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Abstract  
Endothelial cells (ECs) form a tight barrier to prevent vascular leakage. Although several studies reported 
that vascular leakage is increased during hypoxic conditions, other studies describe a protective effect. This 
raises the question how hypoxia specifically regulates adherens junction integrity and thus endothelial 
barrier function. Here, we investigated how hypoxia and the hypoxia-mimetic dimethyloxalylglycine 
(DMOG) affect adherens junction integrity and barrier function of human endothelial monolayers and 
which mechanisms are involved. The effect of hypoxia (1% O2) on the endothelial barrier was measured 
by transendothelial passage of HRP and electrical impedance (ECIS) of endothelial monolayers 
subjected to hypoxia. Exposure to hypoxia improved endothelial barrier function, as compared to 
normoxia (20% O2). This protective effect on the barrier was also present upon incubation with the 
hypoxia-mimetic DMOG. Hypoxia improved the endothelial barrier via a HIF-2α- (but not HIF-1α-) 
dependent process and increased accumulation of the adherens junction protein VE-cadherin at the 
cell margins. This was accompanied by decreased micromotion and lamellipodia formation by the cells, 
also pointing to stabilization of the junctions. Baseline contractile traction forces remained unaltered 
after hypoxia incubation, but were increased upon DMOG treatment, suggesting additional non-
hypoxia related effects of DMOG. This study shows that hypoxia strengthens the endothelial barrier 
through stabilization of VE-cadherin and intercellular junctions. It is mediated by HIF-2α stabilization 
and is accompanied by reduced lamellipodia formation and motility of the endothelial monolayer.  

New & Noteworthy  
Conflicting data exist presently about the effect of hypoxia on endothelial barrier function. This study 
shows that hypoxia limits motility and lamellipodia formation in a human setting and strengthens the 
endothelial barrier through improved cell-cell interactions. The latter process is mediated through HIF-
2α, but not HIF-1α, and results from stabilization of adherens junctions. The hypoxia-mimetic DMOG 
reflected these hypoxia effects partly, but displayed different contractile traction forces suggesting 
additional non-hypoxic effects.
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Introduction  
The endothelium, lining the entire vasculature, tightly controls the passage of inflammatory cells and 
solutes from the blood to the surrounding tissues. Dysfunction of this barrier leads to vascular leakage 
and edema, which is related to several pathological conditions, including sepsis 20, acute lung injury 32, 
and cancer 22. Vascular leakage is induced, amongst others, upon stimulation with vascular endothelial 
growth factor-A (VEGF-A) 15, which was identified as vascular permeability factor in tumor cells 47. 
VEGF-A expression is highly upregulated during hypoxic conditions and is therefore a strong link 
between hypoxia and vascular leakage. Nevertheless, conflicting data exist about the effect of hypoxia 
on vascular permeability. In the lungs 9 or brain 4, 29, 43, 45 of rodents, it was shown that hypoxia induces 
vascular leakage. Other investigators reported that the endothelial barrier was improved during 
hypoxic incubation of lung endothelial cells 21, 51. The brain endothelial barrier and the lung epithelial 
barrier depend both on tight junctions, while the importance of adherens junctions dominates in 
most continuous endothelia of the body. This raises the question whether the effect of hypoxia on 
the permeability of endothelial cells is dependent on adherens junction integrity.   
 One of the major responses to hypoxia regards the activation of hypoxia inducible 
factors (HIFs). Immediately upon hypoxia exposure HIF-1α is stabilized in cells and transferred 
to the nucleus, where it forms the transcription factor HIF-1 and induces the expression of many 
genes involved in angiogenesis, proliferation, and energy metabolism 46. However, the response 
of endothelial cells to hypoxia is complex and involves the activation of both HIF-1α and HIF-2α 50. 
Endothelial-specific deletion of HIF-2α suggests a role for HIF-2α in the regulation of angiogenesis 
in lungs. 49, 50. Furthermore, these mice expressed lower levels of extracellular matrix proteins and 
demonstrated increased microvessel leakiness; indicating that HIF-2α also plays an important role 
in the regulation of the endothelial barrier. Recently Gong et al 21 reported that HIF-2α promoted 
the hypoxia-induced improvement of endothelial barrier function of human lung endothelial cells, 
via the adherens junctions. In addition, indirect stabilization of HIF-2α through partial silencing of 
PHD2 resulted in increased VE-cadherin expression and reduced tumor vessel leakage in mice 33. 
Prolyl hydroxylase domain (PHD) proteins hydroxylate HIFs thereby targeting them for degradation. 
The hydroxylase activity is dependent on the availability of oxygen, iron and 2-oxoglutarate (2-OG). 
Therefore, hypoxia leads to HIF stabilization by blocking the hydroxylase function of the PHDs. 
Moreover, the non-specific 2-OG-dependent dioxygenase inhibitor dimethyloxalylglycine (DMOG) is 
widely used as a hypoxia-mimetic in in vitro and in vivo studies 2, 13. Pre-incubation with DMOG, similar 
to hypoxia, protected against inflammation-induced loss of epithelial barrier function 11, 23, 37.  
 As present data about the effect of hypoxia on vascular permeability are ambiguous, 
this study investigates how hypoxia, and the hypoxia-mimetic DMOG, affect the overall 
integrity and barrier function of human endothelial cells in an isolated setting. Endothelial 
barrier properties are influenced by cell-cell and cell-matrix interactions, soluble mediators and 
biomechanics, such as innate monolayer forces 1. We examined whether hypoxia and subsequent 
HIF stabilization affected VE-cadherin expression and localization and thereby the stability of the 
adherens junctions. Moreover, the effect of hypoxia on endothelial micromotion, which reflects 
the occurrence of rapidly changing minute openings in the endothelial monolayer 17, 30, was 
determined. As changes in cell-matrix interactions and the actin cytoskeleton dynamics affect the 



190 - Chapter 7

stability and integrity of the barrier function and adherens junctions 28, 57 an actin filament (F-actin, 
we investigated whether hypoxia incubation influenced the F-actin cytoskeleton and contractile 
traction forces of the HUVEC monolayer, and thereby regulate endothelial barrier strengthening.  

Material and Methods  
Endothelial cell culture  
The study was executed in accordance with the Declaration of Helsinki and was approved by the 
University Human Subjects Committee of the VU University Medical Center. Written informed consent 
was obtained from all donors in accordance with the institutional guidelines. Human umbilical cord 
vein endothelial cells (HUVECs) were isolated from umbilical cords, kindly provided by Het Amstelland 
Ziekenhuis, Amstelveen, The Netherlands, as previously described 26, 35. HUVECs were cultured on 1% 
gelatin-coated culture plates in culture medium consisting of Medium199 supplemented with 100 U/
ml penicillin and 100 mg/ml streptomycin (p/s), 2 mM L-glutamine (all Lonza, Verviers, Belgium), 5 U/
ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), endothelial cell growth factor 
(ECGF, crude extract from bovine brain), 10% heat-inactivated human serum (HSi, Life Technologies) 
and 10% heat-inactivated newborn calf serum (NBCSi, Lonza). Medium was changed every 48 hours. 
Confluent cells were washed with 0.5 mM EDTA (Merck Millipore, Darmstadt, Germany) in HBSS, 
trypsinized (0.05% trypsin in EDTA/HBSS, both Lonza) and seeded in a 1:3 density. Cells were cultured 
at 37°C in a water-saturated atmosphere of 95% air and 5% CO2. For all experiments pools of 4 HUVECs 
donors in the second passage were used. 

Hypoxic cell culture  
Hypoxic cell culture conditions were maintained inside a custom designed hypoxic workstation 
(T.C.P.S., Rotselaar, Belgium), with a CO2 and O2 controlled (via injection of N2), humidified incubator 
(Sanyo, Ettenleur, The Netherlands), placed inside a T4 glovebox (Jacomex, Dagneux, France) equipped 
with an O2X1 oxygen transmitter (GE Panametrics, Billerica, USA). The oxygen concentration inside the 
incubator was continuously monitored with an internal zirconia sensor and periodically checked with 
O2 test tubes (Drager Safety, Zoetermeer, The Netherlands). To prevent re-oxygenation during hypoxic 
culture, all media and buffers were pre-incubated for 4h before use.

Protein analysis  
Equal numbers of HUVECs, cultured on 0.1 mg/ml collagen-coated wells (5 cm2 per condition), were 
serum starved in M199 + 1% human serum albumin (HSA; Sanquin Blood Supply, Amsterdam, The 
Netherlands) 1 hour prior to the experimental end point. After washing with PBS, the cells were 
lysed in Laemmli Sample Buffer (Bio-Rad, Hercules, USA) with 5% β-mercaptoethanol. Proteins were 
separated on an 8% SDS-polyacrylamide gel and electrophoretically transferred onto nitrocellulose 
membrane (Amersham, Uppsala, Sweden) in a buffer of 192 mM glycine, 25 mM Tris (pH 8.3) and 10% 
(v/v) methanol. The membranes were blocked with 5% (w/v) non-fat milk in 137 mM NaCl, 20 mM 
Tris (pH 7.6) and 0.1% Tween 20 (TBST) for 90 minutes, followed by overnight incubation at 4°C with 
the primary polyclonal antibodies (anti-HIF-1α 1:250 (Cayman chemical), anti-HIF-2α 1:500 (Novus 
Biologicals), anti-VE-cadherin 1:5000 (Sigma), anti-β-actin 1:100000 (Sigma)  in TBST + 5% non-fat 
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milk). Subsequently, the blots were washed three times with TBST and incubated for 90 minutes at 
room temperature with horseradish-conjugated goat-anti-rabbit antibodies (1:5000) or horseradish-
conjugated goat-anti-mouse antibodies (1:5000) (Both from Dako, Darmstadt, Germany) in TBST + 5% 
nonfat milk as a conjugate. The bands were visualized with enhanced chemiluminescence (Sigma) on 
a LAS3000 machine (Fujifilm, Japan). 

RNA isolation and quantitative Real-time PCR  
Confluent HUVECs were starved for 1 hour in M199 + 1% HSA before cell lysates were collected. Total 
RNA was isolated by using the RNeasy Mini kit according to manufacturer’s protocol without the 
DNAse treatment (Qiagen, Venlo, The Netherlands) and copy DNA (cDNA) was synthesized of 1 μg 
RNA using the Cloned AMV First Strand cDNA Synthesis Kit from Invitrogen (Invitrogen Corporation, 
San Diego, CA) with poly(T)primers. β-2-microglobulin was used as the endogenous reference gene. 
To measure gene expression, quantitative real-time PCR (qRT-PCR) was performed in duplicate wells 
using SYBR Green in an ABI 7500 sequence detection system (Applied Biosystems, Foster City, USA). 
Briefly, 10 μl mix was prepared using 20 ng cDNA, 100 nM forward primer, 100 nM reverse primer and 
Takyon Low ROX SYBR MasterMix blue (Eurogentec, Seraing, Belgium). Primer sequences are enlisted 
within Table 1. Protocol: 2 min 50°C, 10 min 95°C and 40 cycles (0:15 min 95°C, 1:00 min 60°C) and 
dissociation curve. Relative expression levels of target genes were calculated with the reference gene 
β-2-microglobulin with the comparative Cq method, as described by Wong et al. 60.
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Table 1: The forward (F) and reverse (R) primer sequences of the target genes used for qRT-PCR. *  
Reference gene

Evaluation of barrier function  
Barrier function of the HUVEC monolayer was evaluated using horseradish peroxidase (HRP) passage 
and electric cell-substrate impedance sensing (ECIS). For HRP measurements, HUVECs were seeded 
in confluent density on polyester ThinCerts® Cell cultures inserts (Greiner Bio-One, Frickenhausen, 
Germany) with a pore size of 3 µm that were coated with 5 μg/ml fibronectin (Roche Diagnostics, 
Mannheim, Germany) and 1% gelatin (Merck, Darmstadt, Germany) and cultured for 4 days to become 
highly confluent. After serum starvation in M199 supplemented with 1% HSA, HRP (Sigma Chemical 
Co., St Louis, MO) was added to the upper compartment in combination with 1 U/mL thrombin 
(Organon Technika, Boxtel, The Netherlands) or a vehicle control. Samples of the lower compartment 
were collected after 24 hours and volume changes were adjusted by addition of M199/1% HSA. 
Determination of HRP concentration was measured with a spectrophotometer after addition of 
sulfuric acid and tetramethylbenzidine (Millipore/Upstate, Temecula, CA).

Electrical impedance was measured as previously described by Szulcek et al. with the use of an ECIS 
system (Applied Biophysics, Troy, NY) 53. In short, HUVECs were seeded on a 0.1 mg/ml collagen 
type I-coated (Advanced BioMatrix, Poway, CA) ECIS array containing 8-wells with each 10 individual 
gold electrodes (8W10E) or 8 wells with each a single electrode for micromotion analysis. Electrical 
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resistance was continuously measured at 37°C with 5% CO2 in multiple frequency mode to be able to 
modulate the cell-cell (Rb) and cell-matrix adhesion fraction (Alpha) of the impedance data introduced 
by Giaever and Keese 17, 31. The micromotion assays were conducted in a 4 kHz measuring mode. The 
small fluctuation within the confluent monolayers (micromotion) were quantified with the use of 
processing software developed in our laboratory on the basis of the publication of Opp et al. 38 and 
hence the potential risk to human health. Here, we applied electric cell-substrate impedance sensing 
(ECIS. 

Si-RNA transfections  
HUVECs in a 70% confluency were transfected with 25 nM of indicated siRNA (si-non-targeting, siHIF-
1α and siHIF-2α), which were custom designed by Qiagen (Qiagen, Venlo, The Netherlands). Cells were 
transfected with 2 mL 10% NBCSi/M199, containing 2.5 μL DharmaFECT transfection reagent Type 
1 (GE Dharmacon Lafayette, CO) per 3x105 cells. Transfection medium was replaced 18 hours post 
transfection with regular culture medium.

Traction force microscopy  
Traction force microscopy substrates were produced as describe previously 28, 40 with some minor 
adjustments. In short, uncoated 20 mm glass bottom dishes (MatTek Corporation, Ashland, MA) were 
treated with 0.1 M NaOH for 1 hour and subsequently soaked in distilled water. After air drying the 
dishes, a thin film of 97% 3-Aminopropyltriethoxysilane (APES; Sigma Aldrich, Steinheim, Germany) 
was added and incubated for 3 minutes. Subsequently, the dishes were washed extensively in 
distilled water and as the final step of the glass preparation 2 µm reference beads (1:1875 in water; 
FluoSpheres®; Molecular Probes, Eugene, OR) were cross-linked with 0.5% glutaraldehyde (Fluka, 
St. Gallen, Switzerland) in PBS. After 30 minutes and three subsequent washing steps, 24 µl of an 
Acrylamide (5.5%), BIS (0.05%), TEMED (0.05%; All BioRad, Veenendaal, The Netherlands) and 0.5% 
of ammonia persulfate (APS; Sigma Aldrich, Saint Louis, MO) mixture was added directly to the center 
of each dish. Before polymerization, the gel solution was covered by an 18 mm coverslip (Menzel, 
Braunschweig, Germany) to create a flat and even surface. After polymerization, the coverslip was 
removed and 200 µl of 1 mM sulfosuccinimidyl-6-[4´-azido-2´-nitrophenylamino] hexanoate (Sulfo-
SANPAH; Thermo Scientific, Rockford, IL) in 0.1 M HEPES, pH 8.5, was added to the surface and 
activated by ultraviolet light for 3 minutes. Next, 200 µl of 0.2 µm sulfated top beads in water (1:200; 
FluoSpheres®; Molecular Probes, Eugene, OR) was added and incubated for 20 minutes to achieve 
binding. Afterwards, the gels were coated overnight at 4°C with a 0.1 mg/ml purified type I bovine 
collagen (PureCol®, Advanced BioMatrix, Carlsbad, CA) in 0.1 M HEPES. The subsequent day, the 
coated gels were washed twice with a 0.1 M HEPES solution, followed by an incubation step of 30 
minutes at 37°C with M199. After aspiration of the M199, 50 µl of a concentrated cell suspension 
of trypsinized HUVECs was directly added to the center of each polyacrylamide (PA) gel. Finally, the 
dishes were incubated for 20 minutes at 37°C before 2 ml of culture medium was carefully added. This 
procedure resulted in compliant hydrogels of 1.2kPa as described previously 28 with a final thickness of 
~100 µm, as determined by the microscopic difference between top and reference beads.
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Before the start of the experiment HUVECs were serum starved for 1 hour in 1%HSA/M199. Afterwards, 
a single dish was transported to the Zeiss Axiovert 200 MarianasTM wide-field inverted microscope and 
mounted into a climate box. Within this box; temperature (37°C), CO2 (5%) and humidity (80%) were 
all controlled by the universal heating system and gas incubation system (ibidi, Planegg, Germany). 
With the use of a 40x Zeiss air objective (Carl Zeiss, Jena, Germany) both differential interference 
contrast (DIC) images of the cells and fluorescent images of the top and reference beads were 
obtained. With the use of Slidebook software (Intelligent Imaging Innovation, Denver, CO) a time-lapse 
experiment was conducted for three regions of interest in each dish. Each minute, images of the cells, 
top beads and reference beads were taken interchangeably for all three positions. After a period of 15 
consecutive images, the HUVEC monolayer was trypsinized (~0.25% trypsin) from the PA gel substrate 
to obtain an unloaded top bead pattern, after which a final image of all positions was captured.

The calculation of displacement and traction fields were determined as described previously 55. In 
short, the calculation of traction forces was started with a drift correction (x-y axis) on the basis of 
the reference beads pattern for all obtained images. Next, for all three regions of interest within the 
dish, displacement fields were computed by comparing the peak pattern of the top beads images from 
baseline period with its reference image in the unloaded substrate condition with the use of particle 
image velocimetry (PIV). Therefore, all top bead images were cropped to an 832x832 pixel window 
and subsequently divided into blocks of 16x16 pixels (spatial resolution of 2.5 µm2). Monolayer 
traction forces was subsequently calculated from the displacement fields by using a constrained two-
dimensional fast Fourier transform algorithm in MATLAB, as described by Trepat et al. (Trepat et al. 
2009). In this calculation we included the pixel to micron ratio of 0.158 and the prior knowledge of the 
PA gels stiffness of 1.2 kPa (Young’s modulus) and the Poisson’s ratio of 0.48 28.

Immunofluorescence imaging  
Confluent HUVEC monolayers were cultured on 11 mm glass coverslips (Menzel, Braunschweig, 
Germany), which were coated with 0.5% glutaraldehyde-crosslinked collagen (Advanced BioMatrix, 
Poway, CA). After 1h of serum starvation in M199/1% HSA, cell fixation was achieved by incubation 
with 2% paraformaldehyde (Merck, Darmstadt, Germany) for 15 minutes on ice. Subsequently, 
cells were permeabilized with 0.05% triton-x-100 (C2206, Sigma, Missouri, USA), washed and 
incubated overnight at 4°C with primary antibodies against VE-cadherin (VE-cadherin XP; Cell 
Signaling Technology, Danvers, MA, USA). Alexa 488 labeled secondary antibodies (Thermo Fisher 
Scientific, Waltham, MA, USA) in combination with direct staining of the F-actin by rhodamine-
phalloidin (Invitrogen Corporation, San Diego, CA) were incubated for 1h at room temperature after 
thorough washing. After another washing step, the cells were sealed with Vectashield mounting 
medium containing DAPI (Vector Laboratories Inc, Burlingham, CA) for nuclear staining. Imaging 
was performed with the use of a Zeiss Axiovert 200 MarianasTM wide-field inverted microscope in 
combination with a cooled Sensicam CCD camera (Cooke, Tonawanda, NY) and a 10x and 63x Zeiss 
oil objective (Carl Zeiss, Jena, Germany). With the use of Slidebook software (Intelligent Imaging 
Innovation, Denver, CO) all images were captured and equally adjusted for contrast. The quantification 
of lamellipodia from the 10x F-actin images was accomplished by using the selective (equal of all 
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conditions) mask function in combination with the automatic particle analysis option of the 
open source image processing software ImageJ (National Institutes of Health, Bethesda, MD).   
 
Statistical analysis  
Results are shown as mean ± SEM unless indicated differently. Statistical analysis was performed using 
repeated measures ANOVA or TWO-way ANOVA with Bonferroni post-hoc test. Numbers of replicates 
and significant P-values are indicated in the text or figures. P<0.05 was considered significant. 
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Results  
Hypoxia and DMOG induce HIF stabilization and HIF target gene transcription  
Hypoxia (1% oxygen) incubation caused a transient increase in HIF-1α protein in human endothelial 
cells, while a strong HIF-2α protein induction lasted for at least 48 hours (Figure 1A). Similar as 
hypoxia, DMOG quickly increased the protein expression of HIF-1α and HIF-2α (within 4 hours), but 
this increase disappeared after 24 h. The mRNA expression of HIF-1α and HIF-2α was not increased 
(Figure 1B) by hypoxia or DMOG, suggesting that the increased protein expression was due to protein 
stabilization. The HIF-regulated genes HIF-3α, PHD2, PHD3 and GLUT1 were increased after exposure 
to hypoxia or DMOG, indicating that the stabilized HIF proteins were functional (Figure 1B). The PHD 
proteins and FIH regulate HIF protein expression in normoxia 24, 27. The expression of PHD1 and FIH, 
two HIF-regulating genes that are not under HIF-control, was not affected in hypoxia or with DMOG 
(Figure 1B). Together these data confirm that DMOG, in a similar way as hypoxia, stabilizes HIF-1α and 
HIF-2α protein and induces mRNA expression of the HIF-regulated genes.
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Figure 1. Hypoxia and DMOG stabilize HIF proteins and induce target gene transcription. HUVECs were incubated 
with 1% oxygen (hypoxia) (black triangles), 1 mM DMOG (dark grey squares), or the 20% oxygen PBS control (light 
grey circles) for indicated hours before protein (A) or mRNA (B) was collected (3 pools of 4 HUVEC donors). Relative 
mRNA levels were expressed as mean fold change with SEM (B) and normalized to PBS 4 hours (for HIF-1α, HIF-2α, 
and HIF-3α) or PBS 24 hours (for GLUT1, FIH, PHD1, PHD2, and PHD3). For statistical analysis, Two-way ANOVA with 
Bonferroni post-hoc test was used (B) (* p<0.05, ** p<0.01, *** p<0.001). 
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Hypoxia and DMOG improve the endothelial barrier function through HIF-2α stabilization 
Using macromolecule passage and impedance sensing assay, we studied the effect of hypoxia and 
the hypoxia-mimetic DMOG on HUVEC monolayer integrity. 24 hours pre-incubation in 1% oxygen or 
stimulation with 1 mM DMOG significantly reduced the passage of the tracer horseradish peroxidase 
(HRP) (Figure 2A). The strong barrier protective effect was already observed under basal conditions and 
caused an almost 90% reduction in HRP passage under hypoxic conditions and a 48% reduced passage 
upon DMOG treatment. Upon stimulation with the vasoactive agent thrombin, transendothelial 
HRP passage increased substantially in all conditions. Nonetheless, hypoxia and DMOG incubation 
significantly reduced the transendothelial HRP passage compared with PBS. Moreover, endothelial 
resistance measurements during incubation with hypoxia or DMOG confirmed the HRP findings and 
showed a maximal increase of 225 Ohm in hypoxic conditions and 260 Ohm for DMOG (Figure 2B). 
The effect of DMOG was concentration dependent (data not shown). Incubation with 1 mM DMOG 
resulted in a maximal increase in endothelial resistance after 14 h.

To investigate whether HIF-1α and HIF-2α were involved in the effects of hypoxia and DMOG on 
endothelial permeability, HUVECs were depleted for these genes. Silencing of HIF-1α (80%) or HIF-2α 
(87%) (Figure 3A+3B) in HUVECs had no significant effects on baseline endothelial resistance (Figure 
3C). The hypoxia response was significantly ablated by the knock-down of HIF-2α (-300 Ohm, p< 
0.001) and overlapped with the normoxic PBS control response (Figure 3D). The depletion of HIF-
1α, however, did not reduce the endothelial resistance and even showed a tendency to amplify the 
hypoxia-induced improvement of barrier function (+50 Ohm, p> 0.05). Similar patterns were observed 
in the DMOG treated conditions, however no significant differences were observed. Moreover, the 
characteristic decreasing phase of the DMOG response, which starts after 14 h incubation, seemed 
unaffected by the knock-down of the HIFs. Taken together, these data show that hypoxia incubation 
or DMOG exposure up to 14 h improve endothelial barrier function, which is regulated by HIF-2α and 
was not compensated by HIF-1α. Furthermore, the improvement in hypoxia is gradually, whereas the 
improvement upon DMOG treatment was transient with a maximal effect after 14 hours.
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Figure 2. Endothelial barrier function is improved by hypoxia and DMOG. (A) Macromolecule passage (horse 
radish peroxide, HRP) over HUVEC monolayers was measured after 24 hours pre-incubation with PBS (light grey), 
hypoxia (black), or DMOG (dark grey). The total passaged HRP was determined under basal conditions (control) 
and after a period of 60 minutes stimulation with 1U/ml of the vaso-active agent thrombin (4 pools of 4 HUVEC 
donors). The plotted bar graph represents the percentage of HRP which crossed the endothelial barrier in each 
specific condition relative to the HRP present within the total system. The expressed percentages below the x-axis 
are the relative values of passed HRP compared to the vehicle controlled condition (%). (B) Electrical resistance of 
HUVECs stimulated – indicated by a solid vertical line - with PBS (light grey), hypoxia (black) or DMOG (dark grey) 
were measured and expressed after correcting for the basal starting variation of each condition (3 pools of 4 HUVEC 
isolations). For statistical analysis, repeated measures ANOVA with Bonferroni post-hoc test was used (* p<0.05, 
** p<0.01, *** p<0.001). 
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which crossed the endothelial barrier in each specific condition relative to the HRP present within the 
total system. The expressed percentages below the x-axis are the relative values of passed HRP 
compared to the vehicle controlled condition (%). (B) Electrical resistance of HUVECs stimulated – 
indicated by a solid vertical line - with PBS (light grey), hypoxia (black) or DMOG (dark grey) were 
measured and expressed after correcting for the basal starting variation of each condition (3 pools of 4 
HUVEC isolations). For statistical analysis, repeated measures ANOVA with Bonferroni post-hoc test was 
used (* p<0.05, ** p<0.01, *** p<0.001).  
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Figure 3. The hypoxia-induced barrier strengthening is mediated via HIF-2α. (A) Three independent 
HUVECs pools of 4 donors were silenced with si-RNA of HIF-1α (black) or HIF-2α (dark grey) and 
remaining mRNA levels were compared to a non-targeting control (light grey). (B) Representative 
western blots show the knock down efficiency of HIF-1α (upper panel) and HIF-2α (middle panel) 
depletion by siRNA treatment. Whole cell lysates are collected 72 hours after transfection of HUVECs 
under hypoxic conditions. (C) The 72 hours post-transfectional electrical resistance of endothelial cells is 
expressed relative to the untransfected control condition (%). The si-RNA knockdown of the HIFs and the 
non-targeting control was non-significantly (n.s.) effected by measurements on the ECIS. (D) Normalized 
electrical resistance of HUVECs transfected with si-RNA of HIF-1α, HIF-2α or the non-targeting control 
was measured for 24 hours upon exposure (solid vertical line) to 1% oxygen (left) or 1 mM DMOG 
(right). HUVECs transfected with non-targeting si-RNA and treated with PBS in 20% oxygen are shown in 
dashed light grey line. HIF-1α- (black line) or HIF-2α-depleted (dark grey line) HUVECs were normalized 
to their own starting values. Data represents the mean ±SEM for 3 independent experiments. For 
statistical analysis, student t test (A), and repeated measures ANOVA with Bonferroni post-hoc test (D) 
were used (*** p<0.001). 
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Figure 3. The hypoxia-induced barrier strengthening is mediated via HIF-2α. (A) Three independent HUVECs pools 
of 4 donors were silenced with si-RNA of HIF-1α (black) or HIF-2α (dark grey) and remaining mRNA levels were 
compared to a non-targeting control (light grey). (B) Representative western blots show the knock down efficiency 
of HIF-1α (upper panel) and HIF-2α (middle panel) depletion by siRNA treatment. Whole cell lysates are collected 
72 hours after transfection of HUVECs under hypoxic conditions. (C) The 72 hours post-transfectional electrical re-
sistance of endothelial cells is expressed relative to the untransfected control condition (%). The si-RNA knockdown 
of the HIFs and the non-targeting control was non-significantly (n.s.) effected by measurements on the ECIS. (D) 
Normalized electrical resistance of HUVECs transfected with si-RNA of HIF-1α, HIF-2α or the non-targeting control 
was measured for 24 hours upon exposure (solid vertical line) to 1% oxygen (left) or 1 mM DMOG (right). HUVECs 
transfected with non-targeting si-RNA and treated with PBS in 20% oxygen are shown in dashed light grey line. 
HIF-1α- (black line) or HIF-2α-depleted (dark grey line) HUVECs were normalized to their own starting values. Data 
represents the mean ±SEM for 3 independent experiments. For statistical analysis, student t test (A), and repeated 
measures ANOVA with Bonferroni post-hoc test (D) were used (*** p<0.001).
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Cell-cell interactions are strengthened by hypoxia and DMOG treatment  
To elucidate the mechanism underlying the improved barrier function upon hypoxia and DMOG 
treatment, the endothelial resistance data described in Figure 2B was modeled yielding parameters 
for cell-cell interaction (Rb) and cell-matrix interaction (alpha) 17, 31. This analysis revealed that the 
improved barrier function in hypoxic conditions was completely caused by significantly improved 
cell-cell interactions (Rb: +65%, p<0.001, alpha: -6%, p>0.05) (Figure 4A). Similarly, the protective 
effect of DMOG on the endothelial barrier was predominantly caused by significantly altered cell-
cell-interactions (Rb: +48%, p<0.05). However, in contrast to hypoxia, the cell-matrix component was 
slightly affected by DMOG treatment (alpha: +8%, p>0.05). 

Since the cell-cell interactions appeared to be the dominant factor improving the endothelial barrier 
during hypoxia and DMOG treatment, we further evaluated the most important adhesive component 
in endothelial adherens junctions, VE-cadherin. Immunofluorescence staining revealed that hypoxia 
gradually increased the amount of VE-cadherin present at the cell-cell junctions (Figure 4B). However, 
this was not reflected in total cellular VE-cadherin protein level suggesting mainly a difference 
in localization (Figure 4D). Similarly, DMOG stimulation showed a transient trend of increased VE-
cadherin staining, while total VE-cadherin protein was also not altered (Figure 4B,D). Although VE-
cadherin mRNA expression was increased after 24 h exposure to hypoxia or DMOG (1.4±0.3 and 2.0±0.3 
fold, respectively; Figure 4C), silencing of HIF-1α and HIF-2α with specific si-RNA hardly affected VE-
cadherin mRNA expression after 24 hours in hypoxia (1.7±1.0-fold and -1.26±0.2-fold respectively; 
Figure 4E). This data suggests that the effects of hypoxia on endothelial permeability are only related 
to VE-cadherin localization, but not to its transcription in our experimental conditions. Subsequently, 
we investigated another effector of adherens junction stabilization, VE-PTP. While mRNA levels of 
VE-PTP were increased more than 2-fold in hypoxia and up-regulated more than 3-fold by DMOG 
(Figure 4C), silencing of HIF-2α resulted in a slight tendency to a decreased VE-PTP mRNA expression 
(-1.74±0.96-fold) after 24 hours in hypoxia, whereas depletion of HIF-1α tended to increase VE-PTP 
mRNA levels (2.34±2.54-fold). However, both effects did not reach statistical significance.

As these data point to a stabilization of adherens junctions by hypoxia, we wondered whether hypoxia 
affected the mobility and micromotion of endothelial cells in a confluent monolayer. Differential 
interference contrast (DIC) microscopy movies showed that exposure to hypoxia or DMOG indeed 
decreased the motility in HUVECs and reduced membrane ruffling (Supporting Movie 1). Subsequently, 
the micromotion of endothelial cells, i.e. the variance of the normalized endothelial resistance in 
HUVEC monolayers, was quantified and showed a markedly decreased cellular micromotion after 24 
h exposure to hypoxia (PBS: 7.8±1.9, hypoxia: 1.1±0.4, DMOG: 5.4±1.3; p< 0.05) (Figure 5A). This was 
accompanied by a reduced number and size of lamellipodia upon hypoxia treatment (P=0.06) (Figure 
5B).
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Figure 4. Enhanced barrier function in hypoxia and DMOG is caused by improved cell-cell interactions. (A) Electri-
cal resistance after treatment (solid vertical line) with hypoxia (left) and DMOG (right) was measured and compared 
to PBS control HUVECs after normalizing to their own starting value. Additionally, the attributable cell-cell (dashed 
light grey line) and cell-matrix (dashed dark grey line) interactions were modulated and plotted on the right axis 
of both figures. (B) Representative immunofluorescence staining of VE-cadherin was shown to visualize focal ad-
herens junctions in PBS-, hypoxia- and DMOG-treated HUVECs for indicated hours. Scale bars indicate 10 µm. (C) 
VE-cadherin and VE-PTP mRNA expression and (D) VE-cadherin protein was measured in HUVECs treated with 
PBS, hypoxia or DMOG for indicated hours (3 pools of 4 HUVEC donors). The relative mRNA levels were expressed 
as mean fold change with SEM and normalized to the PBS control at 4 hours. (E) VE-cadherin and VE-PTP mRNA 
expression was measured in HUVECs depleted for HIF-1α and HIF-2α and incubated for 24 hours in hypoxia (2 pools 
of 4 HUVEC donors). The relative mRNA levels were expressed as mean fold change with the range and normalized 
to non-targeting transfected HUVECs. For statistical analysis, repeated measures ANOVA with Bonferroni post-hoc 
test (A) or Two-way ANOVA with Bonferroni post-hoc test (D) were used (* p<0.05, ** p<0.01, *** p<0.001).
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measured and compared to PBS control HUVECs after normalizing to their own starting value. 
Additionally, the attributable cell-cell (dashed light grey line) and cell-matrix (dashed dark grey line) 
interactions were modulated and plotted on the right axis of both figures. (B) Representative 
immunofluorescence staining of VE-cadherin was shown to visualize focal adherens junctions in PBS-, 
hypoxia- and DMOG-treated HUVECs for indicated hours. Scale bars indicate 10 µm. (C) VE-cadherin and 
VE-PTP mRNA expression and (D) VE-cadherin protein was measured in HUVECs treated with PBS, 
hypoxia or DMOG for indicated hours (3 pools of 4 HUVEC donors). The relative mRNA levels were 
expressed as mean fold change with SEM and normalized to the PBS control at 4 hours. (E) VE-cadherin 
and VE-PTP mRNA expression was measured in HUVECs depleted for HIF-1α and HIF-2α and incubated 
for 24 hours in hypoxia (2 pools of 4 HUVEC donors). The relative mRNA levels were expressed as mean 
fold change with the range and normalized to non-targeting transfected HUVECs. For statistical analysis, 
repeated measures ANOVA with Bonferroni post-hoc test (A) or Two-way ANOVA with Bonferroni post-
hoc test (D) were used (* p<0.05, ** p<0.01, *** p<0.001). 
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Figure 5. Cell motility is severely hampered after 24 hours of hypoxia. (A) Electrical resistance measurements 
were conducted in rapid time collect-mode to monitor the natural occurring cellular movement previously de-
scribed as micromotion (53). After 24-hours pre-incubation with PBS (light grey), 1% oxygen (black) or 1 mM DMOG 
(dark grey) a thirty-minute measurement period was started for each well. All values were normalized to the av-
erage of the whole 30 minute period. The variance of the micromotion signal of three independent HUVECs pools 
was represented in the right panel. (B) Phalloidin staining of the F-actin cytoskeleton (in white) was used to quan-
tify the number and average size of the lamellipodia (Mask indicated in yellow within the same image) of HUVEC 
monolayers treated with PBS, hypoxia or DMOG (for 24 hours). Scale bars indicate 100 µm. For statistical analysis, 
Dunn’s Multiple Comparison Test was used (* p<0.05). 

215 
 

Figure 5. Cell motility is severely hampered after 24 hours of hypoxia. (A) Electrical resistance 
measurements were conducted in rapid time collect-mode to monitor the natural occurring cellular 
movement previously described as micromotion (53). After 24-hours pre-incubation with PBS (light 
grey), 1% oxygen (black) or 1 mM DMOG (dark grey) a thirty-minute measurement period was started 
for each well. All values were normalized to the average of the whole 30 minute period. The variance of 
the micromotion signal of three independent HUVECs pools was represented in the right panel. (B) 
Phalloidin staining of the F-actin cytoskeleton (in white) was used to quantify the number and average 
size of the lamellipodia (Mask indicated in yellow within the same image) of HUVEC monolayers treated 
with PBS, hypoxia or DMOG (for 24 hours). Scale bars indicate 100 µm. For statistical analysis, Dunn's 
Multiple Comparison Test was used (* p<0.05).  
 
  

Hypoxia affects F-actin organization, but not the generated traction forces   
Subsequently, we investigated whether the hypoxia-induced improvement of endothelial barrier 
function was accompanied by a change in traction forces. Time course of the F-actin cytoskeleton 
organization revealed that hypoxia caused a relative decrease in cortical F-actin at 8 and 24 h, which 
reached significance at 24 h (PBS: 100%, hypoxia: 52.3±2.0%) and an increase in shear fiber-like 
structures, especially after 24 and 48 h (Figure 6A). DMOG-stimulated HUVECs developed a stronger 
cortical F-actin ring and showed more pronounced short actin fibers in close proximity to the cell 
nucleus; the mean F-actin intensity was not altered (Figure 6A). These differences in the organization 
of the F-actin by hypoxia and DMOG may be due to an altered distribution of contractile forces. Next, 
traction force microscopy was used to assess differences in monolayer contractility after 24 hours of 
stimulation with either hypoxia or DMOG. To that end, traction force (TF) maps were generated and 
plotted over the DIC images (Figure 6B). Quantification of the TF maps revealed that 24 h exposure 
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to hypoxia did not alter traction forces as compared to control cells. In contrast, traction forces were 
increased in DMOG-treated HUVECs. Traction force stability of the DMOG-treated HUVECs was 
significantly decreased (p=0.03, PBS: 19.7±1.4, Hypoxia:17.4±1.2, DMOG:14.4±0.7), whereas this 
response was absences after hypoxia incubation.

In conclusion, these data suggest that the improved barrier function upon hypoxia and DMOG 
treatment occur through improved cell-cell interactions and are mediated via HIF-2α. In hypoxia this 
is accompanied by increased VE-cadherin accumulation in the adherens junctions and decreased 
micromotion. DMOG mimics hypoxia, but has additional effects, which result in a transient increase in 
permeability; it also has a small additional effect through increased cell-matrix interaction.
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Figure 6. Hypoxia induces alterations in F-actin organization and traction forces. (A) Phalloidin staining 
of the F-actin cytoskeleton from HUVECs incubated with 1% oxygen (hypoxia), 1 mM DMOG or the PBS 
control for indicated hours. The upper graph expresses the quantification of the depicted 
immunofluorescence images, whereas the lower graph shows the corrected F-actin intensity measured 
in 4 independent HUVECS pools after 24 h pre-incubation. (B) Traction force microscopy was performed 
on 24 hour pre-treated HUVECs of which whole monolayer contractility was followed over time in 
combination with differential interference contrast (DIC) imaging of the cells. Traction force (TF) maps 
were generated and plotted over the DIC images. Quantification of the root mean square (RMS) traction 
forces in Pascal were plotted of PBS- (light grey), hypoxia- (black) and DMOG-treated (dark grey) 
HUVECs. Scale bars in both figures indicate 10 µm. For statistical analysis, Dunn's Multiple Comparison 
Test (A), and repeated measures ANOVA with Bonferroni post-hoc test (B) were used (* p<0.05). 
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cated hours. The upper graph expresses the quantification of the depicted immunofluorescence images, whereas 
the lower graph shows the corrected F-actin intensity measured in 4 independent HUVECS pools after 24 h pre-in-
cubation. (B) Traction force microscopy was performed on 24 hour pre-treated HUVECs of which whole monolayer 
contractility was followed over time in combination with differential interference contrast (DIC) imaging of the 
cells. Traction force (TF) maps were generated and plotted over the DIC images. Quantification of the root mean 
square (RMS) traction forces in Pascal were plotted of PBS- (light grey), hypoxia- (black) and DMOG-treated (dark 
grey) HUVECs. Scale bars in both figures indicate 10 µm. For statistical analysis, Dunn’s Multiple Comparison Test 
(A), and repeated measures ANOVA with Bonferroni post-hoc test (B) were used (* p<0.05).

Discussion  
The present study showed that hypoxia strengthened the endothelial barrier in HUVECs, leading to 
decreased vascular permeability in vitro. The protective effect on the endothelial barrier was caused 
by improved cell-cell interactions, which was mediated through stabilization of HIF-2α and amongst 
others increased VE-cadherin expression in the adherens junctions. This was accompanied by decreased 
cell motility, micromotion and lamellipodia formation in hypoxia. The hypoxia-mimetic DMOG also 
strengthened the endothelial barrier in HUVECs in a HIF-dependent manner through improved cell-cell 
interactions. However, DMOG had additional effects; it slightly improved the cell-matrix interactions, 
altered the F-actin cytoskeleton and baseline tractions forces in the endothelial monolayer.   
  
Hypoxia decreases vascular permeability in HUVECs in vitro  
We showed that hypoxia decreased vascular permeability of HUVECs under basal conditions (Figure 
2A,B). Although this was previously published 21, 51, it was still surprising to us; hypoxia induces the 
expression of VEGF, characterized as vascular permeability factor, which induces vascular leakage 47. 
Furthermore, hypoxia induces vascular leakage in the brain in vitro 29 and in vivo in rodents 4, 29, 43, 45. 
Hypoxia-induced vascular leakage in the brain is mediated via VEGF-A-induced activation of the matrix 
metalloproteinase MMP-9 and subsequent mediated occludin degradation affecting tight junction 
integrity (Bauer et al. 2010; Ren et al, 2015). However, in contrast to the endothelium in brain, retina and 
testis, which have a very high electrical resistance due to a closed belt of tight junctions, most continuous 
endothelia are sealed by a belt of adherence junctions, while the tight junctions form mosaic structures 
with interruptions allowing the free passage of albumin and solutes 6, 34. Tissue specific differences are 
also revealed by ablation of VE-cadherin, the major pivotal protein of adherens junctions, which did 
affect vascular leakage in lung or heart vasculature, but not in the brain 16. In lung edema the process 
is complicated as it involves both disruption of the adherens junction- dependent endothelial barrier 
and the epithelial cell layer integrity, which is primarily tight junction dependent. This complexity 
may contribute to the differences in the reported effects of hypoxia on lung vascular leakage 9, 21. 
 
HIF-2α regulates endothelial barrier strengthening via VE-cadherin in adherens junctions 
The stabilizing effect of hypoxia on endothelial barrier function was regulated by HIF-2α but not HIF-
1α, as depletion of HIF-2α resulted in ablated hypoxia-induced improved endothelial barrier function 
in HUVECs during the 24 hours measurement (Figure 3D). This correlates with the role of HIF-1α 
and HIF-2α in angiogenesis; HIF-1α stimulates angiogenesis-related processes such as endothelial 
sprouting, which requires loosening of the endothelial barrier 8, 25, 44, 50, whereas HIF-2α stimulates 



HIF-2α regulates hypoxia-induced strengthening of the human endothelial barrier  - 205

7

vessel maturation and strengthening of the endothelial barrier thereby preventing vascular leakage 12, 

21, 41, 49, 50. The protecting role of HIF-2α in barrier function was also shown in epithelial inflammatory 
diseases 19. However, the role of HIF-2α can be contextual, as it also has been reported that an intestinal 
epithelial cell-specific deletion of HIF-2α protects mice from colitis induces by dextran sulfate sodium 
61.

In response to hypoxia, the mRNA expression of VE-cadherin and VE-PTP was increased in HUVECs (Figure 
4C). Moreover, VE-cadherin protein was increased in the adherens junctions (Figure 4B). This could point 
toward more stable endothelial adherens junctions. Increased expression of VE-PTP mRNA was found in 
response to hypoxia and HIF-2α stabilization in lung endothelial cells 21 and human hepatoma carcinoma 
cells 39. Interestingly, Gong et al 21 reported that silencing of VE-PTP increased vascular leakage in hypoxia, 
in line with its function as a stabilizer of the endothelial junctions 16, 36. Phosphorylation of VE-cadherin, 
for example by VEGF, triggers the dissociation of VE-cadherin and VE-PTP, resulting in increased vascular 
permeability 14, 16, 36. Moreover, VE-PTP also counterbalances the activation of TIE-2 by ANGPT1 and 
thereby destabilizes junctions in response to VEGF stimulation 16, 48, 59. Therefore, in normoxia, inhibition 
of VE-PTP resulted in decreased vascular permeability upon VEGF stimulation, whereas in unstimulated 
conditions inhibition of VE-PTP had no effect on vascular permeability 16, 48. Although our data did 
not provide a statistical significant underpinning of the role of VE-PTP in hypoxia-regulated barrier 
improvement, they do not exclude that the improved cell-cell interactions upon hypoxia and DMOG 
treatment are caused by increased VE-PTP, through HIF-2α, and VE-cadherin expression, as previously 
suggested by Gong et al 21.

Effect of hypoxia on micromotion, actin cytoskeleton and traction forces  
We found a marked decrease in motility of HUVECs incubated in hypoxia, which was observed in 
all HUVEC donors tested (Supporting Movie 1 + Figure 5A). This was accompanied by a reduction in 
filamentous actin and lamellipodia size and number, without significantly affecting the generation of 
traction forces after incubation in hypoxia (Figure 6A). In line with our study, Mazzone et al 33 showed 
that endothelial cells isolated from PHD2-haplodeficient mice, thereby mimicking hypoxia through 
stabilization of HIF-2α, had reduced motility and lamellipodia formation. Moreover, Tet-inducible 
PHD2 knockout in HeLa cells significantly reduced cell migration, however this was related to a more 
prominent F-actin staining which contradicts our observations 56 which are responsible for oxygen-
dependent hydroxylation of the hypoxia-inducible factor (HIF. The hypoxia-mimetic DMOG (24 hours) 
had no effect on lamellipodia number and size. However, the DMOG-stimulated HUVECs developed 
a strong cortical F-actin ring and more pronounced short actin fibers in close proximity to the cell 
nucleus. It was shown that DMOG incubation (overnight) in HUVECs resulted in decreased extended 
lamellipodia and F-actin fibers that were concentrated subcortically 58. From these data, it is clear 
that the 2-oxoglutarate analogue DMOG has pleiotropic effects, in addition to mimicking hypoxia. 
Nevertheless, the DMOG-induced tight VE-cadherin band along the cell boundaries, which was also 
observed in hypoxia, indicated strong cell-cell contacts 58.
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DMOG as a hypoxia-mimetic?  
DMOG is widely used to mimic the hypoxia response through stabilization of HIF-1α and HIF-2α 2, 3, 13. 
We confirmed that HIF-1α and HIF-2α were stabilized upon DMOG treatment and HIF-regulated genes 
were induced (Figure 1). Moreover, DMOG treatment improved the barrier function through improved 
cell-cell contacts, similar to hypoxia. However, the effect of DMOG is transient, which is observed 
in HIF protein stabilization (Figure 1A) and the bell-shaped transendothelial resistance curve (Figure 
2B). This is not observed upon hypoxia incubation. To the best of our knowledge, DMOG is often 
studied in relation to angiogenesis and wound healing 2, 5, 54, 62 and only a few studies are published 
investigating the effect of DMOG on barrier function; they found a protective effect of DMOG on 
epithelial barrier function 11, 23, 37, but no time-dependent effect. DMOG-incubation only influenced 
inflammation-induced epithelial permeability, and not unstimulated permeability. Probably epithelial 
cells, especially colon epithelial cells, are less susceptible to DMOG exposure.

We found that the hypoxia-induced improvement of barrier function was mediated through HIF-2α 
and improved cell-cell interactions. Although, the DMOG-induced protection of barrier function was 
also regulated through HIF-2α and improved cell-cell interactions, additional effects on the cell-matrix 
interactions, traction force fluctuations and probably related rearrangement of F-actin cytoskeleton 
were shown. As it was previously shown that cytoskeleton rearrangement was regulated via HIF-1α 58, 
we doubt whether these additional DMOG effects influence the barrier function.

Form our and literature data one may question whether DMOG is a true hypoxia-mimetic.  Although 
hypoxia and DMOG both stabilize HIF-1α and HIF-2α and induce HIF-target gene expression, we found 
different kinetics between DMOG- and hypoxia-mediated effects  and, more seriously,  additional 
effects of DMOG that were not observed in hypoxia. These effects are probably HIF-independent. As 
DMOG is a pan 2-OG-dependent hydroxylase inhibitor, this suggests that DMOG has additional effects 
(other than through inhibition of PHDs and HIFs) 10, 42. For example,  HIF-independent effects effects of 
DMOG have been reported for p62 degradation and NFκB activation 18, 52 leading to their subsequent 
ubiquitination and degradation. Paradoxically, the expression of two family members (PHD2 and 
PHD3.  Moreover, a study by Elvidge et al. 13 showed that hypoxia and DMOG regulate some genes in 
a parallel fashion, and some genes differently. Thus, DMOG can mimic several aspects of hypoxia and 
HIF induction, in particular in short-term experiments, but because of its pleiotropic effects  it  is not 
a true hypoxia-mimetic.

Perspective  
In conclusion, this study demonstrates that hypoxia incubation limits endothelial micromotion and 
strengthens the endothelial barrier through improved cell-cell interactions. This latter process is mediated 
through HIF-2α, but not HIF-1α, and is the result of stabilization of adherens junctions. It helps limiting 
vascular leakage and stabilizing new capillary sprouts in hypoxic conditions. However, published data 
on very tight endothelia depending on tight junctions indicate that hypoxia can be detrimental for such 
barriers. Altogether, the final effect of hypoxia on macromolecular extravasation and angiogenesis will be 
contextual and also includes the effect of massive local production of the permeability-inducer VEGF-A 
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by hypoxia-exposed non-endothelial cells. Better understanding the contribution of endothelial cells 
may help to improve the treatment of edema-related disease and related pharmacological interventions. 
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Supporting Movie 1. Differential interference contrast (DIC) microscopy movie of HUVECs under control (20% 
oxygen +PBS), 1mM DMOG and 1% oxygen conditions. 
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