.118*

8 / -3.485**

Claudin 16 (CLD16) Ctr 1.000 3.091** 
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2 / / 

4 / -3.605**

8 / -1.990*

Nitric Oxide Synthase 2 (NOS2) 

Ctr 1.000 5.473* 

2 / / 

4 / -3.697**

8 / -5.965*
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Fig. 1 HUVEC characterisation: (a) mock flow cytometry dot-plots of purchased HUVEC (P_HUVEC) 
and isolated HUVEC immunophenotyping. CD105 and CD31 were selected as positive markers and CD 
45 as negative one (b) summary of surface markers of isotypes control, purchased HUVEC (P_HUVEC) 
and isolated HUVEC, identified by flow cytometry (triplicate of 3 independent experiments). Morphology 
“cobblestone” graph is available in Supplementary Fig. 1. Significant difference (ANOVA test) between 
two groups is indicated by an asterisk (***P≤0.001). 

Fig. 2 Proliferation of HUVEC indicated by DNA contents. (a) Significance between treatments was

tested by ANOVA and indicated by an asterisk (*P≤0.05 and ***P≤0.001). (b) Post-hoc multiple 
comparisons between each treatments. Solid dot represents significant difference. 

Fig. 3 Metabolic activity of HUVEC measured by WST-1 assay and R123 fluorescence quenching. (a)(d) 
Significance between treatments was tested by ANOVA and indicated by an asterisk (*P≤0.05, **P≤0.01 

and ***P≤0.001). (c) Principle and procedure overview of ΔΨM tests. (b)(e) Post-hoc

multiple comparisons between each treatments. Solid dot represents significant difference. 

Fig. 4 Wound healing closure of HUVEC in presence of Mg degradation products under hypoxia (5% 
O2) or normoxia (20% O2). (a) Pictures at 0 h and 24 h. (b) Values represent the no-cell-area 
difference between 24 h and 0 h, further normalised to relative controls. Significance between 
treatments was tested by ANOVA and indicated by an asterisk (*P≤0.05). (c) Post-hoc multiple 

comparisons between each treatments. Solid dot represents significant difference. 

Fig. 5 Tube formation of HUVEC in Magnesium degradation products. After 6 hours, tubes were stained 
with Calcein AM and images were taken with an inverted microscope (a). Thanks to Image J with 
Angiogenesis Analyser Plugin, the total length of tubes (b) and the number of branches (c) were 
calculated. Significance between treatments was tested by ANOVA and indicated by an asterisk 
(*P≤0.05, **P≤0.01, and ***P≤0.001). 

Fig. 6 VEGFA and VEGFB level secreted in wound healing (a and c, respectively) and tube formation 
(b and d, respectively) assays. Asterisk represents significant difference between Mg groups and 
controls with same oxygen setting (*P≤0.05, **P≤0.01) in ANOVA test. 

Fig. 7 Summary of results (a) and schematic overview of HUVEC angiogenesis and effects of Mg and 
oxygen contents (b). Abbreviations: magnesium (Mg); vascular endothelial growth factor beta (VEGFB); 
vascular endothelial growth factor receptor (VEGFR); C-X-C motif chemokine 8 (IL8); fibroblast growth 
factor basic (FGFb); vascular endothelial growth factor receptor 2 (KDR); hypoxia-inducible factors 
(HIFs); reactive oxygen species (ROS); plasma membrane surface potential (ψPM); mitochondrial 
membrane potential (∆ψm); 1-methoxy-5-methyl-phenazinium methyl sulfate oxidative (mPMSox): an 
intermediate electron acceptor. 
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