
 
Figure 4. Representative images and quantification of HUVECs scratch-wound healing after treatment with 
either (A) BMOV alone in different concentrations (0.5, 5, 15 µM) or (B) different concentrations of BMOV (0.5, 
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5, 15 µM) supplemented with 10 ng/mL VEGF-A. (C) Effect of BMOV in the cell culture supplemented with 10 
ng/mL VEGF-A. Datapoints represent averages obtained from 3 independent experiments and are presented 
as mean ± SEM. *p < 0.05; **p < 0.01 by Kruskal-Wallis test. 

The effect of coadministration of BMOV and VEGF-A on ECs migration was assessed by adding 

to the cell culture media 10 ng/mL VEGF-A and/or increasing doses of BMOV, 0.5, 5 and 15 

µM respectively. In this set-up coadministration of BMOV and VEGF-A was able to increase 

cell migration rate, reaching a 78% enhanced migration compared to control (10 ng/mL VEGF-

A) using exogenous VEGF-A together with BMOV at the dose of 15 µM (Figure 4B and Figure 

S1B). 

However, the effect seen in Figure 4B resulted to be the sum of the effect of BMOV and the 

effect of VEGF-A. In fact, BMOV gave a 45% increase in cell migration compared to control 

(untreated cells) (Figure 4A) and when co-administered with VEGF-A the isolated effect of the 

highest BMOV dose tested resulted in a 41% increase in migration on top of the VEGF-A effect 

(Figure 4C, p = 0.01) compared to cells treated with 10 ng/mL VEGF-A. 

BMOV Induces ECs Proliferation 

To determine whether BMOV had an effect on ECs proliferation and what would happen to 

this effect when extra VEGF-A is added to the cells, an MTT assay was performed and cell 

proliferation was evaluated after 24 hours of treatment. 

 

Figure 5. Quantification of HUVECs proliferation after treatment with either (A) BMOV alone in different 
concentrations (0.5, 5, 15 µM) or (B) different concentrations of BMOV (0.5, 5, 15 µM) supplemented with 
10 ng/mL VEGF-A. (C) Effect of BMOV in the cell culture supplemented with 10 ng/mL VEGF-A. Datapoints 
represent averages obtained from 3 independent experiments and are presented as mean ± SEM. *p < 
0.05; **p < 0.01 by One-Way ANOVA. 

All the doses of BMOV tested (0.5, 5 and 15 µM) resulted in a significant increase in ECs 
proliferation (p = 0.02, 0.01 and 0.008 respectively) reaching a 42% increase in 
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proliferation with the dose of 15 µM when compared to control (Figure 5A and Figure 
S2A). 

To examine if BMOV and exogenously added VEGF-A work together toward increasing cell 

proliferation, we repeated the experiment as above coadministering 10 ng/mL VEGF-A and/or 

BMOV in different doses to the cell culture. As shown in Figure 5B and Figure S2B, cells 

incubated with BMOV supplemented with exogenous VEGF-A showed an increased 

proliferation rate compared to cells treated with only 10 ng/mL VEGF-A. BMOV (5 µM ) with 

the addition of 10 ng/mL VEGF-A resulted in an increase in cell proliferation by 27% when 

compared to control represented by 10 ng/mL VEGF-A (p = 0.02). 

As shown in Figure 5C the effect of BMOV in the experiment in which we coadministered it 

with exogenous VEGF-A resulted to be less pronounced when compared to the experiment in 

which we added only BMOV to cells. In fact, in Figure 5A, BMOV-treated cells reached an 

increase of 42% in proliferation when compared to control (untreated cells), while with the 

supplementation of exogenous VEGF-A cell proliferation induced by BMOV increased by only 

18% when compared to control (cells treated with exogenous VEGF-A) (Figure 5C). Therefore, 

the effect seen in Figure 5B is the sum of individual effects of BMOV and VEGF-A. 

Tube Formation is Stimulated by BMOV Treatment  

To evaluate whether BMOV can increase the capability of ECs to form capillary-like structures 

a tube-formation assay was performed and the total length of tubes formed was determined 

after 12 hours of treatment (Figure 6A and B). BMOV was able to promote HUVECs tube 

formation by 12% at a dose of 5 µM and by 27% at 15 µM (Figure 6A and Figure S3A, p = 

0.003) compared to control (untreated cells). 

The effect of coadministration of the highest dose of BMOV and exogenous VEGF-A on tube 

formation in HUVECs resulted in a 20% increase in total length of the tube formed (Figure 6B 

and Figure S3B) when compared to control (cells treated with 10 ng/mL VEGF-A). When 

coadministering BMOV and VEGF-A, the isolated additive effect of BMOV was a 12% increase 

in tube formation (Figure 6C) on top of the effect of VEGF-A (Figure 6B). 
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Figure 6. Representative images and quantification of HUVECs tube formation after treatment with 
either (A) BMOV alone in different concentrations (0.5, 5, 15 µM) or (B) different concentrations of 
BMOV (0.5, 5, 15 µM) supplemented with 10 ng/mL VEGF-A. (C) Effect of BMOV in the cell culture 
supplemented with 10 ng/mL VEGF-A. Datapoints represent averages obtained from 3 independent 
experiments and are presented as mean ± SEM. **p < 0.01 by One-Way ANOVA. 
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Aortic Ring Sprouting is Induced upon BMOV Stimulation 

 

Figure 7. Representative images (top) and quantification of neovessel sprouts (bottom) after treatment 
with either (A) BMOV alone in different concentrations (0.5, 5, 15 µM) or (B) different concentrations of 
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BMOV (0.5, 5, 15 µM) supplemented with 10 ng/mL VEGF-A in an ex vivo aortic ring assay. Top right panels 
of (A) and (B) are representative examples of complex aortic ring neovessel sprouts fluorescently stained 
with cell specific markers. CD31 (green) stains endothelial cells; α-SMA (red) indicates smooth muscle cells; 
DAPI-stained nuclei (blue). (C) Effect of BMOV in the tissue culture supplemented with 10 ng/mL VEGF-A. 
Datapoints are presented as mean ± SEM. **p < 0.01; *** p < 0.001 by Kruskal-Wallis test. 

To examine the effects of BMOV on the sprouting of capillaries we used an ex vivo mouse 

aortic ring assay, in which not only endothelial cells are present but also other cell types, 

including smooth muscle cells. 

A 2- and 3-fold increase in the number of sprouting neovessels formed in the aortic 

segments treated respectively with 5 and 15 µM BMOV were found when compared to 

untreated control (Figure 7A; p = 0.004 and 0.0002, respectively). Cell-type-specific 

double staining of aortic segments confirmed that the sprouting neovessels are lined with 

endothelial cells, as described previously [21,22]. The endothelial cells in the sprouts were 

surrounded by smooth muscle cells, characteristic of mature neovessels (Figure 7A and 

Figure S4A). 

The same vessel structure was observed when co-administering exogenous VEGF-A and 

increasing doses of BMOV (0.5, 5 and 15 µM) to the cultured rings. Endothelial cells 

formed the neovessels sprouting from the rings, and they were surrounded by smooth 

muscle cells (Figure 7B and Figure S4B). 

The addition of VEGF-A resulted in almost a 4-fold increase in the number of sprouts 

when compared to control represented by untreated aortic segments (Figure 7B). 

Coadministration of VEGF-A and BMOV in increasing doses enhanced the average 

number of sprouts formed when compared to the untreated control cultured rings 

(Figure 7B). However, when administered together with VEGF-A, the isolated effect of 

BMOV resulted in an increase in sprouting neovessels only with the 5 µM dose when 

compared to control (aortic segments treated with 10 ng/mL VEGF-A) (28% increase), 

while the other doses did not show any effect (Figure 7C). 

 BMOV acts via VEGFR2  

As unspecific blocker of protein phosphatases BMOV has been shown to exploit its action on 

several receptors’ downstream signaling [11]. Due to its pivotal role in angiogenesis we 
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focused on the effect of BMOV on VEFGR2 downstream signaling. To do so we analyzed the 

phosphorylation and therefore the activation of one of the main VEGFR2 phosphorylation 

sites (Y951) and two key angiogenic enzymes, ERK1/2 and p-38MAPK regulated by the 

phosphorylation sites Y1175 and Y1214 respectively (Figure 8A). 

 

Figure 8. (A) Schematic representation of VEGFR2 signaling and downstream enzyme’s activation. (B) 
Relative p-VEGFR2, protein expression in HUVECs whole-cell lysates after treatment with indicated 
conditions as determined by western blot. Expression was normalized per independent experiment to 
stable household protein β-actin and expressed relative to CTRL. Relative (C) p-ERK1/2 and (D) p p38, 
protein expression in HUVECs whole-cell lysates after treatment with indicated conditions as determined 
by western blot. Expression was normalized per independent experiment to stable household protein 
vinculin and expressed relative to CTRL. (E) Quantification of the concentration of VEGF-A concentration in 
the cell culture medium of HUVECs incubated with the indicated conditions. All data points represent 
normalized averages obtained from 3 independent experiments and are presented as mean ± SEM. *p < 
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0.05; by one-sample t test versus CTRL or two-sided Student’s t test to compare CTRL versus BMOV 
treatments. 

The amount of VEGFR2 phosphorylated on the residue Y951 was increased by 1.5 fold in the 

group treated with 15 µM BMOV when compared to control (untreated cells) (Figure 8B) (p = 

0.04). The phosphorylation on the same residue in the groups costimulated with 15 µM BMOV 

and exogenous VEGF-A showed no differences between the groups (p = 0.36). 

The phosphorylation of ERK1/2 (Figure 8C), downstream signaling of Y1175, showed no 

differences between control and treated groups. The groups treated with coadministration 

of exogenous VEGF-A and BMOV showed an increase in phosphorylation of ERK1/2 when 

compared to control (untreated cells) but no differences were found between BMOV-treated 

and respective controls (untreated cells and cells treated with 10 ng/mL VEGF-A. p = 0.96 and 

p = 0.99 respectively) (Figure 8C). 

An almost significant increase (p = 0.05) was found in the activation of p38, downstream of 

Y1214 signaling. BMOV treatment resulted in a 1.2-fold increase in p38 phosphorylation when 

compared to the control (untreated cells) (p = 0.05. Figure 8D). Coadministration of VEGF-A 

and BMOV did not show differences when compared to each other (p = 0.8), even though 

they were 1.4-fold higher than the control (untreated cells) (Figure 8D). 
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Discussion 

In the present study BMOV increases in vivo wound closure and in vitro endothelial cell 

migration, proliferation and tube formation in HUVECs. Additionally, it increases the number 

of sprouts formed in an ex vivo aortic ring assay. BMOV increases phosphorylation of VEGFR2 

via Y951 and p38MAPK, but not ERK1/2 phosphorylation. We also show that BMOV and 

exogenous VEGF-A do not work in a synergistic way to increase angiogenesis. 

Research from Paglia et al. and Ippolito et al. has shown that a different organic vanadium 

salt, Vanadyl acetylacetonate (VAC), has a positive effect in promoting chondrogenic wound 

healing closure, most likely via increasing angiogenesis [18-20]. It was previously described that 

BMOV could enhance collateral blood flow in a rat model of peripheral vascular disease and 

increase the diameter of cerebral collateral in rats [9,23]. Interestingly, these latter studies 

focus primarily on collateral maturation and therefore arteriogenesis, whereas patients with 

peripheral arterial disease (PAD) benefit by increased blood flow recovery via a combined 

action of improved angiogenesis and arteriogenesis [24]. Therefore, in this study we examined 

the role of BMOV in angiogenesis. We show that BMOV stimulates in vivo wound closure and 

increases in vitro angiogenesis via acting on the whole angiogenic process including the 

migration and proliferation of ECs and their ability to form a new vessel. Combined, these 

results indicate that BMOV has an action on both processes of angiogenesis and 

arteriogenesis. 

In the context of PAD, although very promising, VEGF therapy did not show the expected 

clinical results in patients affected by PAD [25,26]. VEGF was shown to be present and even 

increased at the site of amputation in patients with critical ischemic PAD but it was not 

effective enough to restore blood flow and induce angiogenesis [25,26]. These findings show 

that there is a need for new therapeutic options for the treatment of PAD. Here, we 

demonstrate that low doses of endogenous VEGF-A activate VEGFR2 and BMOV boosts this 

induced proangiogenic signaling cascade via PTPs blockade (Figure 9). 
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Figure   9. Schematic representation of the results obtained. (A) VEGF-A endogenously produced by HUVECs 
activates VEGFR2 resulting in its partial phosphorylation and low levels of angiogenesis. No addition of BMOV is 
carried out in this condition. (B) VEGFR2 is activated by endogenous VEGF-A and BMOV, by blocking PTPs, 
induces an increase in VEGFR2 phosphorylation that results in increased angiogenesis. (C) Exogenous addition 
of VEGF-A (10 ng/mL) results in increased angiogenesis via increased VEGFR2 phosphorylation. No addition of 
BMOV is carried out in this condition. (D) Coadministration of exogenous VEGF-A (10 ng/mL) and BMOV results 
in increased angiogenesis. The effect of BMOV is indicated with yellow arrow, the effect of VEGF-A is indicated 
with green arrows. 
 

BMOV increases in vitro and ex vivo angiogenesis by increasing the number of neovessels in 

a complex angiogenic assay in which all the ECs functions come together toward the 

formation of a new vessel. Based on these preliminary results BMOV could be a new, 

interesting therapeutic option to induce angiogenesis in PAD patients in which a low dose of 

VEGF-A is present but it is not enough to completely restore angiogenesis. 

Carr et al have previously shown that coadministered BMOV and exogenous VEGF-A 

increased  HUVECs survival compared to exogenous VEGF-A administered alone [23]. We 

therefore examined if coadministration of BMOV and exogenous VEGF-A could result in 

increased angiogenesis. In line with the results from Carr et al we found that coadministration 

of BMOV and VEGF-A resulted in higher stimulation of in vitro angiogenesis compared to 

administration of exogenous VEGF-A. However we also found that this was not a synergistic 

but rather a cumulative effect resulting from the sum of individual BMOV and VEGF-A effects. 

More importantly, we found that the effect of BMOV when coadministered with exogenous 

VEGF-A resulted to be less strong in inducing angiogenesis compared to the effect of the single 

administration of BMOV. Except for the migration assay, in which the effect of BMOV 

coadministered with VEGF-A resulted to be similar to the effect of BMOV administered alone, 

in the cell proliferation assay, tube assay and aortic ring assay, the effect of BMOV resulted 
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to be higher than its effect when used in combination with exogenous VEGF-A (Figure 9). The 

phosphorylation levels of VEGFR2 (Y951), ERK1/2 and p38MAPK, in HUVECs treated with 

exogenous VEGF-A and exogenous VEGF-A coadministered with BMOV resulted to be the 

same. Therefore, due to the fact that high VEGFR2 activation is achieved with exogenous 

addition of VEGF-A, it is likely that in this situation BMOV does not have a significant effect on 

angiogenesis induced by VEGFR2 activation because the receptor is already fully active. 

In the present manuscript we show not only that VEGFR2 activation is augmented upon BMOV 

treatment but we also pinpoint the phospho-residues involved in the signaling. In the present 

set-up BMOV increased the activation of Y-951 and p38MAPK while ERK1/2 was not affected. 

It was previously shown that BMOV could enhance the phosphorylation of ERK1/2 in skeletal 

muscle extracts of diabetic rats, suggesting that our results are cell-type specific and 

dependent on our experimental setup [27]. More importantly Y-951, p38MAPK and ERK1/2 

phosphorylation results are not completely in line with the results we obtained in the in vitro 

assays. It was previously shown that cell migration and sprout formation are regulated by Y-

951 and p38MAPK activation, while cell proliferation depends on ERK1/2 activation [28,29]. 

We here found that BMOV increased HUVECs migration and sprout formation supported by 

phosphorylation of VEGFR2 Y-951 and p38MAPK, but BMOV also increased HUVECs 

proliferation and this was not supported by ERK 1/2 activation. As a potential limitation of our 

study, we used the MTT assay as a proliferation assay whereas it is an assay that measures 

the mitochondrial activity of the cells [30]. This could be the explanation why the results of 

our proliferation assay and the phosphorylation of ERK1/2 do not correlate. 

Based on the results obtained in this study we can conclude that BMOV alone induces in vitro 

angiogenesis and does not act synergistically with VEGF in this process. Moreover, BMOV is 

able to activate VEGFR2 and downstream proangiogenic enzymes without exogenous 

addition of VEGF. Therefore, our results show that BMOV-mediated inhibition of PTPs is a 

promising strategy to induce angiogenesis. 
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Materials and Methods 

In vivo Wound Healing 

All procedures involving mice were approved by the Regional Animal Ethics Committee at the 

University of Gothenburg, in accordance with the European Communities Council Directives 

of 22 September 2010 (2010/63/EU). 

Male C57BL/6JRj mice (Janvier Labs, Le Genest-Saint-Isle, France) were anesthetized with 

isoflurane, hair was removed by shaving using hair removal cream. All animals received 

Temgesic (0.08 mg/kg BW) prior to creating the wounds. Skin was wiped with 70% ethanol 

and thereafter two 5-mm-diameter wounds were created at the back of the mouse using a 

biopsy puncher. BMOV (5mg/kg) or saline was administered via intravenous (iv) injections in 

the tail vein. Wounds were initially covered with tegaderm band aid (3M, Apoteket AB, 

Stockholm, Sweden) for the first two days, to avoid sawdust and bedding material getting into 

the wounds, which were thereafter removed. Wounds were measured using a digital caliper 

at day 0, 2 and 4 and healing rate is expressed as percentage of initial area. Mice were 

sacrificed at day 4 by an overdose of pentobarbital (i.p., Apoteket AB). 

Animals were housed at 21–24 °C in a room with 12-h light/12-h dark cycle. Water and food 

were available ad libitum. 

Isolation of Human Umbilical Venous Endothelial Cells (HUVECs) 

For the isolation of HUVECS anonymous umbilical cords were obtained in accordance with 

guidelines set out by the ‘Code for Proper Secondary Use of Human Tissue’ of the Dutch 

Federation of Biomedical Scientific Societies (Federa, Rotterdam, The Netherlands), and 

conforming to the principles outlined in the Declaration of Helsinki. Isolation and culturing of 

primary venous human umbilical cells was performed as described by Van der Kwast et al. 

[21]. In brief, umbilical cords were collected from full-term pregnancies and stored in sterile 

PBS at 4 °C and subsequently used for cell isolation within 5 days. For HUVEC isolation, 

cannulas were inserted on each side of the vein of an umbilical cord and flushed with sterile 

PBS. The artery was infused with 0.075% collagenase type II (Worthington, Lakewood, NJ, 

USA) and incubated at 37 °C for 20 min. The collagenase solution was collected and the artery 

was flushed with PBS in order to collect all detached endothelial cells. The cell suspension was 

centrifuged at 400 g for 5 min and the pellet was resuspended in HUVEC complete culture 
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medium (EBM-2 Basal Medium (CC-3156) and EGMTM-2 SingleQuotsTM Supplements (CC-

4176), Lonza). HUVECs were cultured in plates coated with 1% fibronectin and used between 

passage 2 and 4. Low-serum culture medium consisted of EBM-2 Basal Medium (CC-3156, 

Lonza, Basel, Zwitserland) supplemented with 0.2% Fetal Bovine Serum (FBS) and 1% GA-1000 

(SingleQuotsTM Supplements, CC-4176, Lonza). 

BMOV Preparation 

BMOV was kindly gifted by CFM pharma (Figure 2B). For scratch-wound healing assay, cell 

proliferation assay, tube formation assay and aortic ring assay, 

bis(maltolato)oxovanadium(IV) (BMOV) was dissolved in PBS and used for the assays at a final 

concentration of 0.5, 5 and 15 µm. 

For samples used for western blot and ELISA, BMOV was dissolved in PBS and used for the 

assay at a final concentration of 15 µm. 

The selection of the doses of BMOV used for both in vitro and in vivo experiments was based 

on previous publications that used BMOV or vanadium derivatives in the context of 

arteriogenesis and wound healing [18,19,23]. 

Scratch-Wound Healing Assay 

For the scratch-wound healing assay (n=3 experimental replicates), HUVECs cells were plated 

on a 12-well plate and grown until 80% confluence in complete culture medium as previously 

reported [21]. Cells were then treated with low-serum medium or low serum supplemented 

with BMOV in increasing concentrations for 24 h. After 24 h, medium was removed and a 

scratch wound was introduced across the diameter of each well of a 12-well plate using a 

p200 pipette tip. Subsequently, the cells were washed with PBS and medium was replaced by 

new low-serum culture medium with or without 10 ng/mL VEGF-A (Human VEGF-A165, 

718302, Biolegend, Amsterdam, Netherlands) and/or BMOV in increasing concentrations. 

Two locations along the scratch wound were marked per well and scratch-wound closure at 

these sites was imaged by taking pictures at time 0 h and 18 h after scratch-wound 

introduction using live phase–contrast microscopy (Axiovert 40C, Carl Zeiss, Oberkochen, 

Duitsland). Average scratch-wound closure after 18 h was objectively calculated per well by 

measuring difference in cell coverage at 18 h vs. 0 h using the wound healing tool macro for 

ImageJ. 
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MTT Assay 

Cell proliferation (n = 3 experimental replicates) was measured using MTT assay. HUVECs cells 

were plated at 5000 cells/well in a 96-well plate and grown until 80% confluency in complete 

culture medium, after which they were incubated with low-serum medium or low serum 

supplemented with BMOV in increasing concentrations for 24 h. The medium was then 

replaced by treatment mixtures consisting of low-serum medium with or without 10 ng/mL 

VEGF-A, and/or BMOV in increasing concentrations. After 24 h incubation, 10 µL MTT 

(Thiazolyl blue tetrazolium bromide, Sigma M5655) was added directly to each well and cells 

were incubated at 37 °C in a humidified 5% CO2 environment for 4 hours. Subsequently, 75 

µL medium was removed from each well and 75 µL isopropanol/0.1N HCL was added per well. 

After incubating the plate for 90 min on a shaker platform, absorbance was read at 570 nm 

with a Cytation 5 spectrophotometer (BioTek) and the mitochondrial metabolic activity was 

quantified as a representative measure of cell proliferation.  

Tube Formation Assay 

HUVECs were seeded in 12-well plates in complete medium until confluent. Medium was then 

replaced with low-serum culture medium or low serum supplemented with BMOV in 

increasing concentrations for 24 h. A 96-wells plate was coated using 50 µL/well of Geltrex 

extracellular matrix (A1413202, Gibco, Waltham, USA). Cells were then detached using 

trypsin-EDTA (Sigma, Steinheim, Germany) and diluted at a concentration of 150.000 cells/mL 

in low-serum medium with or without 10 ng/mL VEGF-A and/or BMOV in increasing 

concentrations. After 12 hours incubation pictures of each well were taken using live phase–

contrast microscopy (Axiovert 40C, Carl Zeiss). Total length of the tubes formed was analyzed 

using the wound healing tool macro for ImageJ. 

Quantification of VEGF-A in Cell Culture Medium 

HUVECs were seeded in 12-well plates in 1 mL of complete medium for 24 h until confluent. 

Medium was then replaced with low-serum culture medium for an additional 24 hours. Cells 

were stimulated in low-serum medium with or without 10 ng/mL VEGF-A, and/or 15µm 

BMOV for 60 min. Cell culture medium was collected and stored at -80°C. VEGF-A 

concentration was measured by a sandwich ELISA (DY293B-05, R&D Systems, Minneapolis, 

MN, USA) according to the manufacturer’s instructions. 
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Aortic Ring Assay 

Mouse aortic ring assay was performed as described previously [31]. In brief, six thoracic 

aortas were removed from 8- to 10-week old mice, after which the surrounding fat and 

branching vessels were carefully removed and the aorta was flushed with Opti-MEM medium 

(Gibco). 

Aortic rings of 1 mm were cut and the rings from each mouse aorta were incubated overnight 

with fresh Opti-MEM. 

96-well plates were coated with 75 μL collagen matrix (Collagen (Type I, Millipore, Burlington, 

USA) diluted in 1x DMEM (Gibco) and pH-adjusted with 5N NaOH. One aortic ring per well 

was embedded in the collagen matrix, for a total of 30 rings per condition. After letting the 

collagen solidify for one hour, 150 μL Opti-MEM supplemented with 2.5% FBS (PAA, Pasching, 

Austria), 1% penicillin-streptomycin (PAA, Pasching, Austria) and with or without 10 ng/mL 

VEGF-A (R&D systems, Minneapolis, USA) and/or either 0.5, 5 or 15µm BMOV was added to 

each well. Medium was refreshed every other day. Pictures of each embedded aortic ring and 

their neovessel outgrowth were taken after 7 days using live phase–contrast microscopy 

(Axiovert 40C, Carl Zeiss). The number of neovessel sprouts were counted manually. Each 

neovessel emerging from the ring was counted as a sprout and individual branches arising 

from each microvessel counted as a separate sprout. For immunohistochemistry the 

embedded rings were formalin fixed and permeabilized with 0.25% Triton X-100. A triple 

staining was performed using primary antibodies against smooth muscle cells (α-smooth 

muscle actin, 1A4, DAKO), endothelial cells (CD31, BD Pharmingen, San Diego, USA) and nuclei 

(DAPI). Alexa Fluor 647, Alexa Fluor 488 antibodies (Life Technologies) were used as 

secondary antibodies and slides were mounted with ProLong Gold mountant with DAPI 

(P36935, ThermoFisher, Waltham, USA). Stained slides were photographed using a Panoramic 

MIDI II digital slide scanner (3DHISTECH). 

Sample Preparation and Western Blot 

HUVECs were seeded in 12-well plates in complete medium for 24 h until confluent. Medium 

was then replaced with low-serum culture medium for additional 24 hours. Cells were 

stimulated in low-serum medium with or without 10 ng/mL VEGF-A, and/or 15 µm BMOV in 

PBS for 60 min. Cells were then lysated using modified RIPA buffer [10 mM Tris-HCl pH = 7.4 

(10708976001, Sigma-Aldrich, Saint Louis, USA), 150 mM NaCl (S7653, Sigma-Aldrich), 5 mM 
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EDTA pH = 8.0 (E9884, Sigma-Aldrich), 1% Triton X-100, 1% SDS (L3771, Sigma-Aldrich), 1 mM 

NaF (S7920, Sigma-Aldrich), 1mM Na3VO4 (S6508, Sigma-Aldrich) and cOmplete™ Protease 

Inhibitor Cocktail (1169749800, Roche Diagnostics)]. 

Western blot was performed as described by Van der Kwast et al. [32]. Total protein 

concentration was quantified using a Pierce BCA ProteinAssay Kit (Thermo Fisher Scientific), 

after which protein concentration was normalized to 1.25 mg/mL in Laemmli buffer (Bio-Rad 

Laboratories, Hercules, CA, USA) containing 10%b-mercaptoethanol (Sigma-Aldrich). Proteins 

were separated in the Vertical Electrophoresis Cell system using pre-mixed Tris/glycine/SDS 

running buffer (Bio-Rad Laboratories) and were transferred onto a nitrocellulose membrane 

(GE Health-care Life Sciences, Eindhoven, the Netherlands) using premixed Tris/glycine 

transfer buffer (Bio-Rad Laboratories, Hercules, USA). Blots were incubated overnight at 4°C 

with antibodies directed either at p-VEGFR2 (2476s, cell signaling), or p-ERK1/2 (M8159, 

Sigma-Aldrich) or p-p38 (92115, cell signaling) or stable household protein vinculin (V9131, 

Sigma-Aldrich) or β-actin (Ab8224, AbCam, Cambridge, UK) diluted to 1:1000 in 5% BSA in 

TBS-T. The membrane was then incubated with either antimouse (31432, Thermo Fisher 

Scientific) or antirabbit antibody (31462, Thermo Fisher Scientific) peroxidase-conjugated 

secondary antibody diluted to 1:10.000 in 5% BSA in TBS-T. Proteins of interest were revealed 

using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific) and 

imaged using the ChemiDoc TouchImaging System (Bio-Rad Laboratories). p-VEGFR2 

expression was quantified relative to stable household protein β-actin and p-ERK1/2 and p-

p38 expression were quantified relative to stable household protein vinculin using ImageJ. 

Statistical Analysis 

For the in vivo wound healing experiment, to adjust for sacrifice day, data from the two 

independent experiments, were analyzed and expressed as estimated marginal means ± SEM 

(IBM SPSS Statistics for windows, Version 25.0, Armonk, NY:IBM Corp). 

Results of in vitro assays are expressed as mean ± SEM. A One-Way ANOVA or unpaired T-test 

were used to compare individual groups. Non-Gaussian distributed data were analyzed using 

a Kruskal-Wallis test using GraphPad Prism version 6.00 for Windows (GraphPad Software). 

Probability-values < 0.05 were regarded significant. 
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Supplemental material 

 

Supplemental 1. Quantification of HUVECs scratch-wound healing after treatment with either (A) BMOV alone 
in different concentrations (0.5, 5, 15 µM), or (B) different concentrations of BMOV (0.5, 5, 15 µM) 
supplemented with 10 ng/ml VEGF-A. Datapoints represent averages obtained from 3 independent experiments 
and are presented as mean±SEM. *p < 0.05 by two-sided Student t test. 

 

Supplemental 2. Quantification of HUVECs proliferation after treatment with either (A) BMOV alone in different 
concentrations (0.5, 5, 15 µM), or (B) different concentrations of BMOV (0.5, 5, 15 µM) supplemented with 10 
ng/ml VEGF-A. Datapoints represent averages obtained from 3 independent experiments and are presented as 
mean±SEM. *p < 0.05; **p < 0.01 by two-sided Student t test.  
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Supplemental 3. Quantification of HUVECs tube formation after treatment with either (A) BMOV alone in 
different concentrations (0.5, 5, 15 µM), or (B) different concentrations of BMOV (0.5, 5, 15 µM) supplemented 
with 10 ng/ml VEGF-A. Datapoints represent averages obtained from 3 independent experiments and are 
presented as mean±SEM. *p < 0.05 by two-sided Student t test. 

 

Supplemental 4. Quantification of neovessel sprouts after treatment with either (A) BMOV alone in different 
concentrations (0.5, 5, 15 µM), or (B) different concentrations of BMOV (0.5, 5, 15 µM) supplemented with 10 
ng/ml VEGF-A in an ex vivo aortic ring assay. Datapoints are presented as mean±SEM. **** p<0.0001 by two-
sided Student t test. 
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General summary  

Atherosclerosis is a progressive disease characterized by the formation of plaques in the 

intima of major arteries with accumulation of lipids, inflammation, fibrosis, cell death and 

calcification [1]. The stability of atherosclerotic plaques, rather than the size, is the major 

determinant for acute clinical implications. When a plaque becomes unstable, it is more likely 

to rupture, leading to myocardial infarction, stroke and sudden death. Characteristics of 

unstable plaques are intraplaque angiogenesis and haemorrhage, a large lipid core, high 

macrophage content and a thin fibrous cap. Over the years, due to cholesterol-lowering 

drugs, the lifespan and well-being of patients have been significantly improved. However, a 

large group of patients does not fully benefit from current lipid-lowering strategies and 

plaque rupture remains the leading cause of acute cardiovascular events [2,3]. Therefore, 

there is a need for new therapeutic targets to stabilize atherosclerotic plaques and prevent 

plaque rupture. 

Intraplaque angiogenesis is a complex process that depends on the equilibrium between 

different pro- and anti-angiogenic molecules [4]. Sources of pro-angiogenic signals are hypoxia 

and inflammation. On one side hypoxia is responsible for the transcription of factors 

promoting angiogenesis like VEGF-A, in an attempt to create new vessels to repristinate 

oxygen levels in the plaque. On the other side inflammation is also a strong inducer of 

angiogenesis as it promotes the synthesis of various angiogenic factors. Beside triggering 

angiogenesis, several pro-angiogenic molecules can also induce vessel permeability, 

contributing to the infiltration of leukocytes in the inflammatory core and thereby provoking 

chronic inflammation [5]. These factors contribute to plaque instability and subsequent 

rupture.  

Because intraplaque neovascularization was shown to have a major causative effect on 

atherosclerosis and plaque destabilization in humans [6], the aim of the first part of this thesis 

was to investigate whether inhibition of intraplaque neovascularization might be a promising 

new therapeutic approach for atherosclerotic plaque stabilization. In the second part of this 

thesis we focused on a new strategy to increase in vitro angiogenesis. 

In chapter 2 we describe the pathological processes associated with angiogenesis in 

atherosclerotic plaques and illustrate how intraplaque angiogenesis and intraplaque 
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haemorrhage are strongly correlated with atherosclerotic plaque progression, instability and 

rupture. We also describe in detail the cellular and molecular mechanisms behind intraplaque 

angiogenesis. We report that intraplaque hypoxia is the main force driving intraplaque 

angiogenesis promoting the transcription of pro-angiogenic genes and mediating 

inflammation by promoting pro-inflammatory cytokine expression and consequently 

inflammatory cell recruitment. As key players in intraplaque angiogenesis we describe the 

structure of newly formed vessels as immature and leaky due to incomplete endothelial cell 

tight junction formation and insufficient and disorganized pericyte coverage. Moreover, we 

delineate the phenomenon of intraplaque haemorrhage, consisting of extravasation of red 

blood and inflammatory cells from the leaky neovessels, and its relation with inflammatory 

mediators, and the subsequent effects of intraplaque haemorrhage on plaque instability, 

both in experimental models and in humans. Moreover, options to target plaque angiogenesis 

for imaging and therapeutic purposes are discussed.  

Due to the role of hypoxia as the main trigger for intraplaque angiogenesis, in chapter 3 we 

hypothesized that plaque reoxygenation would result in decreased intraplaque neovessel 

formation and therefore reduced intraplaque haemorrhage and inflammation leading to 

increased plaque stability. To achieve this, we used carbogen gas, a gas that is composed of 

95% O2 and 5% CO2. For this, we used hypercholesterolemic ApoE3*Leiden mice that 

underwent vein graft surgery and studied the effect of plaque reoxygenation and its outcome 

on vessel wall remodeling, intraplaque neovascularization, inflammation and patency. 

Moreover, since prolonged exposure to high levels of oxygen, hyperoxia, has the risk of 

generating reactive oxygen species in an amount that is higher than what can be cleared by 

anti-oxidants, we investigated the effect of reactive oxygen species on the plaque 

environment in vivo and on cultured macrophages in vitro. Administration of carbogen gas in 

an acute short-term setting resulted in a profound reduction of intraplaque hypoxia in murine 

accelerated atherosclerotic lesions in vivo. Long-term treatment with carbogen gas resulted 

in an increased vein graft patency in ApoE3*Leiden mice, but surprisingly, had no effect on 

intraplaque hypoxia and  intraplaque angiogenesis and haemorrhage. At the same time, long-

term carbogen gas treatment resulted in hyperoxia-induced ROS accumulation with 

subsequent induced transcription of HIF1a gene and increased HIF1a mRNA levels and 

macrophage apoptosis, probably due to their high oxygen consumption. To study the above-
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mentioned ROS effect on macrophages we mimicked induction of ROS in vitro by using the 

ROS-mimic t-BHP in murine bone marrow derived macrophages and we observed a strong 

increment in DNA damage and apoptosis. Overall, despite the beneficial effect of 

hyperoxygenation treatment on vein graft patency, the treatment also induced ROS 

accumulation and apoptosis. Both ROS accumulation and apoptosis will possibly be 

detrimental for the plaque environment in this model under the current conditions. This 

indicates that in order to define potential therapeutic benefits of hyperoxygenation therapy, 

further research is needed to the define optimal conditions for the treatment of 

atherosclerosis. 

In the signaling cascade following hypoxia and Hif1a stabilization, the recruitment of VEGF-A 

plays a critical role in promoting angiogenesis via binding to its receptor VEGFR2 and initiating 

a pro-angiogenic signaling cascade. Therefore, in chapter 4 we investigated the results of 

VEGFR2 blockade using DC101 blocking antibody on intraplaque angiogenesis, maturation 

status of the neovessels, and atherosclerotic lesion size and composition in accelerated 

atherosclerotic vein graft lesions in ApoE3*Leiden mice. Upon VEGFR2 blockade, we observed 

a reduction in lesion size in the treated animals when compared to controls. At the same time 

collagen and smooth muscle cell (SMC) content were increased and macrophage content was 

decreased, all together pointing to an increased plaque stability. Surprisingly the treatment 

did not result in a decrease in CD31+ neovessels. However, when looking at the maturation 

status of the vessels we could see that the treated group showed a decrease in intraplaque 

haemorrhage when compared to the controls. To address this aspect, we looked at the 

expression of genes that are involved in vessel maturation and found that Ang-2, the vessel 

destabilizing factor, was decreased upon DC101 treatment. Moreover, we observed an 

increase in Cx40 mRNA level, involved in inter-endothelial cells connections, as a consequence 

of VEGFR2 blockade. We used an aortic ring assay to study the effect of VEGFR2 blockade on 

vessel maturation at a cellular level and found that DC101 treatment increased the pericyte 

coverage around the endothelial cell layer of the formed neovessels. This study points to 

vascular maturation as an attractive target to stabilize atherosclerotic lesions. In particular 

VEGFR2 represents a potential target to induce atherosclerotic plaque stabilization.  

Another important growth factor that promotes intraplaque angiogenesis in atherosclerosis 

is bFGF. In chapter 5 we study the effect of bFGF blockade on intraplaque angiogenesis, SMC 
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content and inflammation in accelerated atherosclerotic lesions in ApoE3* Leiden mice that 

underwent vein graft surgery. To achieve this, we synthesized K5, a small molecule that binds 

to bFGF and results in bFGF signaling blockade. We found that K5 mediated inhibition of bFGF 

increases plaque stability via strongly reducing intraplaque angiogenesis and intraplaque 

haemorrhage. Also, K5 treatment reduced the number of circulating monocytes and 

decreased the expression of adhesion molecule VCAM-1 and chemoattractant protein Ccl2, 

together resulting in a decreased macrophage content in the atherosclerotic lesions. It was 

previously shown that bFGF blockade affects SMC proliferation and migration. Surprisingly 

we could not observe any effect on SMC in the accelerated atherosclerosis vein graft model 

nor in the femoral artery cuff model, used to study the isolated effect of K5 on SMC migration 

and proliferation. We also examined more in depth the effect of K5 on angiogenesis and we 

found that K5 strongly reduced in vivo angiogenesis in a Matrigel plug model. We also 

demonstrate that K5 is able to impair EC migration, proliferation and tube formation due to 

a reduced FGFR1 activation in vitro. K5 was able to enhance plaque stability via reduced 

intraplaque angiogenesis and decreased intraplaque haemorrhage. Moreover, it reduced 

systemic circulating monocytes and decreased macrophages infiltration in the plaque and 

therefore reduced inflammation in the lesions. Taken together, our results show that K5-

mediated bFGF signaling blockade is a promising therapeutic candidate for the treatment of 

unstable atherosclerotic plaques. 

Targeting endothelial cell metabolism has been primarily explored for cancer and other 

diseases characterized by increased angiogenesis e.g., macular degeneration and 

inflammatory bowel disease [7-9]. Shifting endothelial cells into a more quiescent state, by 

targeting enzymes involved in cellular metabolism would potentially slow their proliferation, 

stabilize the endothelial junctions, and reduce the expression of cellular adhesion molecules 

[10]. Therefore, in Chapter 6 we study how the inhibition of transketolase (TKT), a key 

metabolic enzyme involved in the pentose phosphate pathway (PPP), affects EC and 

macrophage functions. TKT is a thiamine dependent enzyme in the non-oxidative branch of 

the PPP that controls nucleotide biosynthesis and energy production. Both ECs and 

macrophages rely on this metabolic pathway for proliferation [10,11]. Due to the tight 

relationship between angiogenesis and inflammation in atherosclerosis, we studied the in 

vitro effect of TKT blockade, using a thiamine agonist oxythiamine, on EC and macrophages. 
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We found that TKT is abundantly present in human atherosclerotic lesions, specifically in EC 

and macrophages. TKT blockade resulted in reduced EC proliferation and migration of HUVEC 

in vitro. More interestingly we found TKT to be upregulated in macrophages with a pro-

inflammatory phenotype (M1 macrophages) when compared to resting M0 macrophages. 

Upon TKT blockade the mRNA expression of pro-inflammatory and pro-angiogenic cytokines 

in M1 macrophages was reduced when compared to untreated M1 macrophages. Surprisingly 

we found that this reduction in pro-angiogenic molecules had a functional effect. HUVEC 

stimulated with supernatant from oxythiamine-treated M1 macrophages acquired a 

decreased migratory ability when compared to cells stimulated with supernatant from 

untreated M1 macrophages. These preliminary in vitro results show that TKT blockade can be 

an interesting target to reduce angiogenesis and inflammation in atherosclerosis. 

In the second part of this thesis we examined the effect of bis(maltolato)oxovanadium(IV) 

(BMOV) on in vitro angiogenesis. VEGF-A binding to VEGFR2, induces the activation of the 

receptor and its phosphorylation at different tyrosine sites that triggers the initiation of the 

signaling cascade leading to the promotion of angiogenesis. Each tyrosine site promotes 

different cellular responses among which, cell permeability, proliferation and migration. The 

phosphorylation of these residues is tightly regulated. In this aspect, protein tyrosine 

phosphatases (PTPs) dephosphorylate VEGFR2 receptor or its downstream signaling enzymes, 

resulting in decreased angiogenesis. In chapter 7 we examine the effect of PTPs blockade on 

VEGFR2 induced angiogenesis on in vitro cultured HUVEC using BMOV, a nonselective tyrosine 

phosphatase inhibitor. Based on our finding that HUVEC produce a basal amount of 

endogenous VEGF-A and this results in activation of VEGFR2 and subsequently low amount of 

angiogenesis, in this chapter we hypothesized that upon endogenous VEGF-A receptor 

activation, BMOV would enhance in vitro angiogenesis. Moreover, we hypothesized that 

exogenous VEGF-A addition would enhance the effect of BMOV resulting in increased VEGFR2 

activation and subsequent angiogenesis. We found that BMOV alone strongly increases 

endothelial cell migration, proliferation and tube formation. Additionally, it stimulates the 

formation of mature neovessels, lined by EC and covered by pericytes, in an ex vivo aortic ring 

assay. Moreover, it increases the number of these newly formed vessels when compared to 

untreated control cultures. To unravel the molecular signaling involved in the observed effect 

on angiogenesis, we studied the BMOV-induced activation of VEGFR2 in HUVEC. Upon BMOV 
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treatment, the phosphorylation of the tyrosine residue Y951 was increased when compared 

to control as well as the phosphorylation of the downstream enzyme p38MAPK. Interestingly 

the ERK1/2 pathway was not activated by BMOV treatment indicating that the 

phosphorylation tyrosine residue Y1175 was not altered. In the in vitro assays performed we 

found that BMOV and VEGF-A do not work in a synergistic way in increasing angiogenesis. In 

fact, in the cell proliferation, tube formation and aortic ring assay the pro-angiogenic effect 

of BMOV resulted to be higher than its effect when co-administered with exogenous VEGF-A.  

Our results show that BMOV-mediated inhibition of PTPs is therefore a new promising 

strategy to induce and stimulate angiogenesis. 

Future perspectives 

Altogether, the association of intraplaque neovessels and their dysfunction with unstable 

plaque phenotype presents several therapeutic opportunities for the prevention of plaque 

rupture. In this thesis we investigated new potential angiogenic targets for the treatment of 

unstable atherosclerotic plaques and new therapeutic angiogenic targets. Several new 

therapies have emerged to treat high-risk patients. PCSK9 monoclonal antibodies and 

inclisiran have been successfully used to reduce cholesterol risk, and canakinumab, a 

monoclonal antibody against interleukin-1β, was used to reduce plaque inflammation [12-14]. 

Despite these major advances in cardiovascular research, plaque rupture remains the leading 

cause of acute events [15]. Therefore, additional therapies aimed at reducing atherosclerotic 

plaque rupture and its complications are needed.  

Anti-angiogenic therapeutics for the treatment of atherosclerosis have not yet entered 

clinical trials, although promising results have been found in preclinical animal models. 

However, what we have learned from the treatment of other pathologies in which 

uncontrolled angiogenesis plays an important role, like cancer or neovascular ocular diseases, 

is that one of the major challenges in anti-angiogenic therapies is the fine tuning in finding 

the right dosage of the compound used. In fact using too high dosages could have vessel 

disruption as a consequence with increased extravasation of erythrocytes and inflammatory 

cells while a low anti-angiogenic treatment could potentially normalize the neovessels by 

increasing their pericyte coverage and reducing their  leakiness, resulting in a more stable 

environment (Fig.1) [16]. In the cancer field, the results of different preclinical studies support 

the beneficial effects of tumor vascular normalization and show that the normalized 
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vasculature is characterized by vessels that are less leaky with a more normal basement 

membrane and enhanced coverage by pericytes [17-19]. Moreover, clinical data from a phase 

I trial comparing a low dose versus a high dose of bevacizumab, an antibody against VEGF, in 

patients with rectal cancer are consistent with the vascular normalization hypothesis. Therapy 

with 5 mg/kg Bevacizumab resulted in vessel normalization while the higher dose of 10 mg/kg 

induced dose-limiting toxicities and excessive disruptions of the vessels [20,21]. In the context 

of age-related macular degeneration and diabetic retinopathy, in which neovascularization 

and vascular leakage, including haemorrhage, are major causes of visual loss, it was previously 

shown that therapeutic antagonism of VEGF results in inhibition of both retinal and choroidal 

neovascularization, as well as a reduction in vascular permeability [22]. Furthermore, recent 

clinical trials have shown that treatment with anti-VEGF therapies can improve vision in these 

patients, probably due to the fact that anti-angiogenic therapy also normalizes and stabilizes 

immature vasculature in the eye [23-25].  

Since it has been shown that pathologically formed vessels in tumors, ocular diseases and 

atherosclerosis are very similar between each other due to their abnormal structure and 

leakage of red blood cells [26] and that vascular normalization resulted in improved quality of 

angiogenesis in tumor and ocular diseases, it is very likely that this therapy could  also be 

successful in patients with advanced unstable atherosclerotic plaques that present 

intraplaque angiogenesis and haemorrhage.  

In advanced plaques, with immature neovessels penetrating into the growing atherosclerotic 

lesion with high levels of intraplaque haemorrhage, normalization of neovessels by anti-

angiogenic molecules should aim at preventing or decreasing leakage of erythrocytes that 

contribute to plaque progression by stabilizing the neovessels [16,23] (Fig.1). This could be 

achieved by improving the formation of the basement membrane, increasing the number of 

cell-cell junctions and/or developing a more mature layer of covering pericytes around the 

endothelial cells. The resulting less leaky, less haemorrhagic neovessels might then stabilize 

the plaque microenvironment by delivering intraplaque oxygen and nutrients and therefore 

alleviating hypoxia [16] (Fig.1). On the other hand, high doses of anti-angiogenic agents are 

aimed to completely eradicate the abnormal neovessels, but at the same time they could also 

harm the vasculature of normal tissues. Moreover, blocking intraplaque angiogenesis as a 

whole could also result in increased hypoxia. In fact, the complete elimination of intraplaque 
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neovessels would not resolve the intraplaque lack of oxygen and by consequence would result 

in an even higher hypoxia and stimulation of angiogenesis and inflammation, and therefore a 

more unstable and prone to rupture plaque phenotype. Another aspect to take into account 

is that by disrupting intraplaque neovessels, high doses of anti-angiogenic agents could also 

increase the leakiness of the vessels and cause an increment in intraplaque haemorrhage. In 

this perspective the right dosage should be aimed at partially reduce the number of 

intraplaque neovessels and improve their maturation in order to decrease intraplaque 

haemorrhage rather than entirely eradicate them.  

 

Figure 1. Hypothesis of intraplaque neovessels normalization. Schematic representation of anti-angiogenic 
treatment in atherosclerosis. (Left panel) Atherosclerotic plaque with an unstable phenotype in which pro-
angiogenic signals are increased. In unstable plaques hypoxia, high intraplaque angiogenesis and haemorrhage 
and elevated inflammation are present. (Middle panel) Effect of low dose anti-angiogenic therapy on 
intraplaque environment. More stable plaque with decreased intraplaque angiogenesis, haemorrhage and 
inflammation. (Right panel) High dose anti-angiogenic therapy results in vessel disruption that causes increased 
hypoxia, intraplaque angiogenesis, haemorrhage and inflammation resulting in more unstable plaque 
phenotype.  

In this thesis we showed this effect in both chapter 4 and 5. VEGFR2 blockade on in vivo 

accelerated atherosclerotic lesions in ApoE3*Leiden mice resulted in a decrease intraplaque 

haemorrhage induced by an increase vessel maturation, possibly due to increased stability of 

endothelial cells junctions and increased pericyte coverage. bFGF blockade in the same 

murine model resulted in decreased number of neovessels and intraplaque haemorrhage, 

and therefore increased lesion stability.  

As we learned from the cancer field, another great challenge in anti-angiogenic therapies is 

that anti-angiogenic therapies often have transient effects as there are multiple 

compensatory mechanisms that take over [6]. Future strategies for the long-term treatment 
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of atherosclerosis should take this aspect into account. One possible approach to overcome 

this problem might be to use a combined therapy that targets not only one single growth 

factor but two or more. For example, it would be interesting to see the long-term effect of K5 

treatment (chapter 5) combined with VEGFR2 blockade treatment (chapter 4). Another 

future strategy could be to combine anti-angiogenic factors with anti-inflammatory 

treatment. Another approach might be targeting cell metabolism. Li et al. proposed that if 

endothelial cell metabolism is targeted, the blood vessel will no longer be able to grow, 

regardless of how many pro-angiogenic signals are still present [10]. Based on this rationale, 

cellular metabolism is considered as the engine of the cell and if targeted and impaired, the 

endothelial cell would be deprived of energy and therefore would not be able to functionally 

respond to the pro-angiogenic growth factor signaling. The aim of this kind of therapy should 

not be to completely shut down cellular metabolism, because that would almost inevitably 

lead to cellular death but rather shifting the cells in a more quiescent and less proliferative 

state. In cancer studies, inhibition of the master regulator of glycolysis PFKFB3 decreased 

glycolysis in pericytes, thereby impairing their migration and proliferation, while increasing 

quiescence and adhesiveness [27]. This led to a tighter layer of pericytes covering the 

endothelial cells and contributed to the maturation and normalization of the tumor 

vasculature [27]. Due to the importance of neovessels and their maturation state in 

atherosclerosis, targeting cellular metabolism in advanced atherosclerotic plaques may have 

the added advantage of structurally stabilizing intraplaque neovessels by affecting not only 

the endothelial cells but also the pericytes. Since we showed in chapter 6 that TKT blockade 

reduces endothelial cells and macrophage proliferation and reduces pro-angiogenic and pro-

inflammatory cytokines production by M1 macrophages, it would be interesting to evaluate 

the effect of TKT blockade on vessel maturation. 

In conclusion, this thesis presents further understanding in the role of intraplaque 

angiogenesis and haemorrhage in atherosclerosis. Furthermore, the studies included in this 

thesis identified new potential angiogenic therapeutic targets. Further research will show if 

these targets can successfully be used in patients suffering from cardiovascular disease.  

  

208

Chapter 8

145940 Parma BNW.indd   208145940 Parma BNW.indd   208 31-08-2020   10:1931-08-2020   10:19



References 
 
1. Lusis, A.J. Atherosclerosis. Nature 2000, 407, 233-241, doi:10.1038/35025203. 
2. Libby, P. Mechanisms of acute coronary syndromes and their implications for therapy. The New England 

journal of medicine 2013, 368, 2004-2013, doi:10.1056/NEJMra1216063. 
3. Perrotta, P.; Emini Veseli, B.; Van der Veken, B.; Roth, L.; Martinet, W.; De Meyer, G.R.Y. 

Pharmacological strategies to inhibit intra-plaque angiogenesis in atherosclerosis. Vascular 
pharmacology 2019, 112, 72-78, doi:10.1016/j.vph.2018.06.014. 

4. Potente, M.; Gerhardt, H.; Carmeliet, P. Basic and therapeutic aspects of angiogenesis. Cell 2011, 146, 
873-887, doi:10.1016/j.cell.2011.08.039. 

5. Fleiner, M.; Kummer, M.; Mirlacher, M.; Sauter, G.; Cathomas, G.; Krapf, R.; Biedermann, B.C. Arterial 
neovascularization and inflammation in vulnerable patients: early and late signs of symptomatic 
atherosclerosis. Circulation 2004, 110, 2843-2850, doi:10.1161/01.Cir.0000146787.16297.E8. 

6. Sedding, D.G.; Boyle, E.C.; Demandt, J.A.F.; Sluimer, J.C.; Dutzmann, J.; Haverich, A.; Bauersachs, J. Vasa 
Vasorum Angiogenesis: Key Player in the Initiation and Progression of Atherosclerosis and Potential 
Target for the Treatment of Cardiovascular Disease. Frontiers in immunology 2018, 9, 706, 
doi:10.3389/fimmu.2018.00706. 

7. Goveia, J.; Stapor, P.; Carmeliet, P. Principles of targeting endothelial cell metabolism to treat 
angiogenesis and endothelial cell dysfunction in disease. EMBO molecular medicine 2014, 6, 1105-1120, 
doi:10.15252/emmm.201404156. 

8. Eelen, G.; de Zeeuw, P.; Treps, L.; Harjes, U.; Wong, B.W.; Carmeliet, P. Endothelial Cell Metabolism. 
Physiological reviews 2018, 98, 3-58, doi:10.1152/physrev.00001.2017. 

9. Schoors, S.; De Bock, K.; Cantelmo, A.R.; Georgiadou, M.; Ghesquiere, B.; Cauwenberghs, S.; Kuchnio, 
A.; Wong, B.W.; Quaegebeur, A.; Goveia, J., et al. Partial and transient reduction of glycolysis by PFKFB3 
blockade reduces pathological angiogenesis. Cell metabolism 2014, 19, 37-48, 
doi:10.1016/j.cmet.2013.11.008. 

10. Li, X.; Sun, X.; Carmeliet, P. Hallmarks of Endothelial Cell Metabolism in Health and Disease. Cell 
metabolism 2019, 30, 414-433, doi:10.1016/j.cmet.2019.08.011. 

11. Riksen, N.P.; Stienstra, R. Metabolism of innate immune cells: impact on atherosclerosis. Curr Opin 
Lipidol 2018, 29, 359-367, doi:10.1097/mol.0000000000000539. 

12. Seidah, N.G.; Abifadel, M.; Prost, S.; Boileau, C.; Prat, A. The Proprotein Convertases in 
Hypercholesterolemia and Cardiovascular Diseases: Emphasis on Proprotein Convertase 
Subtilisin/Kexin 9. Pharmacological reviews 2017, 69, 33-52, doi:10.1124/pr.116.012989. 

13. Nishikido, T.; Ray, K.K. Inclisiran for the treatment of dyslipidemia. Expert opinion on investigational 
drugs 2018, 27, 287-294, doi:10.1080/13543784.2018.1442435. 

14. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; 
Nicolau, J.; Koenig, W.; Anker, S.D., et al. Antiinflammatory Therapy with Canakinumab for 
Atherosclerotic Disease. The New England journal of medicine 2017, 377, 1119-1131, 
doi:10.1056/NEJMoa1707914. 

15. Bentzon, J.F.; Otsuka, F.; Virmani, R.; Falk, E. Mechanisms of plaque formation and rupture. Circ Res 
2014, 114, 1852-1866, doi:10.1161/circresaha.114.302721. 

16. Jain, R.K.; Finn, A.V.; Kolodgie, F.D.; Gold, H.K.; Virmani, R. Antiangiogenic therapy for normalization of 
atherosclerotic plaque vasculature: a potential strategy for plaque stabilization. Nature clinical practice. 
Cardiovascular medicine 2007, 4, 491-502, doi:10.1038/ncpcardio0979. 

17. Winkler, F.; Kozin, S.V.; Tong, R.T.; Chae, S.S.; Booth, M.F.; Garkavtsev, I.; Xu, L.; Hicklin, D.J.; Fukumura, 
D.; di Tomaso, E., et al. Kinetics of vascular normalization by VEGFR2 blockade governs brain tumor 
response to radiation: role of oxygenation, angiopoietin-1, and matrix metalloproteinases. Cancer cell 
2004, 6, 553-563, doi:10.1016/j.ccr.2004.10.011. 

18. Bierhansl, L.; Conradi, L.C.; Treps, L.; Dewerchin, M.; Carmeliet, P. Central Role of Metabolism in 
Endothelial Cell Function and Vascular Disease. Physiology (Bethesda, Md.) 2017, 32, 126-140, 
doi:10.1152/physiol.00031.2016. 

19. Park, J.S.; Kim, I.K.; Han, S.; Park, I.; Kim, C.; Bae, J.; Oh, S.J.; Lee, S.; Kim, J.H.; Woo, D.C., et al. 
Normalization of Tumor Vessels by Tie2 Activation and Ang2 Inhibition Enhances Drug Delivery and 
Produces a Favorable Tumor Microenvironment. Cancer cell 2016, 30, 953-967, 
doi:10.1016/j.ccell.2016.10.018. 

8

209

General Summary

145940 Parma BNW.indd   209145940 Parma BNW.indd   209 31-08-2020   10:1931-08-2020   10:19



20. Willett, C.G.; Boucher, Y.; di Tomaso, E.; Duda, D.G.; Munn, L.L.; Tong, R.T.; Chung, D.C.; Sahani, D.V.; 
Kalva, S.P.; Kozin, S.V., et al. Direct evidence that the VEGF-specific antibody bevacizumab has 
antivascular effects in human rectal cancer. Nature medicine 2004, 10, 145-147, doi:10.1038/nm988. 

21. Willett, C.G.; Boucher, Y.; Duda, D.G.; di Tomaso, E.; Munn, L.L.; Tong, R.T.; Kozin, S.V.; Petit, L.; Jain, 
R.K.; Chung, D.C., et al. Surrogate markers for antiangiogenic therapy and dose-limiting toxicities for 
bevacizumab with radiation and chemotherapy: continued experience of a phase I trial in rectal cancer 
patients. Journal of clinical oncology : official journal of the American Society of Clinical Oncology 2005, 
23, 8136-8139, doi:10.1200/jco.2005.02.5635. 

22. Aiello, L.P.; Pierce, E.A.; Foley, E.D.; Takagi, H.; Chen, H.; Riddle, L.; Ferrara, N.; King, G.L.; Smith, L.E. 
Suppression of retinal neovascularization in vivo by inhibition of vascular endothelial growth factor 
(VEGF) using soluble VEGF-receptor chimeric proteins. Proceedings of the National Academy of Sciences 
of the United States of America 1995, 92, 10457-10461, doi:10.1073/pnas.92.23.10457. 

23. Jain, R.K. Normalizing tumor vasculature with anti-angiogenic therapy: a new paradigm for combination 
therapy. Nature medicine 2001, 7, 987-989, doi:10.1038/nm0901-987. 

24. Gragoudas, E.S.; Adamis, A.P.; Cunningham, E.T., Jr.; Feinsod, M.; Guyer, D.R. Pegaptanib for 
neovascular age-related macular degeneration. The New England journal of medicine 2004, 351, 2805-
2816, doi:10.1056/NEJMoa042760. 

25. Ferrara, N.; Damico, L.; Shams, N.; Lowman, H.; Kim, R. Development of ranibizumab, an anti-vascular 
endothelial growth factor antigen binding fragment, as therapy for neovascular age-related macular 
degeneration. Retina (Philadelphia, Pa.) 2006, 26, 859-870, doi:10.1097/01.iae.0000242842.14624.e7. 

26. Herrmann, J.; Lerman, L.O.; Mukhopadhyay, D.; Napoli, C.; Lerman, A. Angiogenesis in atherogenesis. 
Arterioscler Thromb Vasc Biol 2006, 26, 1948-1957, doi:10.1161/01.ATV.0000233387.90257.9b. 

27. Cantelmo, A.R.; Conradi, L.C.; Brajic, A.; Goveia, J.; Kalucka, J.; Pircher, A.; Chaturvedi, P.; Hol, J.; 
Thienpont, B.; Teuwen, L.A., et al. Inhibition of the Glycolytic Activator PFKFB3 in Endothelium Induces 
Tumor Vessel Normalization, Impairs Metastasis, and Improves Chemotherapy. Cancer cell 2016, 30, 
968-985, doi:10.1016/j.ccell.2016.10.006. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

210

Chapter 8

145940 Parma BNW.indd   210145940 Parma BNW.indd   210 31-08-2020   10:1931-08-2020   10:19



  

145940 Parma BNW.indd   211145940 Parma BNW.indd   211 31-08-2020   10:1931-08-2020   10:19



145940 Parma BNW.indd   212145940 Parma BNW.indd   212 31-08-2020   10:1931-08-2020   10:19



APPENDICES
NEDERLANDSE SAMENVATTING

RIASSUNTO IN ITALIANO
LIST OF PUBLICATIONS

CURRICULUM VITAE
ACKNOWLEDGEMENTS

145940 Parma BNW.indd   213145940 Parma BNW.indd   213 31-08-2020   10:1931-08-2020   10:19



145940 Parma BNW.indd   214145940 Parma BNW.indd   214 31-08-2020   10:2031-08-2020   10:20



Nederlandse Samenvatting 

  

145940 Parma BNW.indd   215145940 Parma BNW.indd   215 31-08-2020   10:2031-08-2020   10:20



Atherosclerose is een progressieve ziekte die wordt gekenmerkt door de vorming van plaques in 

de intima van grote slagaders met ophoping van lipiden, ontstekingscellen, fibrose, en verkalking. 

De stabiliteit van atherosclerotische plaques, eerder dan de grootte, is de belangrijkste 

determinant voor acute klinische implicaties. Wanneer een plaque onstabiel wordt, is de kans 

groter dat deze scheurt, wat leidt tot een myocardinfarct of een beroerte en een plotselinge 

dood. Kenmerken van onstabiele plaques zijn intraplaque angiogenese en bloeding, een grote 

lipidenkern, een hoog macrofaaggehalte en een dunne afdekkende kap. In de loop der jaren zijn 

de levensduur en het welzijn van patiënten door cholesterolverlagende middelen aanzienlijk 

verbeterd. Een grote groep patiënten heeft echter niet ten volle profijt van de huidige 

lipidenverlagende strategieën en de plaqueruptuur blijft de belangrijkste oorzaak van acute 

cardiovasculaire aandoeningen. Daarom is er behoefte aan nieuwe therapeutische doelwitten 

om atherosclerotische plaques te stabiliseren en plaqueruptuur te voorkomen. 

Intraplaque angiogenese is een complex proces dat afhankelijk is van het evenwicht tussen 

verschillende pro- en anti-angiogenese factoren. Bronnen van pro-angiogenese signalen zijn 

hypoxie en ontsteking. Aan de ene kant is hypoxie verantwoordelijk voor de transcriptie van 

factoren die angiogenese bevorderen, zoals VEGF-A, in een poging om nieuwe vaten te creëren 

om de zuurstofniveaus in de plaque te herstellen. Aan de andere kant is ontsteking ook een sterke 

oorzaak van angiogenese, omdat het de synthese van verschillende angiogenese factoren 

bevordert. Naast het uitlokken van angiogenese kunnen verschillende pro-angiogenese 

moleculen ook vaatpermeabilteit induceren, wat bijdraagt aan de infiltratie van leukocyten in de 

ontstekingskern en zo een chronische ontsteking veroorzaakt. Deze factoren dragen bij aan de 

instabiliteit van de plaque en de daaropvolgende breuk.  

Omdat intraplaque neovascularisatie een belangrijk oorzakelijk effect bleek te hebben op 

atherosclerose en plaque destabilisatie bij de mens, was het doel van het eerste deel van dit 

proefschrift om te onderzoeken of remming van intraplaque neovascularisatie een 

veelbelovende nieuwe therapeutische benadering zou kunnen zijn voor atherosclerotische 

plaquestabilisatie. In het tweede deel van dit proefschrift hebben we ons gericht op een nieuwe 

strategie om de in vitro angiogenese te verhogen. 
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In hoofdstuk 2 beschrijven we de pathologische processen die gepaard gaan met angiogenese in 

atherosclerotische plaques en illustreren we hoe intraplaque angiogenese en intraplaque 

bloeding sterk gecorreleerd zijn met atherosclerotische plaque progressie, instabiliteit en breuk. 

We beschrijven ook in detail de cellulaire en moleculaire mechanismen achter intraplaque 

angiogenese. We rapporteren dat intraplaque hypoxie de belangrijkste drijvende kracht is achter 

intraplaque angiogenese die de transcriptie van pro-angiogenese genen bevordert en de 

ontsteking bemiddelt door het bevorderen van pro-inflammatoire cytokine productie en 

bijgevolg het aanwerven van inflammatoire cellen. Als belangrijke spelers in de intraplaque 

angiogenese beschrijven we de structuur van nieuw gevormde vaten als onvoltooid en lek als 

gevolg van onvolledige endotheelcel tight-junction vorming en onvoldoende en 

ongeorganiseerde bedekking met pericyten. Bovendien schetsen we het fenomeen van de 

intraplaque bloeding, bestaande uit extravasatie van rode bloedcellen en ontstekingscellen uit 

de lekkende nieuw gevormde vaten en de relatie met ontstekingsmediatoren, en de 

daaropvolgende effecten van intraplaque bloeding op de instabiliteit van de plaque, zowel in 

experimentele modellen als bij de mens. Bovendien worden opties besproken om de 

angiogenese van de plaque aan te pakken voor beeldvorming en therapeutische doeleinden.  

Vanwege de rol van hypoxie als de belangrijkste trigger voor intraplaque angiogenese, hebben 

we in hoofdstuk 3 de hypothese geformuleerd dat reoxygenatie van de plaque zou resulteren in 

verminderde intraplaque vorming van neovaten en dus minder intraplaque bloedingen en 

ontstekingen die leiden tot een grotere stabiliteit van de plaque. Om dit te bereiken, gebruikten 

we carbogen gas, een gas dat voor 95% uit O2 en 5% uit CO2 bestaat. Hiervoor gebruikten we 

hypercholesterolemische ApoE3*Leiden muizen die een adertransplantatieoperatie ondergingen 

en bestudeerden we het effect van plaque reoxygenatie en het resultaat daarvan op 

vaatwandherstructurering, intraplaque neovascularisatie, ontsteking en vaat permeabiliteit. 

Bovendien, aangezien langdurige blootstelling aan hoge niveaus van zuurstof (hyperoxie) risico 

geeft tot het genereren van reactieve zuurstofsoorten in een hoeveelheid die hoger is dan wat 

kan worden verwijderd door anti-oxidanten, hebben we het effect van reactieve zuurstofsoorten 

op de plaque omgeving in vivo en op gekweekte macrofagen in vitro onderzocht. Toediening van 

carbogen gas in een acute kortdurende setting resulteerde in een diepgaande reductie van 
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intraplaque hypoxie in murine versnelde atherosclerotische laesies in vivo. Langdurige 

behandeling met carbogen gas resulteerde in een verhoogde doorgankelijkheid van de 

getransplanteerde venen bij ApoE3*Leiden muizen, maar had verrassend genoeg geen effect op 

intraplaque hypoxie en intraplaque angiogenese en bloeding. Tegelijkertijd leidde de 

behandeling met carbogene gassen op lange termijn tot hyperoxie-geïnduceerde ROS-ophoping 

met daaropvolgend geïnduceerde productie van het HIF1a-gen en verhoogde HIF1a mRNA-

niveaus en macrofaagapoptose, waarschijnlijk als gevolg van hun hoge zuurstofconsumptie. Om 

het bovengenoemde ROS-effect op macrofagen te bestuderen hebben we de inductie van ROS 

in vitro nagebootst door gebruik te maken van de ROS-mimische t-BHP in van muizenbotmerg 

afgeleide macrofagen en hebben we een sterke toename in DNA-schade en apoptose 

waargenomen. Over het geheel genomen heeft de behandeling, ondanks het gunstige effect van 

de behandeling met hyperoxygenatie op de doorgangklijkheid van de getransplanteerde venen, 

ook ROS-ophoping en apoptose geïnduceerd. Zowel ROS-ophoping als apoptose zullen in dit 

model onder de huidige omstandigheden mogelijk schadelijk zijn voor het plaque-milieu. Dit 

geeft aan dat om de potentiële therapeutische voordelen van hyperoxygenatietherapie te 

definiëren, verder onderzoek nodig is om de optimale condities voor de behandeling van 

atherosclerose te definiëren. 

In de signaalcascade na hypoxie en Hif1a stabilisatie speelt de rekrutering van VEGF-A een 

cruciale rol in het bevorderen van angiogenese via binding aan de receptor VEGFR2 en het 

initiëren van een pro-angiogenese signaalcascade. Daarom hebben we in hoofdstuk 4 de 

resultaten van VEGFR2-blokkade onderzocht met behulp van DC101, een VEGFR2-blokkerend 

antilichaam, op intraplaque angiogenese en ontwikkeling  van de capillairen, atherosclerotische 

laesiegrootte en -samenstelling in versnelde atherosclerotische veneuze transplantaties in 

ApoE3*Leiden-muizen. Bij VEGFR2-blokkade zagen we een vermindering van de laesiegrootte in 

de behandelde dieren in vergelijking met de controlegroep. Tegelijkertijd werd het gehalte aan 

collageen en gladde spiercellen (SMC) verhoogd en het gehalte aan macrofagen verlaagd, wat 

wijst op een verhoogde stabiliteit van de plaque. Verrassend genoeg resulteerde de behandeling 

niet in een afname van CD31+ neovaatjes. Echter, als we kijken naar de ontwikkeling van de 

vaatjes konden we zien dat de behandelde groep een afname van de intraplaque bloeding 
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vertoonde in vergelijking met de controlegroep. Om dit aspect verder te onderzoeken, keken we 

naar de expressie van de genen die betrokken zijn bij de vaatontwikkeling en vonden we dat Ang-

2, een vaatdestabiliserende factor, was afgenomen bij de DC101-behandeling. Bovendien zagen 

we een toename in het Cx40 mRNA niveau, betrokken bij inter-endotheelcel verbindingen, als 

gevolg van VEGFR2 blokkade. We gebruikten een aorta-ring assay om het effect van VEGFR2-

blokkade op de vaatontwikkeling op cellulair niveau te bestuderen en vonden dat de DC101-

behandeling de dekking met percyten rond de endotheelcellaag van de gevormde neovaten 

verhoogde. Deze studie geeft aan dat de vasculaire ontwikkeling een aantrekkelijk therapeutisch 

doelwit kan zijn om atherosclerotische laesies te stabiliseren. In het bijzonder VEGFR2 

vertegenwoordigt een potentieel doelwit om atherosclerotische plaquestabilisatie te induceren.  

Een andere belangrijke groeifactor die intraplaque angiogenese bij atherosclerose bevordert, is 

bFGF. In hoofdstuk 5 bestudeerden we het effect van bFGF-blokkade op intraplaque 

angiogenese, SMC-gehalte en ontsteking bij versnelde atherosclerotische laesies in ApoE3* 

Leiden muizen die een  veneuze transplantatieoperatie ondergingen. Om dit te bereiken hebben 

we K5 gesynthetiseerd, een klein molecuul dat bindt aan bFGF en resulteert in een bFGF-

signaalblokkade. We vonden dat K5 gemedieerde remming van bFGF de plaquestabiliteit 

verhoogt via een sterke vermindering van de intraplaque angiogenese en intraplaque bloeding. 

Ook verminderde K5 behandeling het aantal circulerende monocyten en verminderde de 

expressie van het adhesiemolecuul VCAM-1 en het chemoattractant eiwit Ccl2, wat samen 

resulteerde in een verminderd macrofaaggehalte in de atherosclerotische laesies. Eerder werd 

aangetoond dat bFGF-blokkade invloed heeft op SMC-proliferatie en -migratie. Verrassend 

genoeg konden we geen effect op SMC waarnemen in het versnelde atherosclerose veneuze 

transplantaatmodel of in het femorale slagader-manchetmodel, dat gebruikt wordt om het 

geïsoleerde effect van K5 op SMC-migratie en -proliferatie te bestuderen. We hebben ook het 

effect van K5 op de angiogenese nader onderzocht en we vonden dat K5 de in vivo angiogenese 

sterk verminderde in een Matrigel plug model. We hebben ook aangetoond dat K5 in staat is om 

de endotheel cel migratie, proliferatie en buisvorming te verminderen door een verminderde 

FGFR1 activering in vitro. K5 was in staat om de plaquestabiliteit te verbeteren via verminderde 

intraplaque angiogenese en verminderde intraplaque bloeding. Bovendien verminderde het de 
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systemische circulerende monocyten en verminderde het de infiltratie van macrofagen in de 

plaque en dus ook de ontsteking in de laesies. Onze resultaten tonen aan dat een K5 gemedieerde 

bFGF signaalblokkade een veelbelovende therapeutische kandidaat is voor de behandeling van 

onstabiele atherosclerotische plaques. 

Het metabolisme van endotheelcellen is voornamelijk onderzocht in kanker en andere ziekten 

die worden gekenmerkt door een verhoogde angiogenese, zoals maculadegeneratie en 

inflammatoire darmziekten. Het normaliseren van de activiteit van endotheelcellen, door zich te 

richten op enzymen die betrokken zijn bij het metabolisme van de cel zou hun proliferatie kunnen 

vertragen, de endotheelverbindingen kunnen stabiliseren en de expressie van cellulaire 

adhesiemoleculen kunnen verminderen. Daarom bestuderen we in hoofdstuk 6 hoe de remming 

van transketolase (TKT), een belangrijk metabool enzym dat betrokken is bij de pentose-

fosfaatroute (PPP), de endotheel cel - en macrofaagfuncties beïnvloedt. TKT is een thiamine-

afhankelijk enzym in de niet-oxidatieve tak van de PPP dat de biosynthese van nucleotiden en de 

energieproductie controleert. Zowel endotheel cellen als macrofagen zijn afhankelijk van deze 

metabole route voor cel proliferatie. Vanwege het nauwe verband tussen angiogenese en 

ontsteking bij atherosclerose hebben we het in vitro effect van TKT blokkade, met behulp van 

een thiamine agonist oxythiamine, op endotheel cellen en macrofagen bestudeerd. We vonden 

dat TKT overvloedig aanwezig is in menselijke atherosclerotische laesies, specifiek in endotheel 

cellen en macrofagen. TKT-blokkade resulteerde in een verminderde endotheel cel proliferatie 

en migratie van HUVEC in vitro. Interessanter is dat TKT in macrofagen met een pro-inflammatoir 

fenotype (M1-macrofagen) sterker geïnduceerd wordt in vergelijking tot rustende M0-

macrofagen. Bij TKT blokkade werd de mRNA expressie van pro-inflammatoire en pro-

angiogenese cytokinen in M1-macrofagen gereduceerd in vergelijking met onbehandelde M1-

macrofagen. Verrassend genoeg vonden we dat deze reductie van pro-angiogenese moleculen 

een functioneel effect had. HUVEC gestimuleerd met supernatant van oxythiamine-behandelde 

M1-macrofagen vertoonden een verminderd migratievermogen in vergelijking met cellen 

gestimuleerd met supernatant van onbehandelde M1-macrofagen. Deze in vitro resultaten tonen 

aan dat ook TKT-blokkade een interessant doelwit kan zijn om angiogenese en ontsteking in 

atherosclerose te verminderen. 
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In het tweede deel van dit proefschrift hebben we het effect van bis(maltolato)oxovanadium(IV) 

(BMOV) op in vitro angiogenese onderzocht. VEGF-A binding aan VEGFR2, induceert de activering 

van de receptor en de fosforylering ervan op verschillende tyrosine residuen die de initiatie van 

de signaalcascade activeert wat vervolgens leidt tot de bevordering van angiogenese. Elke 

tyrosine residuen bevordert verschillende cellulaire reacties waaronder celpermeabiliteit, 

proliferatie en migratie. De fosforylering van deze residuen is streng gereguleerd. In dit aspect, 

eiwit tyrosine fosfatases (PTP's) defosforyleren VEGFR2 receptor of de downstream-signaal 

enzymen, wat resulteert in verminderde angiogenese. In hoofdstuk 7 onderzochten we het effect 

van PTP's blokkade op VEGFR2 geïnduceerde angiogenese op in vitro gekweekte HUVEC met 

behulp van BMOV, een niet-selectieve tyrosine fosfataseremmer. Op basis van onze bevinding 

dat HUVEC een basale hoeveelheid endogene VEGF-A produceren en dit resulteert in activering 

van VEGFR2 en vervolgens een lage hoeveelheid angiogenese, hebben we in dit hoofdstuk de 

hypothese geformuleerd dat bij endogene VEGF-A receptor activering, BMOV in vitro 

angiogenese zou verbeteren. Bovendien veronderstellen we dat exogene VEGF-A toevoeging het 

effect van BMOV zou versterken, wat zou resulteren in een verhoogde VEGFR2 activering en de 

daaropvolgende angiogenese. We vonden dat BMOV alleen de endotheelcel migratie, -

proliferatie en -buisvorming sterk verhoogt. Bovendien stimuleert het de vorming van 

functionele neovaatjes, bekleed met endotheel cellen en bedekt met pericyten, in een ex vivo 

aorta-ringproef. Bovendien verhoogt het aantal van deze nieuw gevormde vaten in vergelijking 

met onbehandelde controlekweken. Om de moleculaire signalisatie die betrokken is bij het 

waargenomen effect op de angiogenese te ontrafelen, hebben we de BMOV-geïnduceerde 

activering van VEGFR2 in HUVEC bestudeerd. Bij BMOV-behandeling werd de fosforylering van 

het tyrosine residue Y951 verhoogd in vergelijking met de controlegroep en de fosforylering van 

het downstream-enzym p38MAPK. Interessant is dat het ERK1/2-traject niet werd geactiveerd 

door de BMOV-behandeling, wat aangeeft dat het fosforyleringsresidu tyrosine Y1175 niet werd 

gewijzigd. In de uitgevoerde in vitro testen vonden we dat BMOV en VEGF-A niet op een 

synergetische manier werken in het verhogen van de angiogenese. In feite, in de celgroei, 

buisvorming en aorta-ringtest resulteerde het pro-angiogeen effect van BMOV in een hoger 

effect dan het effect bij gelijktijdige toediening van exogene VEGF-A. Onze resultaten tonen aan 
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dat BMOV-gemedieerde remming van PTP's daarom een nieuwe veelbelovende strategie is om 

angiogenese te induceren en te stimuleren. 

Conclusie 

Concluderend geeft dit proefschrift meer inzicht in de rol van intraplaque angiogenese en 

bloeding bij atherosclerose. Bovendien identificeerden de onderzoeken in dit proefschrift nieuwe 

potentiële angiogeen therapeutische doelen. Nader onderzoek zal uitwijzen of deze 

therapeutische doelen met succes kunnen worden gebruikt bij patiënten met hart- en 

vaatziekten. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

222

145940 Parma BNW.indd   222145940 Parma BNW.indd   222 31-08-2020   10:2031-08-2020   10:20



 

 

 

  

145940 Parma BNW.indd   223145940 Parma BNW.indd   223 31-08-2020   10:2031-08-2020   10:20



 

 

 

 

 

 

 

 

 

 

 

145940 Parma BNW.indd   224145940 Parma BNW.indd   224 31-08-2020   10:2031-08-2020   10:20



Riassunto in Italiano 

  

145940 Parma BNW.indd   225145940 Parma BNW.indd   225 31-08-2020   10:2031-08-2020   10:20



L'aterosclerosi è una malattia progressiva caratterizzata dalla formazione di placche 

aterosclerotiche nell'intima delle arterie principali con accumulo di lipidi, infiammazione, 

fibrosi, morte cellulare e calcificazione. La stabilità delle placche aterosclerotiche, piuttosto 

che la loro dimensione, è il principale fattore determinante per l’insorgere di implicazioni 

cliniche acute. Quando una placca diventa instabile, è più fragile e può rompersi più 

facilmente causando infarto del miocardio, ictus e morte improvvisa. Le prinicipali 

caratteristiche delle placche instabili sono la formazione di nuovi vasi (angiogenesi) ed 

emorragia intraplacca, un esteso nucleo lipidico, un alto contenuto di macrofagi e un sottile 

cappuccio fibroso. Nel corso degli anni, grazie ai farmaci per abbassare il colesterolo, la 

durata della vita e il benessere dei pazienti affetti da aterosclerosi sono notevolmente 

migliorati. Tuttavia, un ampio gruppo di pazienti non trae pienamente beneficio dalle attuali 

strategie di riduzione dei lipidi e la rottura della placca aterosclerotica rimane la principale 

causa di eventi cardiovascolari acuti. Pertanto, nuove terapie  sono necessarie per 

stabilizzare le placche aterosclerotiche e prevenire la loro rottura. Alcuni nuovi possibili 

bersagli terapeutici sono ipotizzabili. 

L’angiogenesi all’interno della placca aterosclerotica è un processo complesso che dipende 

dall'equilibrio tra molecole pro e anti-angiogeniche. L’ipossia, nel tentativo di creare nuovi 

vasi sanguigni per repristinare i livelli di ossigeno nella placca, e l’infiammazione 

rappresentano le principali fonti di segnali pro-angiogenici. Diverse molecole pro-

angiogeniche possono anche aumentare la permeabilità dei vasi, contribuendo 

all'infiltrazione dei leucociti nel nucleo infiammatorio della placca, provocando quindi un 

processo di infiammazione cronica. Questi fattori contribuiscono all'instabilità della placca e 

alla sua successiva rottura. 

É stato dimostrato che la neovascolarizzazione all’interno della placca aterosclerotica 

contribuisce al processo aterosclerotico e alla destabilizzazione della placca nell'uomo. Per 

questo motivo lo scopo della prima parte di questa tesi è stato quello di studiare se 

l'inibizione della neovascolarizzazione intraplacca potesse essere un nuovo approccio 

terapeutico per la stabilizzazione delle placche aterosclerotiche. Nella seconda parte di 

questa tesi ci siamo concentrati su una nuova strategia per indurre l'angiogenesi in vitro. 
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Nel capitolo 2 illustriamo come angiogenesi ed emorragia intraplacca siano fortemente 

correlate con la progressione, l'instabilità e la rottura della placca aterosclerotica stessa. 

Descriviamo anche in dettaglio i meccanismi cellulari e molecolari alla base della 

neovascolarizzazione all’interno della placca. Segnaliamo che l'ipossia è la forza principale 

che guida l'angiogenesi promuovendo la trascrizione di geni pro-angiogenici e mediando 

l'infiammazione tramite l'espressione di citochine pro-infiammatorie e il reclutamento di 

cellule infiammatorie. Riportiamo anche che i capillari di nuova formazione hanno una 

struttura incompleta. Infatti le giunzioni tra le cellule endoteliali dei vasi intraplacca sono 

frammentarie e la copertura da parte dei periciti è insufficiente e disorganizzata. Queste 

caratteristiche danno origine al fenomeno dell'emorragia intraplacca, che consiste nello 

stravaso di globuli rossi e cellule infiammatorie dai vasi sanguigni appena formati verso 

l’interno della placca. L’emorragia intraplacca promuove l'instabilità della placca, sia nei 

modelli sperimentali murini sia nell'uomo. Inoltre, in questo capitolo vengono discusse 

diverse opzioni per evidenziare l'angiogenesi intraplacca con tecniche di imaging favorendo 

il suo utilizzo come bersaglio terapeutico. 

A causa del ruolo dell'ipossia come principale fattore scatenante dell'angiogenesi 

intraplacca, nel capitolo 3 abbiamo ipotizzato che la riossigenazione della placca 

aterosclerotica avrebbe potuto favorire una riduzione della formazione di angiogenesi e 

quindi una riduzione dell'emorragia e dell'infiammazione con conseguente aumento della 

stabilità. Per raggiungere questo obiettivo, abbiamo utilizzato il gas carbogen, un gas 

composto al 95% di O2 e al 5% di CO2. Abbiamo utilizzato topi ApoE3*Leiden 

ipercolesterolemici sottoposti a chirurgia per innesto venoso e studiato l'effetto della 

riossigenazione sul rimodellamento vascolare, la neovascolarizzazione intraplacca, 

l'infiammazione e la viabilità dell’innesto. Inoltre, poiché l'iperossia, cioè l'esposizione 

prolungata a livelli elevati di ossigeno,  può generare specie reattive dell'ossigeno (ROS) in 

una quantità superiore a quella che può essere eliminata dagli antiossidanti, abbiamo 

studiato l'effetto dei ROS sulla composizione della placca in vivo e sui macrofagi in vitro. La 

somministrazione del gas carbogen in un esperimento a breve termine ha determinato una 

profonda riduzione dell'ipossia intraplacca nelle lesioni aterosclerotiche murine in vivo. Il 

trattamento a lungo termine ha comportato un aumento della vitalità dell'innesto venoso 

negli animali trattati, ma sorprendentemente non ha avuto alcun effetto sull'ipossia e su 
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angiogenesi ed emorragia intraplacca. Allo stesso tempo, il trattamento a lungo termine ha 

provocato l'accumulo di ROS. Questo ha portato a un conseguente aumento dei livelli di 

mRNA di HIF1a. Un’altra conseguenza del trattamento a lungo termine è stata l'apoptosi dei 

macrofagi, probabilmente a causa del loro elevato consumo di ossigeno. Per studiare il 

sopramenzionato effetto dei ROS sui macrofagi abbiamo imitato l'induzione dei ROS in vitro 

usando il ROS-mimic t-BHP nei macrofagi derivati da midollo osseo murino e abbiamo 

osservato un forte aumento del danno al DNA e dell'apoptosi. Complessivamente, 

nonostante l'effetto benefico del trattamento di iperossigenazione sulla viabilità dell'innesto 

venoso, il trattamento ha indotto anche l'accumulo di ROS e apoptosi. Sia l'accumulo di ROS 

sia l'apoptosi potrebbero essere dannosi per la placca aterosclerotica in questo modello 

murino nelle condizioni attuali. Ciò indica che, al fine di definire i potenziali benefici 

terapeutici della terapia di iperossigenazione, sono necessarie ulteriori ricerche per definire 

le condizioni ottimali per il trattamento dell'aterosclerosi. 

Nella cascata di trasduzione del segnale a seguito di ipossia e stabilizzazione di Hif1a, il 

reclutamento del fattore di crescita dell'endotelio vascolare (VEGF-A) svolge un ruolo 

fondamentale nel promuovere l'angiogenesi. Infatti, il legame di VEGF-A con il suo 

recettore, il recettore del fattore di crescita dell'endotelio vascolare (VEGFR2) innesca 

l'avvio di una cascata di trasduzione intracellulare del segnale che ha un effetto pro-

angiogenico. Pertanto, nel capitolo 4, utilizzando l'anticorpo DC101, abbiamo studiato gli 

effetti del blocco di VEGFR2 sull'angiogenesi intraplacca, sullo stato di maturazione dei vasi 

e sulla dimensione e la composizione delle lesioni aterosclerotiche nei topi ApoE3*Leiden 

sottoposti ad innesto venoso nella carotide. Abbiamo osservato una riduzione della 

dimensione della lesione negli animali trattati rispetto ai controlli. Allo stesso tempo, il 

contenuto di collagene e di cellule muscolari lisce (SMCs) è aumentato e il contenuto di 

macrofagi è stato ridotto, indicando nell’insieme una maggiore stabilità della placca. 

Sorprendentemente il trattamento non ha comportato una riduzione dei vasi sanguigni 

intraplacca CD31+. Tuttavia, osservando lo stato di maturazione di questi vasi sanguigni, è 

stato possibile osservare che il gruppo trattato con DC101 ha mostrato una diminuzione 

dell'emorragia intraplacca rispetto ai controlli. Per approfondire questo aspetto, abbiamo 

esaminato l'espressione di geni coinvolti nella maturazione dei vasi sanguigni e abbiamo 

scoperto che Ang-2, il fattore destabilizzante dei vasi, era diminuito con il trattamento con 
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DC101. Inoltre, abbiamo osservato un aumento del livello di mRNA di Cx40, coinvolto nelle 

connessioni tra le cellule endoteliali, come conseguenza del blocco di VEGFR2. Abbiamo poi 

usato un aortic ring test per studiare l'effetto del blocco di VEGFR2 sulla maturazione dei 

vasi a livello cellulare e abbiamo scoperto che il trattamento con DC101 aumenta la 

copertura dei periciti intorno allo strato endoteliale nei vasi formati. Questo studio indica 

che la maturazione vascolare rappresenta un bersaglio promettente per stabilizzare le 

lesioni aterosclerotiche. In particolare, VEGFR2 rappresenta un potenziale bersaglio per 

indurre la stabilizzazione della placca aterosclerotica. 

Un altro importante fattore di crescita che promuove l'angiogenesi intraplacca 

nell’aterosclerosi è il fattore di crescita dei fibroblasti (bFGF). Nel capitolo 5 abbiamo 

studiato l'effetto del blocco di bFGF sull'angiogenesi intraplacca, sul contenuto di cellule 

muscolari lisce e sull'infiammazione nelle lesioni aterosclerotiche nei topi ApoE3*Leiden 

sottoposti a innesto venoso. Per raggiungere questo obiettivo, abbiamo sintetizzato K5, una 

piccola molecola che si lega a bFGF. Questo previene il legame tra bFGF e il suo recettore e 

di conseguenza provoca il blocco della trasduzione intracellulare del segnale che porta allo 

stimolo dell’angiogenesi. Abbiamo scoperto che l'inibizione di bFGF aumenta la stabilità 

della placca aterosclerotica riducendo fortemente l'angiogenesi e l'emorragia intraplacca. 

Inoltre, il trattamento con K5 riduce il numero di monociti circolanti e diminuisce 

l'espressione della molecola di adesione VCAM-1 e della proteina chemoattraente Ccl2, 

insieme con una conseguente riduzione del contenuto di macrofagi nelle lesioni 

aterosclerotiche. In precedenza, era stato dimostrato che il blocco di bFGF influenzava la 

proliferazione e la migrazione delle SMCs. Sorprendentemente non siamo stati in grado di 

osservare alcun effetto di K5 sulle cellule muscolari lisce nel modello di aterosclerosi 

accelerata con innesto venoso né nel modello dell'arteria femorale in topi C57BL/6 utilizzato 

per studiare l'effetto isolato di K5 sulla migrazione e sulla proliferazione delle SMCs. 

Abbiamo anche esaminato più in profondità l'effetto di K5 sul processo di angiogenesi e 

abbiamo scoperto che K5 riduce fortemente l'angiogenesi in vivo in un modello murino con 

impianti di Matrigel sottocute. Abbiamo dimostrato anche che in vitro K5 è in grado di 

compromettere la migrazione, la proliferazione e la formazione di strutture tubulari delle 

cellule endoteliali a causa di una ridotta attivazione del recettore del fattore di crescita dei 

fibroblasti-1 (FGFR1). K5 è in grado di migliorare la stabilità della placca riducendo 
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angiogenesi ed emorragia intraplacca. Inoltre, riduce il numero dei monociti circolanti a 

livello sistemico e riduce l'infiltrazione di macrofagi nella placca e quindi diminuisce 

l'infiammazione nelle lesioni aterosclerotiche. Nel loro insieme, i nostri risultati dimostrano 

che il blocco di bFGF tramite K5 è un promettente candidato terapeutico per il trattamento 

di placche aterosclerotiche instabili. 

Il targeting del metabolismo delle cellule endoteliali è stato principalmente esplorato per il 

cancro e altre malattie caratterizzate da un aumento dell'angiogenesi, ad esempio 

degenerazione maculare e malattia infiammatoria intestinale. Spingere le cellule endoteliali 

in uno stato più quiescente, prendendo di mira gli enzimi coinvolti nel metabolismo 

cellulare, potrebbe potenzialmente rallentare la loro proliferazione, stabilizzare le giunzioni 

endoteliali e ridurre l'espressione delle molecole di adesione cellulare. Pertanto, nel 

capitolo 6 abbiamo studiato come l'inibizione della transchetolasi (TKT), un enzima 

metabolico chiave coinvolto nella via del pentoso fosfati (PPP), influisca sulle cellule 

endoteliali (ECs) e i macrofagi. TKT è un enzima nel ramo non ossidativo del PPP che 

controlla la biosintesi dei nucleotidi e la produzione di energia e dipende dal legame con la 

tiamina per il suo funzionamento. Sia le ECs sia i macrofagi si affidano a questa via 

metabolica per la proliferazione. A causa della stretta relazione tra angiogenesi e 

infiammazione nell'aterosclerosi, abbiamo studiato l'effetto del blocco di TKT in vitro usando 

ossitiamina, un analogo della tiamina, su ECs e macrofagi. Abbiamo scoperto che TKT è 

abbondantemente presente nelle lesioni aterosclerotiche umane, in particolare nelle cellule 

endoteliali e nei macrofagi. Il blocco di TKT comporta una riduzione della proliferazione e 

della migrazione di ECs in vitro. Abbiamo anche scoperto che TKT è sovraespressa nei 

macrofagi con un fenotipo pro-infiammatorio (macrofagi M1) rispetto ai macrofagi M0 (a 

riposo). Il blocco di TKT nei macrofagi M1 riduce i livelli di espressione dell'mRNA di 

citochine pro-infiammatorie e pro-angiogeniche rispetto ai macrofagi M1 non trattati. 

Sorprendentemente abbiamo scoperto che questa riduzione delle molecole pro-

angiogeniche ha un effetto funzionale. Infatti, cellule endoteliali derivate da cordoni 

ombelicali umani (HUVECs) stimolate con il surnatante di macrofagi M1 trattati con 

ossitiamina hanno una ridotta capacità migratoria rispetto alle cellule stimolate con 

surnatante di macrofagi M1 non trattati. Questi risultati preliminari in vitro mostrano che il 
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blocco di TKT può essere un target interessante per ridurre l'angiogenesi e l'infiammazione 

nelle placche aterosclerotiche. 

Nella seconda parte di questa tesi abbiamo esaminato l'effetto del bis(maltolato) 

oxovanadio (IV) (BMOV) sull'angiogenesi in vitro. Il legame di VEGF-A con VEGFR2, induce 

l'attivazione del recettore e la sua fosforilazione in diversi residui tirosinici innescando 

l'inizio della cascata di trasduzione intracellulare del segnale che porta alla promozione 

dell'angiogenesi. Ogni residuo tirosinico promuove diverse risposte cellulari tra cui, 

permeabilità cellulare, proliferazione e migrazione. La fosforilazione di questi residui è 

strettamente regolata dalle proteine tirosin fosfatasi (PTPs). Le proteine tirosin fosfatasi 

defosforilano VEGFR2 o gli enzimi a valle della cascata di trasduzione del segnale, e di 

conseguenza riducono l’angiogenesi. Nel capitolo 7 abbiamo esaminato l'effetto del blocco 

delle PTPs sul processo di angiogenesi usando HUVECs in coltura in vitro trattate con BMOV, 

un inibitore non selettivo delle proteine tirosin fosfatasi. Sulla base della nostra scoperta 

che le HUVEC producono una quantità basale di VEGF-A endogena con consequente 

attivazione di VEGFR2 e una angiogenesi limitata, abbiamo ipotizzato che dopo l'attivazione 

endogena di VEGFR2 tramite VEGF-A, BMOV potrebbe aumentare l'angiogenesi in vitro. 

Inoltre, abbiamo ipotizzato che l'aggiunta di VEGF-A esogeno avrebbe migliorato l'effetto di 

BMOV con conseguente aumento dell'attivazione di VEGFR2 e successiva angiogenesi. 

Abbiamo scoperto che BMOV da solo aumenta fortemente la migrazione delle cellule 

endoteliali, la proliferazione e la formazione di strutture tubulari. Inoltre, in un esperimento 

di aortic ring ex vivo, BMOV stimola la formazione di vasi sanguigni maturi, formati da cellule 

endoteliali ricoperte da periciti. Inoltre, aumenta anche il numero di questi vasi rispetto alle 

colture di controllo non trattate. Per studiare la trasduzione intracellulare del segnale 

coinvolta nell'effetto osservato sull'angiogenesi, abbiamo studiato l'attivazione di VEGFR2 

indotta da BMOV in HUVECs. Abbiamo trovato che il trattamento con BMOV induce un 

aumento della fosforilazione del residuo di tirosina Y951 e un aumento della fosforilazione 

dell'enzima p38MAPK rispetto ai controlli non trattati. È interessante notare che l’enzima 

ERK1/2 non è attivato dal trattamento con BMOV, il che indica che il residuo di tirosina 

Y1175 non è alterato dal trattamento. Nei test in vitro eseguiti abbiamo scoperto che BMOV 

e VEGF-A non funzionano in modo sinergico nell'aumentare l'angiogenesi. Infatti, nella 

proliferazione cellulare, nella formazione di strutture tubulari e nel test aortic ring, l'effetto 
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pro-angiogenico di BMOV si è rivelato superiore al suo effetto quando somministrato in 

associazione con VEGF-A esogeno. I nostri risultati mostrano che l'inibizione delle PTPs 

mediata da BMOV è quindi una nuova strategia promettente per indurre e stimolare 

l'angiogenesi. 

In conclusione, questa tesi presenta una approfondita visione del ruolo dell'angiogenesi e 

dell'emorragia intraplacca nel processo di aterosclerosi. Inoltre, gli studi inclusi in questa tesi 

hanno identificato nuovi potenziali bersagli terapeutici per stabilizzare le lesioni 

aterosclerotiche a rischio di rottura. Ulteriori ricerche mostreranno se questi bersagli 

possono essere utilizzati con successo in pazienti affetti da malattie cardiovascolari. 

 

 

 

 

 

 

 

 

 

 

 

 

 

232

145940 Parma BNW.indd   232145940 Parma BNW.indd   232 31-08-2020   10:2031-08-2020   10:20



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

145940 Parma BNW.indd   233145940 Parma BNW.indd   233 31-08-2020   10:2031-08-2020   10:20



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

145940 Parma BNW.indd   234145940 Parma BNW.indd   234 31-08-2020   10:2031-08-2020   10:20



List of publications 

  

145940 Parma BNW.indd   235145940 Parma BNW.indd   235 31-08-2020   10:2031-08-2020   10:20



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

145940 Parma BNW.indd   236145940 Parma BNW.indd   236 31-08-2020   10:2031-08-2020   10:20



Plaque angiogenesis and intraplaque hemorrhage in atherosclerosis. 
Parma L*, Baganha F*, Quax PHA, de Vries MR.  
Eur J Pharmacology. 2017; 816:107-115.  

Inhibition of 14q32 microRNA miR-495 reduces lesion formation, intimal hyperplasia and 
plasma cholesterol levels in experimental restenosis.  
Welten SMJ, de Jong RCM, Wezel A, de Vries MR, Boonstra MC, Parma L, Jukema JW, van 
der Sluis TC, Arens R, Bot I, Agrawal S, Quax PHA, Nossent AY.  
Atherosclerosis. 2017 Jun 261:26-36. 
 
Adenosine-to-Inosine Editing of MicroRNA-487b Alters Target Gene Selection After 
Ischemia and Promotes Neovascularization.  
van der Kwast RVCT, van Ingen E, Parma L, Peters HAB, Quax PHA, Nossent AY.  
Circulation Research 2018 Feb 2;122(3):444-456. 
Blockade of vascular endothelial growth factor receptor 2 inhibits intraplaque 
haemorrhage by normalization of plaque neovessels.  
de Vries MR*, Parma L*, Peters HAB, Schepers A, Hamming JF, Jukema JW, Goumans MJTH, 
Guo L, Finn AV, Virmani R, Ozaki CK, Quax PHA.  
J Internal Medicine. 2018; 285(1):59-74.  

Prolonged hyperoxygenation treatment improves vein graft patency and decreases 
macrophage content in atherosclerotic lesions in ApoE3*Leiden mice. 
Parma L, Peters HAB, Baganha F, Sluimer JC, de Vries MR and Quax PHA.  
Cells. 2020 Feb 1;9(2).  

Bis(maltolato)oxovanadium(IV) Induces Angiogenesis via Phosphorylation of VEGFR2 
Parma L, Peters HAB, Johansson ME, Gutiérrez S, Meijerink H, de Kimpe S, de Vries MR and 
Quax PHA 
Int. J. Mol. Sci. 2020, 21(13), 4643 
 
Adenosine-to-Inosine editing of vasoactive microRNAs alters their targetome and function 
in ischemia. 
van der Kwast RVCT, Parma L, van der Bent ML, van Ingen E, Baganha F, Peters HAB, 
Goossens EAC, Simons, KH, Palmen M, de Vries MR, Quax PHA, Nossent AY.  
Molecular Therapy Nucleic Acids. July 2020 
 
Small molecule mediated inhibition of bFGF reduces intraplaque angiogenesis and 
macrophage infiltration in accelerated atherosclerotic vein graft lesions in ApoE3*Leiden 
mice.  
Parma L, Peters  HAB, Simons KH, Lazzari P, de Vries MR, Quax PHA. 
Manuscript under review. 

Transketolase blockade reduces inflammation and angiogenesis in vitro. 
Parma L, Schmit MC, Van Den Bogaert S, de Vries MR, Quax PHA.  
Manuscript in preparation. 
 

A

237

List of publications

145940 Parma BNW.indd   237145940 Parma BNW.indd   237 31-08-2020   10:2031-08-2020   10:20



  

145940 Parma BNW.indd   238145940 Parma BNW.indd   238 31-08-2020   10:2031-08-2020   10:20



Curriculum Vitae 

  

145940 Parma BNW.indd   239145940 Parma BNW.indd   239 31-08-2020   10:2031-08-2020   10:20



 
  

145940 Parma BNW.indd   240145940 Parma BNW.indd   240 31-08-2020   10:2031-08-2020   10:20



Laura Parma was born on the 29th of January 1990 in Italy. In July 2009 she graduated from 

the Liceo Scientifico A. Banfi in Vimercate and she obtained a high school Scientific Lyceum 

Diploma, including Biology and Physics. That same year, she started studying Biotechnology 

at the University of Milano. Afterward she studied Medical and Pharmaceutical 

Biotechnology at the University of Pavia and in September 2014 she obtained her MSc 

diploma. As a MSc student in medical biotechnology, her passion for molecular biology 

combined with a growing interest in taking an international challenge. As a result after 

completing her MSc degree she sought out an Erasmus+ internship fellowship at the surgery 

group of the Leiden University Medical Center to study new potential target for NIR Image-

guided surgery in cancer biology under the supervision of Dr. Kees Sier.  

Afterward she was selected for an Horizon2020 MSCA PhD position at the Leiden University 

Medical Center under the supervision of Prof. dr. Paul Quax and dr. Margreet de Vries. 

During the four years she studied different approaches to inhibit intraplaque angiogenesis in 

atherosclerosis and the results of her findings are described in this thesis. On July 1st, 2020, 

Laura started as a postdoctoral researcher in the lab of dr. Remco Megens at the Institute 

for Cardiovascular Prevention, Ludwig-Maximilians-University Munich, where she will study 

the role of CD8+ T-cell based nanomedicines in the local immunomodulation of 

atherosclerosis. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A

241

Curriculum Vitae

145940 Parma BNW.indd   241145940 Parma BNW.indd   241 31-08-2020   10:2031-08-2020   10:20



  

145940 Parma BNW.indd   242145940 Parma BNW.indd   242 31-08-2020   10:2031-08-2020   10:20



Acknowledgements  

  

145940 Parma BNW.indd   243145940 Parma BNW.indd   243 31-08-2020   10:2031-08-2020   10:20



 

  

145940 Parma BNW.indd   244145940 Parma BNW.indd   244 31-08-2020   10:2031-08-2020   10:20



I would like to thank all the people that helped me in this journey that ends with the 

creation of this thesis. 

Dear professor Quax, dear Paul, thank you for the past four years. Under your supervision I 

grew and became a more confident scientist. I really appreciated the freedom you gave me 

to explore new ideas and at the same time your ability to keep me on track. It was great to 

be part of your  group! 

Margreet, thank you for all the things you taught me during our long hours at the PDC. I 

discovered we had a lot of things in common, starting from our love for horses and our quite 

strong character. Thanks for the support and the endless help during the writing of this 

thesis. 

Erna, my dear colleague, thanks for all the EC talks and teachings, I could not have had a 

better teacher. Thanks for all the pancakes, the coffees and for being there anytime I had a 

down moment and I needed a word with you. Thanks also for listening in the “what can we 

do?” situations. 

My safe C7 room. Karin and Fab, thank you for the fun times and the stressful coffee 

stealing moments! Valerie and Leontien, you arrived during my last year but I could not 

imagine finishing my PhD without you. Thank you for the support, the great scientific talks, 

the late evening dinners at C7 and for always being there ready to help me during the 

writing of this thesis. 

Eveline, Eva and Licheng my buddies from another floor. Thank you for the “staining trains”, 

for being Beyoncé fans, for trying to teach me some Chinese words and for all the fun we 

had in the lab.  

Thank you also to the other Quaxies Yaël, Alwin, Thijs, Sabine and Rob for the time spent 

together. A big thank you to Stefano for supervising me during my secondment and to my 

students that helped me during the years, Michele, Boyd, Sanne, Maurits and Siel. 

Un grazie alla mia mamma, al mio papà, a mio fratello Marco e alla mia nonna Angelina per 

il continuo supporto e aiuto. Senza di voi probabilmente non sarei qui oggi! 

A

245

Acknowledgements

145940 Parma BNW.indd   245145940 Parma BNW.indd   245 31-08-2020   10:2031-08-2020   10:20



And finally, the biggest thank you goes to my C7 buddy, colleague, friend and boyfriend 

Regi. It’s crazy to think that without this PhD I wouldn’t have met you and that without you 

it would have been extremely more difficult to finish this PhD. I’m proud of what we 

achieved and what we are today! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

246

145940 Parma BNW.indd   246145940 Parma BNW.indd   246 31-08-2020   10:2031-08-2020   10:20


