
 

Article 

Modulation of Adhesion Process, E-Selectin and 
VEGF Production by Anthocyanins and Their 
Metabolites in an In-Vitro Model of Atherosclerosis 
 

Mirko Marino1, Cristian Del Bo’1*, Massimiliano Tucci1, Dorothy Klimis-Zacas2, Patrizia Riso1,† 
Marisa Porrini1,†  

 

1 Department of Food, Environmental and Nutritional Sciences, Division of Human Nutrition, Università 
degli Studi di Milano, 20133 Milan, Italy; mirko.marino@unimi.it (MM), cristian.delbo@unimi.it (CDB), 
massimiliano.tucci@unimi.it (MT), patrizia.riso@unimi.it (PR), marisa.porrini@unimi.it (MP) 

2 School of Food and Agriculture, University of Maine, Orono, ME 04469, USA; dorothea@maine.edu (DKZ) 

* Correspondence: cristian.delbo@unimi.it; Tel., +39 0250316730 
† These authors contributed equally to this work 

 

Abstract: The present study aims to evaluate the ability of peonidin and petunidin-3-glucoside (Peo 
and Pet-3-glc) and their metabolites (vanillic acid; VA and methyl-gallic acid; MetGA), to prevent 
monocyte (THP-1) adhesion to endothelial cells (HUVECs), and to reduce the production of VCAM-
1, E-selectin and VEGF in a stimulated pro-inflammatory environment, a pivotal step of 
atherogenesis. Tumor necrosis factor-α (TNF-α; 100 ng mL-1) was used to stimulate the adhesion of 
labelled monocytes (THP-1) to endothelial cells (HUVECs). Successively, different concentrations of 
Peo-3-glc and Pet-3-glc (0.02, 0.2, 2 and 20 µM) and VA and MetGA (0.05, 0.5, 5 and 50 µM) were 
tested. After 24 h, the production of VCAM-1, E-selectin and VEGF was quantified by ELISA kits, 
while the adhesion process was measured spectrophotometrically. Peo-3-glc and Pet-3-glc (from 
0.02 to 20 µM) significantly (p<0.0001) decreased THP-1 adhesion to HUVECs at all concentrations 
(-37%, -24%, -30% and -47% for Peo-3-glc; -37%, -33%, -33% and -45% for Pet-3-glc). VA, but not 
MetGA, reduced the adhesion process at 50 µM (-21%; p<0.001). At the same concentrations, a 
significant (p<0.0001) reduction of E-selectin, but not VCAM-1, was documented. In addition, 
anthocyanins and their metabolites significantly decreased (p<0.001) VEGF production. The present 
findings suggest, that while Peo-3-glc and Pet-3-glc, but not their metabolites, reduced monocyte 
adhesion to endothelial cells through suppression of E-selectin production, VEGF production was 
reduced by both anthocyanins and their metabolites suggesting a role in regulation of angiogenesis. 

Keywords: anthocyanins and metabolites; inflammation; adhesion molecules; vascular endothelial 
growth factor; monocytes; endothelial cells. 

 

1. Introduction 

Inflammation represents the initial response of the body to harmful stimuli (i.e. pathogens, injury) 
and involves the release of numerous substances known as inflammatory mediators. Normally, 
inflammatory stimuli may activate intracellular signaling pathways that promote the production of 
inflammatory mediators including microbial products (i.e. lipopolysaccharide) and cytokines such as 
interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). However, the 
inflammatory response also involves the activation of cells such as macrophages and monocytes able 
to mediate local responses resulting from tissue damage and infection [1]. In particular, the activated 
endothelial cells release numerous cell-surface adhesion molecules such as vascular cell adhesion 
molecule (VCAM)-1, intra-cellular adhesion molecule (ICAM)-1, P-selectin and E-selectin (also 
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known as the endothelial leucocyte adhesion molecule – ELAM) which attract neutrophils and 
monocytes at the endothelial level, permit their adhesion and transmigration into the tissue and 
increase microvascular permeability [2,3]. Generally, inflammation is relatively of short duration. 
When uncontrolled, inflammation becomes chronic, and can contribute to the pathogenesis of many 
diseases, including chronic inflammatory diseases and degenerative diseases such as atherosclerosis. 
 
Inflammation may also promote angiogenesis, a process that involves the formation of new blood 
vessels from preexisting ones. Angiogenesis is associated with the activation and proliferation of 
endothelial cells, and structural changes of the vasculature. Vascular endothelial growth factor 
(VEGF) is important for endothelial integrity, vascular function and angiogenesis. In fact, VEGF can 
stimulate endothelial cell survival, invasion and migration into surrounding tissues and increase 
proliferation and vascular permeability. On the other hand, during atherosclerosis, VEGF may 
enhance the pathophysiologic mechanism of plaque formation and destabilization by increasing the 
risk of plaque rupture [4,5].  
Polyphenols are a heterogeneous class of bioactive compounds found abundantly in the plant 
kingdom. They are generally classified into phenolic acids (hydroxycinnamic and hydroxybenzoic 
acids), flavonoids (flavanols, flavonols, flavons, flavanones, isoflavons and anthocyanidins), stilbens 
and lignans. Polyphenols are responsible for the color, bitterness, astringency, flavor and smell of 
numerous plants including fruits, vegetables, coffee, chocolate and tea [6]. In recent years, 
polyphenols have received extensive interest for their health benefits in the prevention of numerous 
cardiovascular diseases [7-11]. The mechanisms through which polyphenols may exert their 
bioactivity are not completely understood since they are poorly bioavailable, rapidly absorbed and 
metabolized by liver, kidney and gut microbiota. Some of the most proposed protective mechanisms 
of action include the increase of antioxidant/detoxification enzymes activity (i.e. glutathione S-
transferase, superoxide dismutase, glutathione peroxidase) [12-14], and the decrease of pro-
inflammatory cytokines (i.e. tumor necrosis factor alpha (TNF-α), interleukin-1, interleukin-6) [15-
17]. Furthermore, polyphenols have been documented to exert atheroprotective properties 
modulating the release of numerous vasoconstrictor and vasodilator agents at the endothelial level 
such as nitric oxide, endothelin-1 and soluble vascular cell adhesion molecules-1 (sVCAM-1) [18]. In 
this regard, we have previously reported the ability of different anthocyanins and metabolites to 
counteract and/or resolve an inflammation-driven adhesion of monocytes on endothelial cell 
(HUVECs). In the present study, we focused on the effects of peonidin (peo) and petunidin (pet)-3-
glucoside, and their respective metabolites (vanillic and methyl-gallic acids; VA and MetGA) on their 
capacity to resolve a TNF-α mediated inflammatory process responsible of the adhesion of monocytes 
to HUVECs through the production of the mediators VCAM-1 and E-selectin. In addition, since TNF-
α and monocytes play a crucial role in angiogenesis [19], we evaluated whether polyphenolic 
compounds were also able to reduce VEGF production, one of the main angiogenic factors. To the 
best of our knowledge, very few studies have explored this topic, as the majority of them focus on 
oncology. 

2. Materials and Methods  

2.1 Chemicals and reagents 

Lyophilized standards of peonidin-3-glc (Peo-3-glc) and petunidin-3-glucoside (Pt-3-glc) were 
purchased from Polyphenols Laboratory (Sandes, Norway). Lyophilized standards of vanillic acid 
(VA) and methil-gallic acid (MetGA), Hanks balanced salt solution, fetal bovine serum (FBS), tumor 
necrosis factor-alpha (TNF-α), MTT kit, Trypan blue, Triton X-100, were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Sodium pyruvate, RPMI-1640, HEPES, gentamicin and trypsin-EDTA 
(0.05%), gelatine (0.1%) were from Life Technologies (Monza Brianza, MB, Italy). Human endothelial 
cells basal medium and the growth supplement were obtained from Tebu-Bio (Magenta, MI, Italy), 
while the 5-Chloromethylfluorescein Diacetate (CellTrackerTM Green CMFDA) from Invitrogen 
(Carlsbad, CA, USA). Methanol and hydrochloric acid (37%) were obtained from Merck (Darmstadt, 
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Germany), while water from a Milli-Q apparatus (Millipore, Milford, MA). VCAM-1 and VEGF 
ELISA kits were purchased from Vinci-Biochem srl (Vinci, FI, Italy) and E-Selectin ELISA kit was 
purchased from Aurogene Srl (Roma, RM, Italy).  

2.2 Preparation of anthocyanin and metabolite Standards 

The stock solutions of Peo-3-glc, Pet-3-glc, VA, MetGA (Figure 1) were prepared by dissolving the 
powder of each standard in acidified methanol (0.05% HCl). Successively, standards were quantified 
spectrophotometrically and stored in dark vials at -80°C until use. 

Figure 1: Chemical structure of Peondin and Petunidin-3-glucoside, vanillic and methylgallic 
acids 

 

2.3 Cell culture  

Monocytic cell cells (THP-1; Sigma-Aldrich, St. Louis, MO, USA) were cultured in a complete RPMI 
cell medium (RPMI-1640 medium supplemented with 1% HEPES, 1% sodium pyruvate, 0.1% 
gentamicin and 10% FBS). For the experiment, 100.000 cells were grown in a flask until the 
concentration of 1 million cells/mL was reached. Human umbilical vein endothelial cells (HUVECs; 
Tebu-Bio SrL, Magenta, MI, Italy) were seeded at the concentration of 100.000 cells on a pre-coated 
flask with 0.1% gelatine and growth in a cell medium kit containing 2% serum until reaching 
confluence.  

2.4 Cytotoxicity assay 

The cytotoxicity of the compounds was tested by Trypan blue and (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on HUVEC, according to the manufacturer’s instructions. 
Triton X-100 was used as positive control. Two independent experiments were performed in which 
each compound and concentration was tested in quadruplicate.  

2.5 Evaluation of monocytes adhesion on activated human umbilical vein endothelial cells 

When the confluency reached about 80%, HUVECs were removed by using trypsin (0.05mM) and 
seeded on 0.1% gelatin pre-coated 96-well black plate at the concentration of 20.000 cells/well at 37°C 
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and 5% CO2. After 24 h incubation, THP-1 (2x106) cells were labelled with CellTrackerTM Green 
CMFDA (1 µM) in 1 mL serum free RPMI cell medium (containing 1% HEPES, 1% sodium pyruvate, 
0.1% gentamicin) for 30 min. Successively, cells were washed twice, re-suspended in HUVEC 
medium at the final concentration of 2x105 cells mL-1 and were added to HUVECs. The adhesion 
process was induced for 24 h with 100 ng mL-1 of TNF-α. Then, 200 μL of new medium containing 
the single compounds (0.02, 0.2, 2 and 20 µM for Peo and Pet-3-glc and 0.05, 0.5, 5 and 50 µM for VA 
and MetGA) was added and cells were incubated for 24 h. Medium from each well was collected and 
stored at -80°C until ELISA analysis. Cells were rinsed twice with 200 µL of Hanks balanced salt 
solution and the fluorescence (excitation: 485 nm, emission: 538 nm) associated with the number of 
labeled-THP-1 cells attached to the HUVECs, was measured by a spectrophotometer (mod. F200 
Infinite, TECAN Milan, Italy). Each compound and concentration were tested in quintuplicate in 
three independent experiments.  

2.6 ELISA quantification of soluble VCAM-1, E-selectin and VEGF 

At the end of the experiment, the recovered cell culture supernatants were used to quantify the 
concentrations of soluble VCAM-1 (Cat# EK0537, BosterBio), E-selectin (Cat# MBS355367, 
MyBioSource) and VEGF (Cat# V3-200-820-VEF, Vinci-Biochem). The analysis was performed by 
ELISA kits according to the manufacturer’s instruction. The analyses were conducted in 
quadruplicate and the results derived from three independent experiments. 

2.7 Data analysis 

STATISTICA software (Statsoft Inc., Tulsa, OK, USA) was used for the statistical analysis. All the 
results are expressed as means ± standard error of mean (SEM). One-way ANOVA was applied to 
verify the effect of Peo-3-glc, Pet-3-glc, VA and MetGA supplementation on cell cytotoxicity, 
adhesion process and production of soluble VCAM-1, E-selectin and VEGF. Least Significant 
Difference (LSD) test was used to assess differences between treatments by setting the level of 
statistical significance at p<0.05. 
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3. Results

3.1 Effect of Peo-3-glc, Pet-3-glc, VA and MetGA on cell cytotoxicity

Table 1 presents the effects of the compounds tested on cell cytotoxicity measured by Trypan Blue assay at all concentrations tested. Peo and Pet-3-glc (from 0.02 
to 20 μM), VA and MetGA (from 0.05 to 50 μM) did not have cytotoxic effect by maintaining cell viability above 90%. The results were also in line with those 
obtained following the MTT assay tested only at the maximum concentration (20 μM for ACNs and 50 μM for metabolites). Conversely, incubation of HUVEC cells 
with Triton X-100, as positive control (data not shown), significantly reduced (p<0.0001) cell viability up to 20% compared to the cells treated with and without 
TNF-α (cell viability at 99%).  

Table 1: Percentage of cell viability following supplementation with peonidin-3-glucoside, petunidin-3-glucoside, vanillic acid and methyl-gallic acid 

evaluated by Trypan Blue and MTT assays 

Trypan Blue assay  Anthocyanins        Gut metabolites 

Concentrations Peo-3-glc Pet-3-glc Concentrations VA MetGA 

0.02 µM 99.7 ± 0.33 110 ± 0 0.05 µM 100 ± 0 99.7 ± 0.33 

0.2 µM 100 ± 0 97.0 ± 1.0 0.5 µM 99.7 ± 0.33 99.3 ± 0.67 

2 µM 99.3 ± 0.67 97.7 ± 0.33 5 µM 99.7 ± 0.66 98.7 ± 1.33 

20 µM 99.3 ± 0.33 100 ± 0 50 µM 99.3 ± 0.67 97.3 ± 1.77 

MTT assay    Anthocyanins         Gut metabolites 

Concentration Peo-3-glc Pet-3-glc Concentration VA MetGA 

20 µM 98.5 ± 0.12 94.4 ± 0.45 50 µM 99.7 ± 0.32 96.7 ± 0.43 

Results derived from three independent experiments. Peo-3-glc, Pet-3-glc, VA and MetGA were tested in presence of tumor necrosis factor-alpha stimulus. Each 
concentration was tested in triplicate. Data are reported as mean ± standard error of the mean. Peo-3-glc, peonidin-3-glucoside; Pet-3-glc, petunidin-3- glucoside; VA, 
vanillic acid, MetGA, methyl-gallic acid. 
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3.2 Effect of Peo-3-glc, Pet-3-glc, VA and MetGA on THP-1 adhesion to HUVECs 

Results on THP-1 adhesion to HUVECs after incubation with Peo-3-glc (A) and Pet-3-glc (B) are 
shown on Figure 2. Data on the adhesion process are reported as fold increase compared to the 
control cells without TNF-α or (poly)phenolic compounds. Stimulation with 100 ng mL-1 of TNF-α 
significantly increased (p<0.0001) the adhesion process of THP-1 cells to HUVECs compared to 
negative control (NO TNF-α). The treatment with Peo-3-glc and Pet-3-glc significantly decreased 
(p<0.0001) adhesion of monocytes to HUVECs compared to the TNF-α. The size of the effect was 
similar between Peo-3-glc (-37%, -24%, -30% and -47%; Fig. 2A) and Pet-3-glc (-37%, -33%, -33% and 
-45%; Fig. 2B) at all the concentrations tested (0.02, 0.2, 2 and 20 μM, respectively). Figure 3 shows
the results on THP-1 adhesion to HUVECs after incubation with VA and MetGA, (metabolites of Peo-
3-glc and Pet-3-glc, respectively). Only VA (Fig. 3A) significantly reduced the adhesion process at the
concentration of 50 μM (-21%; p<0.001), while no effect was observed for MetGA (Fig. 3B).

Figure 2. Effect of different concentrations (0.02–20μM) of Peo-3-glc (a) and Pet-3-glc (b) on THP-
1 adhesion to HUVECs. Results are expressed as mean ± standard error of mean. a,b,c Bar graphs 
reporting different letters are significantly different (p≤0.05). 

Legend: TNF-α, tumor necrosis factor alpha; Peo-3-glc, peonidin-3-glucoside; Pet3-glc, petunidin-3-
glucoside; NO TNF-α (control). 
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Figure 3. Effect of different concentrations (0.05–50μM) of VA (A) and MetGA (B) on THP-1 
adhesion to HUVECs. Results are expressed as mean ± standard error of mean. a,b,cBar graphs 
reporting different letters are significantly different (p≤0.05). 

Legend: TNF-α, tumor necrosis factor alpha; VA, vanillic acid; MetGA, methyl-gallic acid; NO TNF-α 
(control). 
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3.3 Effect of Peo-3-glc, Pet-3-glc, VA and MetGA on the levels of E-selectin 

Table 2 reports the levels of E-selectin quantified in the cell supernatant following incubation with ACNs and metabolites. Cell stimulation with TNF-α, significantly 
increased (p <0.001) the levels of E-selectin compared to negative control (without TNF-α). The incubation with Peo-3-glc and Pet-3-glc significantly attenuated (p 
<0.001) the production of E-selectin. The size of the effect was similar between Peo-3-glc (-55%, -66%, -65% and -76%) and Pet-3-glc (-64%, -60%, -67% and -72%) at 
all the concentrations tested (0.02, 0.2, 2 and 20 μM, respectively). In addition, Peo-3-glc at the high doses (0.2, 2 and 20 µM) significantly reduced (p<0.05) the levels 
of E-selectin (-32%, -31% and -53%, respectively) compared to the negative control (without TNF-α). Similar effect was documented for Pet-3-glc that showed a 
reduction (p<0.05) at the low (0.02 µM; -28%) and at the high doses (2 and 20µM; -36% and -45%, respectively).   
Vanillic Acid decreased E-selectin levels at the high dose (50μM) with respect to the positive control with TNF-α (-70%; p<0.001) and the negative control without 
TNF-α (-46%; p<0.05). Conversely, no effect was observed following MetGA exposure.   

Table 2: Effect of Peonidin-3-glucoside, Petunidin-3-glucoside, vanillic acid and methyl-gallic acid on the levels of E-selectin 

   Anthocyanins      Gut metabolites 

Concentrations Peo-3-glc Pet-3-glc Concentrations VA MetGA 

0.02 µM 143 ± 4.3a 115 ± 7.5b 0.05 µM 312 ± 14.1a 299 ± 7.5a 

0.2 µM 108 ± 5.3b 123 ± 11.8a,b 0.5 µM 312 ± 11.2a 297 ± 7.5a 

2 µM 109 ± 7.2b 104 ± 6.3b 5 µM 305 ± 7.4a 297 ± 8.0a 

20 µM 76 ± 8.4b 88 ± 12.1b 50 µM 95 ± 13.2b 295 ± 7.3a 

TNF-α 100 ng mL-1 316 ± 8.1c 317 ± 6.3c TNF-α 100 ng mL-1 316 ± 8.1a 317 ± 6.3a 

TNF-α 0 ng mL-1 160 ± 7.9a 164 ± 5.8a TNF-α 0 ng mL-1 160 ± 7.9c 164 ± 5.8b 

Results derived from three independent experiments. Peo-3-glc, Pet-3-glc, VA and MetGA were tested in presence of TNF-α stimulus. Each concentration was tested 
in triplicate. Data are reported as mean ± standard error of the mean. Peo-3-glc, peonidin-3-glucoside; Pet-3-glc, petunidin-3- glucoside; VA, vanillic acid, MetGA, 
methyl-gallic acid; TNF-α, tumor necrosis factor alpha. a,b,c Data with different letters are significantly different (p <0.05).  
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3.4 Effect of Peo-3-glc, Pet-3-glc, VA and MetGA on the levels of soluble VCAM-1 

Table 3 presents the levels of VCAM-1 quantified in the cell supernatant following incubation with ACNs and metabolites. Cell stimulation with TNF-α significantly 
increased (p <0.001) the levels of VCAM-1 compared to negative control (without TNF-α). Incubation with Peo-3-glc significantly reduced (p<0.0001) the levels of 
soluble VCAM-1 (-195%, -203%, -69% and -112%) at all concentrations tested (0.02, 0.2, 2 and 20 μM, respectively) with maximum reduction at the low doses. Pet-
3-glc attenuated soluble VACM-1 production only at the maximum dose (-270%; 20 μM, p<0.0001) while VA and MetGA had not effect.

Table 3: Effect of Peonidin-3-glucoside, Petunidin-3-glucoside, vanillic acid and methyl-gallic acid on the levels of sVCAM-1 

   Anthocyanins        Gut metabolites 

Concentrations Peo-3-glc Pet-3-glc Concentrations VA MetGA 

0.02 µM 107 ± 15a 311 ± 13a 0.05 µM 308 ± 11a 299 ± 15a 

0.2 µM 104 ± 16a 297 ± 15a 0.5 µM 299 ± 22a 297 ± 15a 

2 µM 186 ± 12a 300 ± 14a 5 µM 295 ± 12a 297 ± 16a 

20 µM 149 ± 24a 83 ± 10b 50 µM 315 ± 16a 295 ± 14a 

TNF-α 100 ng mL-1 316 ± 16b 307 ± 11a TNF-α 100 ng mL-1 316 ± 16a 307 ± 11a 

TNF-α 0 ng mL-1 59 ± 9.0c 64 ± 10c TNF-α 0 ng mL-1 59 ± 9.0b 64 ± 10b 

Results derived from three independent experiments. Peo-3-glc, Pet-3-glc, VA and MetGA were tested in presence of TNF-α stimulus. Each concentration was tested 
in triplicate. Data are reported as mean ± standard error of the mean (SEM). Peo-3-glc, peonidin-3-glucoside; Pet-3-glc, petunidin-3- glucoside; VA, vanillic acid, 
MetGA, methyl-gallic acid; TNF-α, tumor necrosis factor alpha. a,b,c Data with different letters are significantly different (p <0.05).  
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3.5 Effect of Peo-3-glc, Pet-3-glc, VA and MetGA on the levels of VEGF 

In Table 4 the levels of VEGF quantified in the cell supernatant following incubation with ACNs and metabolites are reported. Cell stimulation with TNF-α induced 
a small but significant increase (p<0.01) in VEGF levels compared to negative control (without TNF-α). Incubation with Peo-3-glc and Pet-3-glc significantly reduced 
(p<0.001) VEGF concentrations. The size of the effect was similar between Peo-3-glc (-27%, -28%, -30% and -30%) and Pet-3-glc (-24%, -27%, -28% and -30%) at all 
concentrations tested (0.02, 0.2, 2 and 20 μM, respectively) and comparable to the negative control (p>0.05). A reduction was also reported for VA (-12%; -17%, -13% 
and -21%) and MetGA (-9%; -17%, -17% and -19%) at all concentrations tested (0.05, 0.5, 5 and 50 μM, respectively). However, the size effect was smaller compared 
to their native compounds and significanlty different (p<0.05) compared to negative control.  

Table 4: Effect of Peonidin-3-glucoside, Petunidin-3-glucoside, Vanillic acid and Methyl-gallic acid on the levels of VEGF 

  Anthocyanins           Gut metabolites 

Concentrations Peo-3-glc Pet-3-glc Concentrations VA MetGA 

0.02 µM 120 ± 6.9a 129 ± 10a 0.05 µM 149 ± 3.0a 153 ± 2.5a 

0.2 µM 123 ± 1.7a 123 ± 7.4a 0.5 µM 141 ± 8.3a 142 ± 3.0a 

2 µM 123 ± 6.0a 123 ± 2.9a 5 µM 147 ± 4.9a 141 ± 4.9a 

20 µM 119 ± 2.6a 117 ± 9.9a 50 µM 135 ± 5.7a 137 ± 6.0a 

TNF-α 100 ng mL-1 170 ± 8.5b 172 ± 7.9b TNF-α 100 ng mL-1 170 ± 8.5b 172 ± 7.9b 

TNF-α 0 ng mL-1 120 ± 6.9a 121 ± 6.1a TNF-α 0 ng mL-1 120 ± 6.9c 121 ± 6.1c 

Results derived from three independent experiments. Peo-3-glc, Pet-3-glc, VA and MetGA were tested in presence of TNF-α stimulus. Each concentration was tested 
in triplicate. Data are reported as mean ± standard error of the mean (SEM). Peo-3-glc, peonidin-3-glucoside; Pet-3-glc, petunidin-3- glucoside; VA, vanillic acid, 
MetGA, methyl-gallic acid; TNF-α, tumor necrosis factor alpha. a,b,c Data with different letters are significantly different (p <0.05).  
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4. Discussion

In the present study, we documented the capacity of anthocyanins (Peo-3-glc and Pet-3-glc) to reduce 
the adhesion of monocytes to vascular endothelial cells, either when tested at physiological and extra-
physiological concentrations. Conversely, the effect of their metabolites to counteract the adhesion of 
THP-1 to HUVECs was controversial. In particular, MetGA did not show any significant effect at 
each concentration tested, while VA was effective only at the maximum concentration. The present 
findings agree with our previous studies, reporting the ability of an anthocyanin-rich fraction, single 
anthocyanins (cyanidin, delphinidin and malvidin-3-glucoside) and their relative metabolites 
(protocatechuic, gallic and syringic acid) to differentially prevent and/or resolve (depending on the 
compound and dose tested) an inflammatory response and mitigate the adhesion of monocytes to 
endothelial cells an important initial step of the atherogenic process [20,21]. The ability of 
anthocyanins and metabolites to reduce/prevent the adhesion of monocytes/macrophages to 
endothelial cells has been reported in several studies even if the results are not always in agreement 
with each other. This could be due to the different compounds and doses tested. For example, Krga 
and colleagues reported a significant reduction in the adhesion process following delphinidin-3-
glucoside at all the concentrations tested, cyanidin-3-glucoside, galactoside and arabinoside at some 
concentrations (in the range between 0.1-2 µM), while peonidin-3-glucoside was effective only at the 
lowest concentration. Considering anthocyanin metabolites, protocatechuic acid reduced monocyte 
adhesion at all concentration tested, VA at 0.2 and 2 µM only, while ferulic and hippuric acids only 
at the high doses (1 and 2 µM) [22]. Another important factor of variability may depend on the 
experimental design adopted. In our study, peonidin-3-glucoside and VA were tested for 24h after 
an overnight stimulation with 100 ng mL-1 of TNF-α and a co-incubation with monocytes, while Krga 
and coworkers tested polyphenols at different times (3h for Peo-3-glc e and 18h for VA) and the 
stimulation with TNF-α was performed for 4h while monocyte co-incubation was limited to 15 min. 

The mechanisms of action through which polyphenols can reduce/prevent the adhesion process 
and consequently exert their anti-atherosclerotic effect are still not completely understood. It is 
widely recognized that atherosclerosis is a multifactorial process involving several pathways. It is 
also well-known that chronic inflammation may activate this process starting with the over-
expression and production of different cytokines, interleukins and adhesion molecules such E-
selectin, VCAM-1 and ICAM-1. E-selectins are a Ca2+-dependent transmembrane lectins, produced 
following different stimuli such as TNF-α, IL-1β and LPS, that permit the rolling of monocytes to 
endothelial cells. Moreover, this process enhances the expression of β2-integrin which allows the 
strong adhesion and the transmembrane migration of the monocytes at the endothelial level [23]. For 
this reason, E-selectin plays a major role and represents an important molecular target in the study 
of atherosclerosis. Together with E-selectin, also VCAM-1 represent important proteins involved in 
the initiation of the atherosclerotic process. In fact, the activation of endothelial cells stimulates the 
expression of VCAM-1 which are able to bind α4β1 integrin located on monocyte membrane, by 
determining the rolling-type adhesion and later the firm adhesion phase [24]. It has been observed 
that administration of monoclonal antibodies against VCAM-1 can reduce monocyte adhesion to 
endothelial cells and decrease plaque formation in apolipoprotein E-deficient (ApoE−/−) mice [25]. 
Few studies that examined the role of polyphenols on the modulation of E-selectin and VCAM-1 
expression/production have documented different results depending on the type of compound tested. 
For example, Warner et al. reported that phenolic metabolites of different flavonoids, but not their 
unmetabolized precursors were able to reduce the secretion of VCAM-1 in a range of concentration 
between 1 and 100 µM [26]. Similar results were reported by Kunts and colleagues, showing that 
microbial fermentation of an anthocyanin-rich grape/berry extract (50 µM) reduced the expression of 
adhesion molecules E-selectin, VCAM-1 and ICAM-1. However, this effect was dependent on the 
bacterial species and probably from their capacity to biotransform anthocyanins [27]. Amin et al. 
showed that the incubation of cyanidin-3-glucoside and different metabolites, in particular ferulic 
acid, at different concentrations (0.1, 1, and 10 µM) were able to alter the expression of VCAM-1 at 
physiologically relevant concentrations [28]. More recently, Calabriso et al., reported the capacity of 
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a biofortified bread polyphenol extract (containing mainly ferulic, sinapic and p-coumaric acid) to 
inhibit in a concentration dependent manner (1, 5, 10 μg mL-1), monocytes adhesion to LPS-
stimulated endothelial cells through a reduction in the expression of different adhesion molecules, 
with a significant effect on VCAM-1 [29]. In our in vitro model, Peo-3-glc and Pet-3-glc significantly 
inhibited the production of E-selectin at all tested concentrations while VA was effective only at the 
maximum dose according with the results on the adhesion process. Differently, Peo-3-glc was the 
only compound able to decrease the levels of VCAM-1 at physiologically-relevant concentrations 
while no effect was observed for Pet-3-glc, VA and MetGA confirming the results of our previous 
publication [20] and in lines with those found by others researchers [30,31] . Despite a low 
bioavailability of anthocyanins, we tested both physiologically relevant concentrations for these 
compounds (0.02 and 0.2 µM) and their metabolites (0.05, 0.5 and 5 µM) and supraphysiological 
concentrations (2 and 20 µM for anthocyanins and 50 µM for metabolites). Two recent reviews 
showed that anthocyanins, but also phenolic acids, are largely absorbed through gastric mucosa in 
amount around 20-25%. Therefore, they can be found in systemic circulation already after 30 minutes, 
as native or metabolic form, where they can exert their biological activities. The non-absorbed portion 
arrives to the small intestine in which is rapidly absorbed, probably through the involvement of 
SGLT-1 and GLUT2. Alternatively, may occur the formation of aglycones that can cross the intestinal 
barrier via simple diffusion. Afterwards, the last portion of non-absorbed anthocyanins arrives to the 
colon, where undergoes extensive metabolism by gut microbiota and a considerable amount of 
phenolic acids are obtained and absorbed [32,33]. 
The apparently low bioavailability of anthocyanins could be explained by the enormous diversity of 
molecules formed during the passage through gastrointestinal tract, wherein these compounds face 
various conditions. Consequently, a different effect of anthocyanins compared to their metabolites, 
may be outlined by their variable structures, chemical properties and thus heterogeneous capacity to 
interact with biological systems and to modulate target molecules. The presence of several functional 
groups, but also the size of the molecule or the different conformation could be all factors affecting 
the binding of these compounds to specific membrane receptors, the interaction with transcriptional 
factors or the capacity to act as free-radical scavenger. Moreover, the potential synergistic role of 
phenolic compounds on the regulation of the main processes in which they are involved should also 
be taken into account. 

The role of angiogenesis in atherosclerotic plaque progression is still not completely understood. 
Despite several in vitro studies shown that VEGF-induced angiogenetic process increases plaque 
instability, the administration of anti-angiogenic drugs (mainly anti-VEGF) for cancer therapy causes 
cardiovascular adverse effects in human studies. A recent review asserts that a long-term treatment 
of oncological patients with anti-VEGF drugs could promote cardiovascular adverse effect through 
hypertension, suggesting a different mechanism of action of VEGF inhibitors compared to in vitro 
studies that aims to evaluate the role of angiogenesis within the plaque [34]. Neocapillaries inside the 
atherosclerotic plaque are more fragile and can easily undergo a damage due to the high level of 
oxidative stress, mainly during later stage of atherosclerosis. This latter condition could lead to 
plaque rupture, one of the main factors responsible for cardiovascular events [4]. Arterial injuries are 
followed by arterio-intimal angiogenesis, that induces intimal hyperplasia and a subsequent intimal 
hemorrhage [35]. Repeated intraplaque hemorrhages play an essential and promoting role in plaque 
progression and rupture. Intraplaque hemorrhages are mainly induced by angiogenesis from the 
adventitia to the intima, where the atheroma starts to develop [5]. To support the hypothesis of the 
involvement of angiogenesis in atherosclerosis, Qiu et al. showed that arterial regions with higher 
shear stress also exhibit an elevated number of intraplaque microvessels, characterized by abnormal 
endothelial cells, in particular with intracytoplasmatic vacuoles and leukocyte infiltration that could 
lead to rupture-prone plaque formation [36]. In cancer research, multiple in vitro studies 
demonstrated the anti-angiogenic effect of anthocyanins, in particular concerning delphinidin, as a 
potential chemopreventive agent [37-39]. We found that Peo-3-glc, Pet-3-glc and their metabolites 
(VA and MetGA) reduced the levels of VEFG, corroborating the hypothesis of a protective 
mechanism of action through which these compounds inhibit angiogenesis within the atheroma, 
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therefore reducing atherosclerotic disease progression. Tanaka et al. using a purple rice extract and 
its constituents cyanidin and peonidin tested at 10 and 30 µL/ml on HUVECs and HRMECs showed 
a reduction of migration and proliferation. In detail, these polyphenols seem to act through the 
inhibition of ERK 1/2 and p38 pathways in reducing VEGF-induced angiogenesis [40]. Similar results 
were observed by Negrao et al. reporting that 1 µM of catechin was able to reduce migration and 
invasion capacity in smooth muscular cells. This latter effect seems to depend on the presence or 
absence of angiogenesis stimuli, such as VEGF, emphasizing a potential use of some phenolic 
compounds against pathological situations, where angiogenesis is stimulated [41]. Also, Calabriso et 
al. demonstrated that 0.1 to 10 µgmL-1 of olive oil polyphenol extract suppressed endothelial cells 
migration induced by VEGF. The inhibition was dose-dependent, and the lowest concentration 
reduced the migration by about 35% [42]. For the first time, Tsakiroglou et al. reported a different 
modulation of endothelial cells migration, through the regulation of RHOA and RAC1 (two proteins 
involved in cell motility), induced by anthocyanin and phenolic fraction from wild blueberries 
dependent on dose and compound. In detail, time-lapse videos showed that anthocyanin fraction at 
60 μg mL-1 decreased endothelial cells migration rate, while treatment with phenolic acid fraction at 
0.002 μg mL-1, 60 μg mL-1 and 120 μg mL-1 significantly increased endothelial cell migration rate [43]. 
Cerezo et al. tested a wide range of polyphenols on VEGF-dependent VEGFR2 activation. In 
particular, 11 of these phenolic compounds showed an IC50 < 1 µM, demonstrating to be the most 
effective, also at physiologically relevant concentrations. These compounds act binding to a specific 
site of VEGF avoiding the interaction with its receptor VEGFR2. The inhibitory potency is strongly 
correlated to the binding affinity that, in its turn, is related to structural features such as galloyl group 
at 3-position of flavan-3-ols, the degree of polymerization of procyanidin oligomers, the total number 
of hydroxyl groups on the B-ring and hydroxylation of position 3 on C-ring [44]. In a subsequent 
study, Perez-Moral et al. reported that polyphenols with a strong inhibitory effect toward VEGF, so 
having a lower IC50, demonstrated a higher formation of complexes between VEGF and polyphenols, 
vice versa for those having a higher IC50. Highlighting that the level of VEGF inhibition is strongly 
correlated to VEGF-polyphenol complex formation. To strengthen these last results, polyphenols 
with lower IC50 also demonstrated a lower dissociation rate constants and equilibrium dissociation 
constants, indicating a stronger interaction and higher affinity [45]. A recent review reported that the 
anti-angiogenic role of anthocyanins is more consistent compared to phenolic acids, for which results 
are still mixed. According to Tsakiroglou et al., this heterogeneity is mainly due to the use of different 
types, combinations and concentrations of the compounds tested, but also to different cell lines, co-
cultures and type of stimulation. Therefore, an enhanced scientific cooperation, using common 
extracts and experimental protocols, could lead to consensus among different studies, thereby 
formulating robust conclusions [46]. 

5. Conclusions

Taken together, our results have shown that Peo-3-glc and Pet-3-glc, but not VA and MetGA, decrease 
the attachment of monocytes to endothelial cells via E-selectin reduction. These results were 
documented both at physiological and supraphysiological concentrations providing further evidence 
on the capacity of polyphenols to blunt inflammation and to counteract the processes involved in the 
onset of atherosclerosis. Moreover, we documented for the first time, the important role of Peo-3-glc 
and Pet-3-glc, and their metabolites, to reduce VEGF and thus exert an important role on the 
modulation of angiogenesis.  
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2. Čejková, S.; Králová-Lesná, I.; Poledne, R. Monocyte adhesion to the endothelium is an initial stage of

atherosclerosis development. cor et vasa 2016, 58(4), e419–e425,

http://dx.doi.org/10.1016/j.crvasa.2015.08.002

3. Liao, J.K. Linking endothelial dysfunction with endothelial cell activation. Clin Invest 2013, 123(2), 540-

541, doi: 10.1172/JCI66843

4. Camaré, C.; Pucelle, M.; Nègre-Salvayre, A.; Salvayre, R. Angiogenesis in the atherosclerotic plaque.

Redox Biology 2017, 12, 18–34, doi: 10.1016/j.redox.2017.01.007

5. Michel, J.B.; Martin-Ventura, J.L.; Nicoletti, A.; Ho-Tin-Noé, B. Pathology of human plaque

vulnerability: Mechanisms and consequences of intraplaque haemorrhages. Atherosclerosis 2014, 234,

311e319, doi: 10.1016/j.atherosclerosis.2014.03.020

6. Crozier, A.; Yokota, T.; Jaganath, I.B.; Marks, S.; Saltmarsh, M.; Clifford, M.N. Secondary metabolites

as dietary components in plant-based foods and beverages. In Plant Secondary Metabolites: Occurrence,

Structure and Role in the Human Diet, edited by Crozier A, Clifford MN, and Ashi- hara H. Oxford:

Blackwell Publishing, 2006, pp. 208–302.

7. Martini, D.; Marino, M.; Angelino, D.; Del Bo', C.; Del Rio, D.; Riso, P.; Porrini, M. Role of berries in

vascular function: a systematic review of human intervention studies. Nutr Rev 2019, pii: nuz053, doi:

10.1093/nutrit/nuz053

8. Del Bo’, C.; Deon, V.; Campolo, J.; Lanti, C.; Parolini, M.; Porrini, M.; Klimis-Zacas, D.; Riso, P. A serving 

of blueberry (V. corymbosum) acutely improves peripheral arterial dysfunction in young smokers and

non-smokers: two randomized, controlled, crossover pilot studies. Food Funct 2017, 8, 4108, doi:

10.1039/c7fo00861a

9. Leyva-Soto, A.; Chavez-Santoscoy, R.A.; Lara-Jacobo, L.R.; Chavez-Santoscoy, A.V.; Gonzalez-Cobian,

L.N. Daily Consumption of Chocolate Rich in Flavonoids Decreases Cellular Genotoxicity and

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2020                   doi:10.20944/preprints202001.0113.v1

Peer-reviewed version available at Nutrients 2020, 12, 655; doi:10.3390/nu12030655

https://doi.org/10.20944/preprints202001.0113.v1
https://doi.org/10.3390/nu12030655


15 of 18 

Improves Biochemical Parameters of Lipid and   Glucose Metabolism. Molecules 2018, 23, 2220, 

doi:10.3390/molecules23092220 

10. Bondonno, N.P.; Bondonno, C.P.; Blekkenhorst, L.C.; Considine, M.J.; Maghzal, G.; Stocker, R.;

Woodman, R.J.; Ward, N.C.; Hodgson, J.M.; Croft, K.D. Flavonoid-Rich Apple Improves Endothelial

Function in Individuals at Risk for Cardiovascular Disease: A Randomized Controlled Clinical Trial.

Mol Nutr Food Res 2018, 62, 1700674, doi: 10.1002/mnfr.201700674

11. Grassi, D.; Draijer, R.; Schalkwijk, C.; Desideri, G.; D’Angeli, A.; Francavilla, S.; Mulder, T.; Ferri, C.

Black Tea Increases Circulating Endothelial Progenitor Cells and Improves Flow Mediated Dilatation

Counteracting Deleterious Effects from   a Fat Load in Hypertensive Patients: A Randomized

Controlled Study. Nutrients 2016, 8, 727, doi:10.3390/nu8110727

12. Guglielmi, F.; Luceri, C.; Giovannelli, L.; Dolara, P.; Lodovici, M. Effect of 4-coumaric and 3,4-

dihydroxybenzoic acid on oxidative DNA damage in rat colonic mucosa. Br J Nutr 2003, 89(5), 581-7,

doi: 10.1079/BJN2003849

13. Martín, M.A.; Serrano, A.B.; Ramos, S.; Pulido, M.I.; Bravo, L.; Goya, L. Cocoa flavonoids up-regulate

antioxidant enzyme activity via the ERK1/2 pathway to protectagainst oxidative stress-induced

apoptosis in HepG2 cells. J Nutr Biochem 2010, 21(3), 196-205, doi: 10.1016/j.jnutbio.2008.10.009

14. Iskender, H.; Yenice, G.; Dokumacioglu, E.; Kaynar, O.; Hayirli, A.; Kaya, A. The Effects of Dietary

Flavonoid Supplementation on the Antioxidant Status of Laying Hens. Brazilian Journal of Poultry

Science 2016, 18(4), 663-668, http://dx.doi.org/10.1590/1806-9061-2016-0356

15. Li, J.; Xu, L.; Sang, R.; Yu, Y.; Ge, B.; Zhang, X. Immunomodulatory and anti-inflammatory effects of

total flavonoids of Astragalus by regulating NF-ΚB and MAPK signalling pathways in RAW 264.7

macrophages. Pharmazie 1, 73(10), 589-593, doi: 10.1691/ph.2018.8633

16. Le Phuong Nguyen, T.; Fenyvesi, F.; Remenyik, J.; Homoki, J.R.; Gogolák, P.; Bácskay, I.; Fehér, P.;

Ujhelyi, Z.; Vasvári, G.; Vecsernyés, M.; Váradi, J.; Protective Effect of Pure Sour Cherry Anthocyanin

Extract on Cytokine-Induced Inflammatory Caco-2 Monolayers. Nutrients 2018, 10(7), pii: E861, doi:

10.3390/nu10070861

17. Ferrari, D.; Cimino, F.; Fratantonio, D.; Molonia, M.S.; Bashllari, R.; Busà, R.; Saija, A.; Speciale, A.

Cyanidin-3-O-Glucoside Modulates the In Vitro Inflammatory Crosstalk between Intestinal Epithelial

and Endothelial Cells. Mediators Inflamm 2017, 2017:3454023, doi: 10.1155/2017/3454023

18. Oak, M.H.; Auger, C.; Belcastro, E.; Park, S.H.; Lee, H.H.; Schini-Kerth, V.B. Potential mechanisms

underlying cardiovascular protection by polyphenols: Role of the endothelium. Free Radic Biol Med

2018, 122, 161-170, doi: 10.1016/j.freeradbiomed.2018.03.018

19. Jaipersad, A.S.; Lip, G.Y.; Silverman, S.; Shantsila, E.; The role of monocytes in angiogenesis and

atherosclerosis. J Am Coll Cardiol 2014, 63(1), 1-11, doi: 10.1016/j.jacc.2013.09.019

20. Del Bo', C.; Marino, M.; Riso, P.; Møller, P.; Porrini, M. Anthocyanins and metabolites resolve TNF-α-

mediated production of E-selectin and adhesion of monocytes to endothelial cells. Chem Biol Interact

2019, 300, 49-55, doi: 10.1016/j.cbi.2019.01.002

21. Del Bo', C.; Roursgaard, M.; Porrini, M.; Loft, S.; Møller, P.; Riso, P. Different effects of anthocyanins

and phenolic acids from wild blueberry (Vaccinium angustifolium) on monocytes adhesion to

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2020                   doi:10.20944/preprints202001.0113.v1

Peer-reviewed version available at Nutrients 2020, 12, 655; doi:10.3390/nu12030655

https://doi.org/10.20944/preprints202001.0113.v1
https://doi.org/10.3390/nu12030655


16 of 18 

endothelial cells in a TNF-α stimulated proinflammatory environment. Mol Nutr Food Res 2016, 60(11), 

2355-2366, doi: 10.1002/mnfr.201600178 

22. Krga, I.; Tamaian, R.; Mercier, S.; Boby, C.; Monfoulet, L.E.; Glibetic, M.; Morand, C.; Milenkovic, D.

Anthocyanins and their gut metabolites attenuate monocyte adhesion and transendothelial migration

through nutrigenomic mechanisms regulating endothelial cell permeability. Free Radic Biol Med 2018,

124, 364-379, doi: 10.1016/j.freeradbiomed.2018.06.027

23. McEver, R.P. Selectins: initiators of leucocyte adhesion and signalling at the vascular wall. Cardiovasc

Res 2015, 107(3), 331-9, doi: 10.1093/cvr/cvv154.

24. Klaus, L.; Yuqing, H. VCAM-1 is critical in atherosclerosis. J Clin Invest 2001, 107(10), 1209-1210, doi:

10.1172/JCI13005

25. Jong-Gil, P.; Su, Y.R.; In-Hyuk, J.; You-Han, L.; Kyung, J.K.; Mi-Ran, L.; Mi-Ni, L.; Seong, K.S.; Jeong,

H.L.; Hang, L.; Goo, T.O.; Kyungduk, M.; Hyunbo, S. Evaluation of VCAM-1 antibodies as therapeutic

agent for atherosclerosis in apolipoprotein E-deficient mice. Atherosclerosis 2013, 226(2), 356-363,

https://doi.org/10.1016/j.atherosclerosis.2012.11.029

26. Warner, E.F.; Zhang, Q.; Raheem, K..; O'Hagan, D.; O'Connell, M.A.; Kay, C.D. Common Phenolic

Metabolites of Flavonoids, but Not Their Unmetabolized Precursors, Reduce the Secretion of Vascular

Cellular Adhesion Molecules by Human Endothelial Cells. J Nutr. 2016, 146(3), 465-73, doi:

10.3945/jn.115.217943

27. Kuntz, S.; Kunz, C.; Domann, E.; Würdemann, N.; Unger, F.; Römpp, A.; Rudloff, S. Inhibition of Low-

Grade Inflammation by Anthocyanins after Microbial Fermentation in Vitro. Nutrients 2016, 8(7), 411,

doi:10.3390/nu8070411

28. Amin, H.P.; Czank, C.; Raheem, S.; Zhang, Q.; Botting, N.P.; Cassidy, A.; Kay, C.D. Anthocyanins and

their physiologically relevant metabolites alter the expression of IL-6 and VCAM-1 in CD40L and

oxidized LDL challenged vascular endothelial cells. Mol Nutr Food Res 2015, 59(6), 1095-106, doi:

10.1002/mnfr.201400803

29. Calabriso, N.; Massaro, M.; Scoditti, E.; Pasqualone, A.; Laddomada, B.; Carluccio, M.A. Phenolic

extracts from whole wheat biofortified bread dampen overwhelming inflammatory response in human 

endothelial cells and monocytes: major role of VCAM-1 and CXCL-10. Eur J Nutr 2019,

doi:10.1007/s00394-019-02109-y

30. Tang, J.S.; Bozonet, S.M,; McKenzie, J.L.; Anderson, R.F.; Melton, L.D.; Vissers, M.C.M. Physiological

Concentrations of Blueberry-Derived Phenolic Acids Reduce Monocyte Adhesion to Human

Endothelial Cells. Mol Nutr Food Res 2019, 63(18):e1900478, doi: 10.1002/mnfr.201900478

31. Krga, I.; Monfoulet, L.M.; Konic-Ristic, A.; Mercier, S.; Glibetic, M.; Morand, C.; Milenkovic, D.

Anthocyanins and their gut metabolites reduce the adhesion of monocyte to TNFa-activated

endothelial cells at physiologically relevant concentrations. Arch Biochem Biophys 2016, 599, 51-59,

https://doi.org/10.1016/j.abb.2016.02.006

32. Fang, J. Bioavailability of anthocyanins. Drug Metab Rev 2014, 46(4),508-20, doi:

10.3109/03602532.2014.978080

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2020                   doi:10.20944/preprints202001.0113.v1

Peer-reviewed version available at Nutrients 2020, 12, 655; doi:10.3390/nu12030655

https://doi.org/10.20944/preprints202001.0113.v1
https://doi.org/10.3390/nu12030655


17 of 18 

33. Fernandes, I.; Faria, A.; Calhau, C.; de Freitas, V.; Mateus, M. Bioavailability of anthocyanins and

derivatives. J Funct Foods 2014, 7, 54-66, https://doi.org/10.1016/j.jff.2013.05.010

34. Vasiliki, K.; Zerdes, I.; Manolakou, S.; Makris, Thomas.; Nihoyannopoulos, Petros.; Tousoulis, Dimitris.; 

Kallikazaros, I. Anti-VEGF Anticancer Drugs: Mind the Hypertension. Recent Advances in

Cardiovascular Drug Discovery 2014, 9(2), 63-72, doi: 10.2174/1574890110999150604114127

35. Sueishi, K.; Yonemitsu, Y.; Nakagawa, K.; Kaneda, Y.; Kumamoto, M.; Nakashima, Y. Atherosclerosis

and angiogenesis. Its pathophysiological significance in humans as well as in an animal model induced 

by the gene transfer of vascular endothelial growth factor. Ann N Y Acad Sci 1997, 811:311-22; 322-4,

doi: 10.1111/j.1749-6632.1997.tb52011.x

36. Qiu, J.; Lei, D.; Hu, J.; Yin, T.; Zhang, K.; Yu, D.; Wang, G. Effect of intraplaque angiogenesis to

atherosclerotic rupture-prone plaque induced by high shear stress in rabbit model. Regen Biomater

2017, 4(4), 215-222, doi: 10.1093/rb/rbx007

37. Lamy, S.; Blanchette, M.; Michaud-Levesque, J.; Lafleur, R.; Durocher, Y.; Moghrabi, A.; Barrette, S.;

Gingras, D.; Béliveau, R. Delphinidin, a dietary anthocyanidin, inhibits vascular endothelial growth

factor receptor-2 phosphorylation. Carcinogenesis 2006, 27(5), 989-96, doi: 10.1093/carcin/bgi279

38. Keravis, T.; Favot, L.; Abusnina, A.A.; Anton, A.; Justiniano, H.; Soleti, R.; Alabed Alibrahim, E.; Simard,

G.; Andriantsitohaina, R.; Lugnier, C. Delphinidin Inhibits Tumor Growth by Acting on VEGF

Signalling in Endothelial Cells. PLoS One 2015, 10(12), doi: 10.1371/journal.pone.0145291

39. Kim, M.H.; Jeong, Y.J.; Cho, H.J.; Hoe, H.S.; Park, K.K.; Park, Y.Y.; Choi, Y.H.; Kim, C.H.; Chang, H.W.;

Park, Y.J.; Chung, I.K.; Chang, Y.C. Delphinidin inhibits angiogenesis through the suppression of HIF-

1α and VEGF expression in A549 lung cancer cells. Oncol Rep 2017, 37(2), 777-784, doi:

10.3892/or.2016.5296

40. Tanaka, J.; Nakamura, S.; Tsuruma, K.; Shimazawa, M.; Shimoda, H.; Hara, H. Purple rice (Oryza sativa 

L.) extract and its constituents inhibit VEGF-induced angiogenesis. Phytother Res 2012, 26(2), 214-22,

doi: 10.1002/ptr.3533

41. Negrão, R.; Costa, R.; Duarte, D.; Gomes, T.T.; Azevedo, I.; Soares, R. Different effects of catechin on

angiogenesis and inflammation depending on VEGF levels. J Nutr Biochem 2013, 24(2), 435-44, doi:

10.1016/j.jnutbio.2011.12.011

42. Calabriso, N.; Massaro, M.; Scoditti, E.; D'Amore, S.; Gnoni, A.; Pellegrino, M.; Storelli, C.; De Caterina,

R6.; Palasciano, G.; Carluccio, M.A. Extra virgin olive oil rich in polyphenols modulates VEGF-induced

angiogenic responses by preventing NADPH oxidase activity and expression. J Nutr Biochem 2016, 28, 

19-29, doi: 10.1016/j.jnutbio.2015.09.026

43. Tsakiroglou, P.; Weber, J.; Ashworth, S.; Del Bo’, C.; Klimis-Zacas, D. Phenolic and anthocyanin

fractions from wild blueberries (V. angustifolium) differentially modulate endothelial cell migration

partially through RHOA and RAC1. J Cell Biochem 2019, doi: 10.1002/jcb.28383

44. Cerezo, A.B.; Winterbone, M.S.; Moyle, C.W.; Needs, P.W.; Kroon, P.A. Molecular structure-function

relationship of dietary polyphenols for inhibiting VEGF-induced VEGFR-2 activity. Mol Nutr Food Res

2015, 59(11), 2119-31, doi: 10.1002/mnfr.201500407

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2020                   doi:10.20944/preprints202001.0113.v1

Peer-reviewed version available at Nutrients 2020, 12, 655; doi:10.3390/nu12030655

https://doi.org/10.20944/preprints202001.0113.v1
https://doi.org/10.3390/nu12030655


18 of 18 

45. Perez-Moral, N.; Needs, P.W.; Moyle, C.W.A.; Kroon, P.A. Hydrophobic Interactions Drive Binding

between Vascular Endothelial Growth Factor-A (VEGFA) and Polyphenolic Inhibitors. Molecules 2019,

24(15), doi: 10.3390/molecules24152785

46. Tsakiroglou, P.; VandenAkker, N.E.; Del Bo', C.; Riso, P.; Klimis-Zacas, D. Role of Berry Anthocyanins

and Phenolic Acids on Cell Migration and Angiogenesis: An Updated Overview. Nutrients 2019, 11(5),

pii: E1075, doi: 10.3390/nu11051075.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2020                   doi:10.20944/preprints202001.0113.v1

Peer-reviewed version available at Nutrients 2020, 12, 655; doi:10.3390/nu12030655

https://doi.org/10.20944/preprints202001.0113.v1
https://doi.org/10.3390/nu12030655

