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Abstract 23 

This study investigated the capacity of an anthocyanin-rich fraction (ACN-RF) from blueberry, single 24 

anthocyanins (cyanidin, delphinidin and malvidin-3-glucoside; Cy, Dp and Mv-3-glc) and related 25 

metabolites (protocatechuic, gallic and syringic acid; PrA, GA and SA) to resolve an inflammation-26 

driven adhesion of monocytes (THP-1) on endothelial cell (HUVECs) and secretion of cell adhesion 27 

molecules E-selectin and vascular cell adhesion molecule 1 (VCAM-1). 28 

The adhesion of THP-1 to HUVECs was induced by tumour necrosis factor α (TNF-α, 100 ng mL-1). 29 

Subsequently, ACN-RF, single ACNs and metabolites (from 0.01 to 10 μg mL-1) were incubated for 30 

24 h. The adhesion was measured in a fluorescence spectrophotometer. E-selectin and VCAM-1 were 31 

quantified by ELISA. No toxicological effects were observed for the compounds and the doses tested. 32 

ACN-RF and Mv-3-glc reducedTHP-1 adhesion at all the concentrations with the maximum effect at 33 

10 μg/ml (-60.2% for ACNs and-33.9% for Mv-3-glc). Cy-3-glc decreased the adhesion by about 34 

41.8% at 10 μg mL-1, while PrA and GA reduced the adhesion of THP-1 to HUVECs both at 1 and 35 

at 10 μg mL-1 (-29.5% and -44.3% for PrA, respectively, and -18.0%and -59.3% for GA, 36 

respectively). At the same concentrations a significant reduction of E-selectin, but notVCAM-1 37 

levels, was documented. No effect was observed following Dp-3-glc and SA supplementation. 38 

Overall, ACNs and metabolites seem to resolve, in a dose-dependent manner, the inflammation-39 

driven adhesion of THP-1 to HUVECs by decreasing E-selectin concentrations. Interestingly, Mv-3-40 

glc was active at physiologically relevant concentrations.  41 
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1. INTRODUCTION 42 

Anthocyanins (ACNs) are a group of abundant and widely consumed flavonoids providing the red, 43 

blue, and violet colours in fruit- and vegetable-based food products. The dietary intake of ACNs is 44 

up to 9-fold higher than that of other dietary flavonoids. Epidemiological studies have found an 45 

inverse association between the consumption of ACNs and risk of cardiovascular diseases [1-6]. Their 46 

role in prevention of cardiovascular disease is strongly linked to the protection against oxidative stress 47 

and inflammation [7-10]. Atherosclerosis is the main underlying cause of cardiovascular disease in 48 

humans. The early stage, i.e. atherogenesis, is characterized by activation of endothelial cells to 49 

express cell adhesion molecules and recruit monocytes. This process is identical to the vascular 50 

responses to tissue inflammation, which resolves when the underlying cause of inflammation (e.g. an 51 

invading infectious agent) has been removed. However, the prolonged inflammatory milieu in early 52 

atherosclerotic foci stimulates the transformation of monocytes foam cell [11]. 53 

It has been shown that ACNs prevent endothelial cell dysfunction by modulating the expression and 54 

activity of several enzymes involved in nitric oxide production [12-13]. Furthermore, recent evidence 55 

suggests that ACNs can down-regulate the expression of adhesion molecules and prevent the adhesion 56 

of monocytes to endothelial cells challenged by pro-inflammatory cytokines [12;14]. The absorption 57 

of ACNs is low (<1%), but most of them are rapidly transformed by human gut to metabolic products, 58 

reaching a plasmatic concentration much higher than that of parental ACNs, indicating their 59 

contribution in the biological activity observed should be considered [15]. We have reported that 60 

ACNs and phenolic acid-rich fractions from a wild blueberry powder counteracted the adhesion of 61 

monocyte to endothelial cells in a pro-inflammatory milieu [16]. In the same study, single ACNs and 62 

certain gut metabolites (delphinidin-3-glc and gallic acid) prevented the attachment of monocytes to 63 

endothelial cells, while malvidin-3-glc and syringic acid exacerbated the adhesion process [16]. 64 

In the present study, we investigated the capacity of the same ACNs to resolve an inflammatory 65 

process by reducing the adhesion of monocytes to activated endothelial cells and the production of 66 

vascular adhesion molecules as potential mechanisms in the atherogenesis. To this end, monocytic 67 
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(THP-1) cells were cultured with human umbilical endothelial cells (HUVECs) in the presence of the 68 

pro-inflammatory cytokine tumour necrosis factor-alpha (TNF-α) to promote the expression of cell 69 

adhesion molecules and interaction between the cells. TNF-α is produced by immune cells and it 70 

stimulates endothelial cells to express adhesion molecules, including E-selectin, vascular cell 71 

adhesion molecule-1 (VCAM-1) as well as chemokines (i.e. interleukin-8 and monocyte 72 

chemoattractant protein-1) that promote the recruitment of monocytes to inflamed luminal 73 

endothelium and induce their adhesion to endothelial cells at the site of activation [17]. The 74 

expression of E-selectin occurs early following stimulation of pro-inflammatory cytokines such as 75 

TNF- in endothelial cells (4 and 6 h after stimulation and remains elevated up to 24 h) [18]. E-76 

selectin mediates the initial attachment of free-flowing leukocytes to the arterial wall, while the 77 

expression of VCAM-1 provides a stronger interaction between leukocytes and endothelial cells and 78 

mediates the transmigration of the cells into the tissue [18-19].Cytokine-induced expression, and 79 

subsequent down-regulation after cessation of exposure, in endothelial cells occurs later for VCAM-80 

1 than E-selectin [20]. We assessed the production of E-selectin and VCAM-1 to cover this “early” 81 

and “late” phase of the endothelial production of cell adhesion proteins. 82 

2. MATERIALS AND METHODS 83 

2.1 Reagents 84 

Standard of cyanidin, delphinidin and malvidin-3-glucoside (Cy, Dp and Mv-3-O-glc) were obtained 85 

from Polyphenols Laboratory (Sandes, Norway), while those of gallic, protocatechuic, and syringic 86 

acid (GA, PrA and SA) from Sigma-Aldrich (St. Louis, MO, USA). Human Endothelial Cells Basal 87 

Medium and Human Endothelial Cells Growth Supplement were purchased from Tebu-Bio 88 

(Magenta, MI, Italy). Hanks balanced salt solution, foetal bovine serum (FBS), TNF-α were from 89 

Sigma-Aldrich (St. Louis, MO, USA). Gentamin, RPMI-1640, HEPES, Sodium Pyruvate, trypsin-90 

EDTA were from Life Technologies (Monza Brianza, MB, Italy)while the 5-91 

Chloromethylfluorescein Diacetate (CellTrackerTM Green CMFDA) from Invitrogen (Carlsbad, CA, 92 
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USA).Hydrochloric acid and methanol were purchased from Merck (Darmstadt, Germany), while 93 

water was obtained from a Milli-Q apparatus (Millipore, Milford, MA).  94 

2.2 Preparation and characterization of the ACN-rich fraction, single anthocyanins and 95 

metabolites 96 

The extraction of the ACN-rich fraction from a wild blueberry powder (Future Ceuticals, Momence, 97 

IL, USA)was performed as reported by Del Bo’ et al. [16]. The fraction was characterized for the 98 

content of ACNs, phenolic acids as well as other bioactives as previously published [16]. The total 99 

ACN content was  45.11 ± 0.35 mg mL-1 and constituted predominantly of Mv-3-glc (about 26%), 100 

Mv-3-gal (15%) followed by Dp-3-glc (9%) and Petunidin-3-glc (8%). No phenolic acids or other 101 

bioactives were detectable. 102 

Lyophilized standards of Mv, Cy, Dp-3-O-glc (native compounds) and SA, PrA and GA 103 

(corresponding metabolites) are shown in Figure 1. The standards were prepared as previously 104 

reported [16]. These single compounds were tested since found in the blood stream of volunteers after 105 

consumption of a blueberry portion [21]. 106 

2.3 Cell culture and viability 107 

Human umbilical vein endothelial cells (HUVECs; Tebu-Bio SrL, Magenta, MI, Italy) were cultured 108 

in endothelial cell growth medium kit containing 2% serum at 37°C and 5% CO2 until reaching 109 

confluence (generally after 1 week). THP-1 cells were grown in a complete RPMI cell media (RPMI-110 

1640 medium supplemented with 1% HEPES, 1% sodium pyruvate, 0.1% gentamicin, and 10% FBS 111 

at 37 °C and 5% CO2 and maintained in culture for up to 3 months.  112 

Cell viability was performed for each compound and concentration by Trypan blue and (3-(4,5-113 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, showing cells viability above 114 

90% as previously published [16]. 115 

2.4 THP-1 adhesion to HUVECs 116 

An aliquot of 2x104 HUVECs was seeded on 0.1% gelatine pre-coated 96-well black plate and 117 

maintained at 37°C and 5% CO2 for 24h.Subsequently, monocytic (2x106) THP-1 cells (American 118 
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Type Culture Collection, Manassas, VA, USA) were re-suspended in 1 mL serum free RPMI cell 119 

medium (containing 1% HEPES, 1% sodium pyruvate, 0.1% gentamicin) and labelled with 120 

CellTrackerTM Green CMFDA (1 µM, 30 min at 37°C and 5% CO2). THP-1 were washed twice, re-121 

suspended in HUVEC medium (2x105 cells mL-1density) and added to HUVECs with TNF-α (100 122 

ng mL-1). After 24 h incubation (37°C, 5% CO2) medium was removed and 200 μL of new medium, 123 

containing the single ACNs (Mv, Cy and Dp-3-glucoside) and their corresponding metabolites (SA, 124 

PrA and GA, respectively) was added at the concentrations of 0.01, 0.1, 1 and 10µg mL-1 for 24 h at 125 

37°C and 5% CO2. Then, media was collected and stored at -80°C until analysis. Cells were rinsed 126 

twice before the measure of the fluorescence (excitation: 485 nm, emission: 538 nm; mod. F200 127 

Infinite, TECAN Milan, Italy). The level of fluorescence is associated with the number of labeled-128 

THP-1 cells attached to the HUVECs. The results derive from three independent experiments in 129 

which each concentration was tested in quintuplicate. Data are reported as fold increase compared to 130 

the control cells without stimulation with TNF-α or bioactive compounds.  131 

2.5 Visualization at the microscope 132 
 133 
The adhesion of THP-1 to HUVECs was visualized at the microscope. HUVEC (4x104/well) were 134 

seeded onto 0.1 % gelatin pre-coated 12-well plate for 24 h. THP-1 (8x104/well) were stained with 135 

CellTrackerTM Green CMFDA and added with TNF-α to HUVECs as previously reported. After 136 

treatment, cells were rinsed with Hank solution in order to remove the non adherent cells and 137 

inspected with an inverted wide-field microscope with 10 × magnifications. 138 

 139 

2.6 Determination of soluble VCAM-1 and E-selectin concentration in cell supernatant 140 

The concentrations of soluble VCAM-1 and E-selectin, in recovered cell culture supernatants, were 141 

quantified by ELISA kits according to the manufacture’s instruction. The analyses were conducted 142 

in quadruplicate and the results derived from three independent experiments. 143 

2.7 Statistical analysis 144 
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One-way ANOVA was applied to verify the effect of the different concentrations of ACNs and 145 

metabolites on fold increase THP-1 adhesion to HUVECs and on percentage changes in soluble 146 

VCAM-1 and E-selectin concentration. Differences between treatments was assessed by the Least 147 

Significant Difference (LSD) test with p<0.05 as level of statistical significance. Results are reported 148 

as mean ± standard error of mean. The statistical analysis was performed by means of STATISTICA 149 

software (Statsoft Inc., Tulsa, OK, USA). 150 

 151 

3. RESULTS 152 

3.1 Effect of ACN-rich fraction on monocytes adhesion process 153 

In Figure 2 are reported the effects of ACN-RF on THP-1 adhesion to HUVECs. There was a 154 

significant increase in THP-1 cell adhesion to HUVECs following stimulation with TNF-α 155 

(p<0.0001), while the incubation with ACN-RF significant reduced the process (p<0.0001) at all the 156 

concentrations tested (from 0.01 to 10 μg mL-1).The maximum effect of reduction was observed at 157 

10 µg mL-1 (-60.2%) with respect to the control with TNF-α.  158 

 159 

3.2Effect of anthocyanins and metabolic products on monocytes adhesion process 160 

Figure 3 (A-C) shows the results on THP-1 adhesion to HUVECs after incubation with the single 161 

ACNs. The incubation with Mv-3-glc significantly decreased (p<0.0001) the adhesion of monocytes 162 

to HUVECs at all the concentrations tested (from 0.01 to 10 μg mL-1) compared to TNF- (Fig. 3A). 163 

The maximum reduction was observed for the concentration at 10 µg mL-1 (-33.9%; p<0.0001) as 164 

also reported in Figure 4 that shows the adhesion of labelled THP-1 to endothelial cells following 24 165 

h stimulation with TNF-α (A), TNF-α + 10 µg/mL Mv-3-glc (B) and control (C).  Regarding Cy-3-166 

glc, a significant reduction in the adhesion of THP-1 to HUVEC was observed only at 10 μg mL-1 (-167 

41.8%; p<0.01) (Fig. 3B), while no significant effect was found for Dp-3-glc (Fig. 3C).  168 

Figure 5 (A-C) reports the results on THP-1 adhesion to HUVECs after incubation with SA, PrA and 169 

GA (metabolites of Mv-3-glc, Cy-3-glc, and Dp-3-glc, respectively). No significant effect was 170 
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observed following SA supplementation (Fig. 5A) in line with the results reported in Fig. 4 that shows 171 

the adhesion of labelled THP-1 to endothelial cells following stimulation with TNF-α + 10 µg/mL 172 

SA (D). The supplementation with PrA (Fig. 5B) and GA (Fig. 5C) significantly decreased the 173 

adhesion of monocytes to endothelial cellsat 1 µg mL-1 (-18.0%; p<0.05 for GA, -29.5%; p<0.05 for 174 

PrA) and 10 µg mL-1 (-59.3%; p<0.001 for GA, -44.3%; p<0.01 for PrA) compared to TNF-.  175 

3.3 Effect of anthocyanins and metabolic products on soluble E-selectin and VCAM-1 levels in 176 

cell supernatant 177 

Table 1 shows the levels of E-selectin quantified in the cell supernatant following incubation with 178 

ACNs and metabolites. There was a significant increase in E-selectin following stimulation with 179 

TNF- compared to negative control (without TNF-). The incubation of cells with Mv-3-glc 180 

significantly reduced (p<0.001) the levels of E-selectin at all concentrations tested. This reduction 181 

was not concentration dependent and the maximum effect was observed at 0.01 and 0.1 μg mL-1 (-182 

66% and -67%, respectively). Cy-3-glc reduced the E-selectin concentration at 10μg mL-1 (-72%; 183 

p<0.01), PrA at 1 and 10 μg mL-1 (-74 and -76%; p<0.001, respectively), and GA at 1μg mL-1 (-34%; 184 

p<0.01) and 10 µg mL-1 (-40%; p<0.01). No effect was found after Dp-3-glc and SA incubation in 185 

line with the lack of the positive effect on the adhesion of THP-1 to HUVECs. 186 

The levels of VCAM-1 quantified in the cell supernatant following incubation with ACNs and 187 

metabolites are reported in Table 2. There was a significant increase (p<0.05) following stimulation 188 

with TNF- compared to negative control (without TNF-). However, no significant effect was 189 

observed following incubation with ACNs and gut metabolites. 190 

 191 

4. DISCUSSION 192 

Chronic inflammation is a common factor in endothelial dysfunction and atherosclerosis 193 

[11;22]. Different cell models have been used to assess the interaction between endothelial cells and 194 

monocytic cell lines (e.g. THP-1, U937, MonoMAC) or freshly isolated leukocytes as early event in 195 
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atherosclerosis. We obtained a two-fold increase in attachment of THP-1 cells to HUVECs which is 196 

in line with earlier observations with the same co-culture [23-24]). The TNF-induced attachment of 197 

monocytic U937 cells to endothelial cells seems to be in the range of a 2-3-fold increase [25-26], 198 

whereas MonoMAC cells may have higher sensitivity and response to TNF-mediated adhesion to 199 

HUVECs (i.e. 6-fold increase at 10 µg/mL TNF-) [27] Poussin 2014).  200 

In the last years, several studies have focused on the mechanisms through which polyphenols 201 

modulate the adhesion process and the vascular inflammation [28-29]. Here we evaluated the capacity 202 

of Mv, Cy, and Dp-3-glc, and corresponding metabolites, to resolve an inflammation-driven adhesion 203 

of THP-1 to HUVECs and the production of vascular adhesion molecules. The results obtained 204 

documented that ACN-RF and Mv-3-glc had an effect at all the concentrations tested, while Cy-3-205 

glc, GA and PrA resolved the adhesion process only at the high concentrations (1 and 10 µg mL-206 

1).These findings are in contrast with those documented in a previous experiment, in which Mv-3-glc 207 

led to an exacerbation of the adhesion process, while Cy and PrA failed to affect the interaction 208 

between monocytes and endothelial cells [16]. In light of our results, we hypothesize that these 209 

compounds are more active in resolving than preventing the adhesion process. In vitro studies 210 

reported a beneficial effect on the prevention of atherogenesis only at supra-physiological 211 

concentrations in according with our findings [25-33]. However, recent in vitro studies showed a 212 

positive effect of ACNs, phenolic acids and gut metabolites also at physiological relevant 213 

concentrations [34-35]. For example, Kraga et al., [35] reported that Cy-3-glucoside, galattoside and 214 

arabinoside, as well as Dp and Peondin-3-glucoside and phenolic acids/gut metabolites (vanillic acid, 215 

ferulic acid, hippuric acid, 4-hydroxybenzaldehyde and PrA) decreased the adhesion of monocytes to 216 

HUVECs from 0.1 to 2 µM. The effect was also confirmed when ACNs and phenolic acids were used 217 

as a mix, suggesting an additive effect of the compounds.  218 

In our experimental conditions, the reduction of adhesion of THP-1 to TNF-α-activated 219 

HUVECs after supplementation with ACNs and metabolites can be attributed to different non-220 

specific and/or specific complex mechanisms of action. Further insight into the mechanisms can be 221 
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gained by high content screening and transcriptomics of inflammatory and oxidative stress pathways 222 

as used in co-culture studies of monocytes and HUVECs [36]. Inhibition of NF-κB activity could 223 

have reduced the synthesis of numerous cytokines by decreasing the levels of inflammation at 224 

endothelial level. In this regard, the inhibition of pro-inflammatory cytokines such as TNF- and the 225 

reduction of leukocyte adhesion to endothelial cells are key mechanisms in the control of 226 

atherogenesis and atherosclerosis. Moreover, ACNs have a pivotal role in the modulation of mitogen-227 

activated protein kinase pathways implicated in several cellular processes including proliferation, 228 

differentiation, apoptosis, cell survival, cell motility, metabolism, stress response and inflammation 229 

[8]. Alternatively, the use of ACNs and phenolic acids may repress the secretion of chemokine (C-C 230 

motif) ligand 2 (MCP-1), which pilots the migration of monocytes toward the intracellular cleft 231 

between adjacent endothelial cells, or reduce the production of adhesion molecules such as VCAM-232 

1, ICAM-1 and E-selectin that regulate the recruitment of monocytes into atherosclerosis-prone area. 233 

In our experimental conditions, we found that the alleviating effects on cell adhesion, induced by the 234 

single compounds, were associated with changes in the levels of E-selectin, but not VCAM-1 levels. 235 

We found that Mv-3-glc was more effective in reducing the production of E-selectin compared to the 236 

other compounds tested. In fact, the decrease was observed both at low and high concentrations, while 237 

for Cy-3-glc, PrA and GA the effects were detected only at the high doses. The increased E-selectin 238 

production at high concentration may be due to a stimulation of the cells as also shown in a previous 239 

study where Mv-glc led to an exacerbation of the adhesion process [16]. Dp-3-glc and SA 240 

supplementation did not show any reduction in line with the lack of an effect on THP-1 adhesion to 241 

HUVECs. Conversely, different studies report changes in the expression/levels of VCAM-1, ICAM-242 

1, other than E-selectin, following ACNs and metabolites supplementation; most of them showed a 243 

beneficial effect only at supra-physiological concentrations. For example, Ferrari et al., [38] 244 

demonstrated that Cy-3-glc (20 μM) counteracted the acute pro-inflammatory effects of TNF-α in 245 

HUVECs, reduced leukocyte recruitment from microcirculation, and decreased the gene expression 246 

levels of E-selectin and VCAM-1. Huang et al., [39] reported that the supplementation with different 247 
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concentrations of Mv-3-glc (1-100µM) inhibited the TNF-α-induced inflammatory response in a 248 

concentration-dependent manner and reduced the production of MCP-1, ICAM-1 and VCAM-1 in 249 

endothelial cells. Nizamutdinova and colleagues [40] found that ACNs from black soybean seed coats 250 

(rich in Cy, Dp and Petunidin-3-glucoside) reduced TNF--mediated VCAM-1 induction in a 251 

concentration-dependent manner (10, 50, and 100 μg/mL), but not ICAM-1 in HUVEC. Amin et al., 252 

[41] showed that simulated human vascular endothelial cells with oxidized-LDL and co-treated with 253 

Cy-3-glc (0.1, 1, and 10 µM concentrations) significantly reduced VCAM-1 protein production. In 254 

addition, phenolic acids affected the expression and the levels of adhesion molecules. Warner et al., 255 

[42] tested the capacity of 20 different phenolic acids to reduce the secretion of VCAM-1 in activated 256 

TNF-α endothelial cells showing a significant effect for PrA in a concentration-dependent manner (1-257 

100 μM). Similar results were also found following vanillic, isovanillic, ferulic, hyppuric acids and 258 

derivates supplementation [37;41-42]. 259 

 260 

5. CONCLUSIONS  261 

In conclusion, this study documented the capacity of Mv-3-glc, Cy-3-glc, PrA and GA to reverse an 262 

atherogenic condition. This reduction can be explained by a significant decrease in the adhesion of 263 

monocytes to endothelial cells and in the production of E-selectin, but not VCAM-1 in the present 264 

short-term incubation period. Mv-3-glc seems the most potent anti-atherogenic compound since it 265 

actives both at supraphysiological and physiological concentrations.  266 

 267 

6. ACKNOWLEGMENTS 268 

Cristian Del Bo’ designed the study, performed the experiments and wrote the first draft of the 269 

manuscript. Mirko Marino performed the analysis and reviewed the manuscript. Peter Moller and 270 

Patrizia Riso critically revised the manuscript. Marisa Porrini supported the research, supervised the 271 

analysis and critically revised the manuscript.  272 



12 

 

We would like to thank Mr. Lorenzo Battisti, Alessandro Moreletti and Miss Maria Tsoumis for their 273 

help and support in cell growth.  The authors are grateful for support granted by Ministero delle 274 

Politiche Agricole, Alimentari, Forestali e del Turismo (Mipaaft) and the European Joint 275 

Programming Initiative “A Healthy Diet for a Healthy Life” (JPI HDHL) MaPLE. 276 

  277 



13 

 

7. REFERENCES 278 

 279 
[1] Wallace TC. Anthocyanins in cardiovascular disease. AdvNutr. 2011;2(1):1-7.  280 

[2] Wallace TC, Slavin M, Frankenfeld CL. Systematic review of anthocyanins and markers of 281 

cardiovascular disease. Nutrients 2016;8(1)pii: E32. 282 

[3] Cassidy A, Bertoia M, Chiuve S, Flint A, Forman J, Rimm, EB. Habitual intake of anthocyanins 283 

and flavanones and risk of cardiovascular disease in men. Am J ClinNutr. 2016;104:587-94 284 

[4] Visioli F. Davalos A. Polyphenols and cardiovascular disease: a critical summary of the evidence. 285 

Mini Rev Med Chem. 2011;11:1186-90. 286 

[5] Williamson G. The role of polyphenols in modern nutrition. Nutr Bull. 2017;42:226-235. 287 

[6] Yang L, Ling W, Du Z, Chen Y, Li D, Deng S, Liu Z, Yang L. Effects of anthocyanins on 288 

cardiometabolic Health: A systematic review and meta-analysis of randomized controlled trials. 289 

AdvNutr. 2017;8(5):684-693. 290 

[7] Cerletti C, De Curtis A, Bracone F, Digesù C, Morganti AG, Iacoviello L, et al. Dietary 291 

anthocyanins and health: data from FLORA and ATHENA EU projects. Br J ClinPharmacol. 292 

2017;83:103-106. 293 

[8] Vendrame S. Klimis-Zacas D. Anti-inflammatory effect of anthocyanins via modulation of 294 

nuclear factor-kB and mitogen-activated protein kinase signaling cascades. Nutr Rev. 295 

2015;73:348–358. 296 

[9] Aboonabi A & Singh I. Chemopreventive role of anthocyanins in atherosclerosis via activation of 297 

Nrf2-ARE as an indicator and modulator of redox. Biomed Pharmacother. 2015;72:30-6. 298 

[10] Cassidy A, Rogers G, Peterson JJ, Dwyer JT, Lin H, Jacques PF. Higher dietary anthocyanin 299 

and flavonol intakes are associated with anti-inflammatory effects in a population of US adults. 300 

Am J Clin Nutr. 2015;102:172-81. 301 

[11] Libby P. Inflammation in atherosclerosis. Arterioscler Thromb Vasc Biol. 2012;32:2045-51. 302 



14 

 

[12] Speciale A, Cimino F, Saija A, Canali R, Virgili F. Bioavailability and molecular activities of 303 

anthocyanins as modulators of endothelial function. Genes Nutr. 2014;404:1–19. 304 

[13] Ziberna L, Lunder M, Tramer F, Drevenšek G, Passamonti S. The endothelial plasma membrane 305 

transporter bilitranslocase mediates rat aortic vasodilation induced by anthocyanins. Nutr Metab 306 

Cardiovasc Dis. 2013;23:68-74. 307 

[14]Bahramsoltani R, Ebrahimi F, Farzaeim MH, Baratpourmoghaddam A, Ahmadi P, 308 

Rostamiasrabadi P, et al. Dietary polyphenols for atherosclerosis: A comprehensive review and 309 

future perspectives. Crit Rev Food SciNutr.2017;16:1-19. 310 

[15] Edwards M, Czank C, Woodward GM, Cassidy A, Kay CD. Phenolic metabolites of 311 

anthocyanins modulate mechanisms of endothelial function. J Agric Food Chem. 2015;63:2423-312 

31. 313 

[16] Del Bo' C, Roursgaard, M, Porrini M, Loft S, Møller P, Riso P. Different effects of anthocyanins 314 

and phenolic acids from wild blueberry (Vacciniumangustifolium) on monocytes adhesion to 315 

endothelial cells in a TNF-α stimulated proinflammatory environment. Mol Nutr Food Res. 316 

2016;60:2355-2366. 317 

[17] McKellar GE, McCarey DW, Sattar N, McInnes IB. Role for TNF in atherosclerosis? Lessons 318 

from autoimmune disease. Nat Rev Cardiol. 2009;6:410-7. 319 

[18] Roldán V, Marín F, Lip GY, Blann A. Soluble E-selectin in cardiovascular disease and its risk 320 

factors. A review of the literature. Thromb Haemost. 2003;90:1007-20. 321 

[19] Blankenberg S, Barbaux S, Tiret L. Adhesion molecules and atherosclerosis. Atherosclerosis. 322 

2003;170:191-203. 323 

[20] Scholz D, Devaux B, Potzsch B, Kropp B. Schaper W, Schaper J. Expression of adhesion 324 

molecules is specific and time dependent in cytokine stimulated endothelial cells in culture. Cell 325 

Tissue Res 1996; 284: 415-23. 326 

[21] Del Bo' C, Riso P, Brambilla A, Gardana C, Rizzolo A, Simonetti P, Bertolo G, Klimis-Zacas 327 

D, Porrini M. Blanching improves anthocyanin absorption from highbush blueberry ( Vaccinium 328 



15 

 

corymbosum L.) purée in healthy human volunteers: a pilot study. J Agric Food Chem. 329 

2012;60:9298-304. 330 

[22] Pant S, Deshmukh A, Gurumurthy GS, Pothineni NV, Watts TE, Romeo F, Mehta JL. 331 

Inflammation and atherosclerosis--revisited. J Cardiovasc Pharmacol Ther. 2014;19:170-8. 332 

[23] Forchhammer L, Loft S, Roursgaard M, Cao Y, Riddervold IS, Sigsgaard T, Møller P. 333 

Expression of adhesion molecules, monocyte interactions and oxidative stress in human 334 

endothelial cells exposed to wood smoke and diesel exhaust particulate matter. Toxicol Lett. 335 

2012;209:121-8. 336 

[24] Cao Y, Roursgaard M, Danielsen PH, Møller P, Loft S. Carbon black nanoparticles promote 337 

endothelial activation and lipid accumulation in macrophages independently of intracellular ROS 338 

production. PLoS One. 2014;9(9):e106711. 339 

[25] Montiel-Dávalos A, Alfaro-Moreno E, López-Marure.  RPM2.5 and PM10 induce the expression 340 

of adhesion molecules and the adhesion of monocytic cells to human umbilical vein endothelial 341 

cells. Inhal Toxicol. 2007;19 Suppl 1:91-8. 342 

[26] Ramos-Godínez Mdel P, González-Gómez BE, Montiel-Dávalos A, López-Marure R, Alfaro-343 

Moreno E. TiO2 nanoparticles induce endothelial cell activation in a pneumocyte-endothelial co-344 

culture model. Toxicol In Vitro. 2013;27(2):774-81. 345 

[27] Poussin C, Gallitz I, Schlage WK, Steffen Y, Stolle K, Lebrun S, et al. Mechanism of an indirect 346 

effect of aqueous cigarette smoke extract on the adhesion of monocytic cells to endothelial cells 347 

in an in vitro assay revealed by transcriptomics analysis Toxicol In Vitro. 2014;28(5):896-908. 348 

[28] Oak MH, Auger C, Belcastro E, Park SH, Lee HH, Schini-Kerth VB. Potential mechanisms 349 

underlying cardiovascular protection by polyphenols: Role of the endothelium. Free RadicBiol 350 

Med. 2018;pii: S0891-5849(18)30121-7. 351 

[29] Almeida Rezende B, Pereira AC, Cortes SF, Lemos VS. Vascular effects of flavonoids. Curr 352 

Med Chem. 2016;23:87-102. 353 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Rumors-Godinez+Toxicol+in+vitro+27%3A774-781%2C+2013


16 

 

[30] Speciale A, Canali R, Chirafisi J, Saija A, Virgili F. Cimino F. Cyanidin-3-O-glucoside 354 

protection against TNF-alpha-induced endothelial dysfunction: involvement of nuclear factor-355 

kappa B signalling. J Agric Food Chem. 2010;58: 12048–12054.  356 

[31] Chao PY, Huang YP, Hsieh WB. Inhibitive effect of purple sweet potato leaf extract and its 357 

components on cell adhesion and inflammatory response in human aortic endothelial cells. Cell 358 

Adh Migr. 2013;7:237–245. 359 

[32] Chen CY, Yi L, Jin X, Zhang T, Fu YJ, Zhu JD, et al. Inhibitory effect of delphinidin on 360 

monocyte-endothelial cell adhesion induced by oxidized low-density lipoprotein via 361 

ROS/p38MAPK/NF-κB pathway. Cell Biochem Biophys. 2011;61:337-48. 362 

[33] Kuntz S, Asseburg H, Dold S, Römpp A, Fröhling B, Kunz C, Rudloff S. Inhibition of low-grade 363 

inflammation by anthocyanins from grape extract in an in vitro epithelial-endothelial co-culture 364 

model. Food Funct. 2015;6:1136-49. 365 

[34] Krga I, Milenkovic D, Morand C, Monfoulet LE. An update on the role of nutrigenomic 366 

modulations in mediating the cardiovascular protective effect of fruit polyphenols. Food Funct. 367 

2016;7:3656-76. 368 

[35] Ma ZC, Hong Q, Wang YG, Tan HL, Xiao CR, Liang QD, et al. Ferulic acid attenuates adhesion 369 

molecule expression in gamma-radiated human umbilical vascular endothelial cells. Biol Pharm 370 

Bull. 2010;33:752-8. 371 

[36] Poussin C, Laurent A, Kondylis A, Marescotti D, van der Toorn M, Guedj E, et al. In vitro 372 

systems toxicology-based assessment of the potential modified risk tobacco product CHTP 1.2 373 

for vascular inflammation- and cytotoxicity-associated mechanisms promoting adhesion of 374 

monocytic cells to human coronary arterial endothelial cells. Food Chem Toxicol. 2018;120:390-375 

406.  376 

[37] Krga I, Monfoulet LE, Konic-Ristic A, Mercier S, Glibetic M, Morand C, Milenkovic D. 377 

Anthocyanins and their gut metabolites reduce the adhesion of monocyte to TNFα-activated 378 



17 

 

endothelial cells at physiologically relevant concentrations. ArchBiochemBiophys. 2016;599:51-379 

9. 380 

[38] Ferrari D, Cimino F, Fratantonio D, Molonia MS, Bashllari R, Busà R, et al. Cyanidin-3-O-381 

glucoside modulates the in vitro inflammatory crosstalk between intestinal epithelial and 382 

endothelial Cells. Mediators Inflamm. 2017;2017:3454023. 383 

[39] Huang WY, Wang J, Liu YM, Zheng QS, Li CY. Inhibitory effect of Malvidin on TNF-α-induced 384 

inflammatory response in endothelial cells. Eur J Pharmacol. 2014;723:67-72. 385 

[40] Nizamutdinova IT, Kim YM, Chung JI, Shin SC, Jeong YK, Seo HG, et al. Anthocyanins from 386 

black soybean seed coats preferentially inhibit TNF-alpha-mediated induction of VCAM-1 over 387 

ICAM-1 through the regulation of GATAs and IRF-1. J Agric Food Chem. 2009;57:7324-30. 388 

[41] Amin HP, Czank C, Raheem S, Zhang Q, Botting NP, Cassidy A, Kay CD. Anthocyanins and 389 

their physiologically relevant metabolites alter the expression of IL-6 and VCAM-1 in CD40L 390 

and oxidized LDL challenged vascular endothelial cells. Mol Nutr Food Res. 2015;59:1095-106. 391 

[42] Warner EF, Zhang Q, Raheem KS, O'Hagan D, O'Connell MA, Kay CD. Common phenolic 392 

metabolites of flavonoids, but not their unmetabolized precursors, reduce the secretion of 393 

vascular cellular adhesion molecules by human endothelial cells. J Nutr. 2016;146:465-73. 394 

  395 



18 

 

FIGURE CAPTION  396 

 397 
Figure 1- Chemical structure of anthocyanins and their metabolites used in this study 398 

 399 

Legend: Mv-3-glc, malvidin-3-glucoside; Cy-3-glc, cyanidin-3-glucoside; Dp-3-glc, delphinidin-3-400 

glc; SA, syringic acid; PrA, protocatechuic acid; GA, gallic acid; 401 

  402 
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Figure 2- Effect of ACN-RF (0.02 and 18.9 μM, expressed as Mv-3-glc as the main compound) on 403 

THP-1 adhesion to HUVECs. Results are expressed as mean ± standard error of mean. a,b,cBar graphs 404 

reporting different letters are significantly different (p ≤ 0.05).  405 

 406 

Legend: TNF-α tumor necrosis factor alpha, ACN-RF anthocyanin-rich fraction, NO TNF-α (control).  407 

 408 

  409 
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Figure 3- Effect of A) Mv-3-glc (0.02-18.9 μM), B) Cy-3-glc (0.03–25.9 μM) and C) Dp-3-glc (0.02–410 

19.9 μM) on THP-1 adhesion to HUVECs. Results are expressed as mean ± standard error of mean. 411 

a,b,cBar graphs reporting different letters are significantly different (p ≤ 0.05).  412 

 413 
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Legend: TNF-α, tumor necrosis factor alpha; Mv-3-glc, malvidin-3-glucoside; Cy-3-glc, cyanidin-414 

3-glucoside; Dp-3-glc, delphinidin-3-glc; NO TNF-α (control). 415 

Figure 4 Visualization of THP-1 adhesion to HUVEC following 100 ng mL−1 of TNF-α (a), TNF-α 416 

+10 μg mL−1 of Mv-3-glc (b), TNF-α + 10 μg mL−1 of SA (c), and NO TNF-α (d). 417 

Legend: TNF-α, tumor necrosis factor alpha; Mv-3-glc, malvidin-3-glucoside; SA, syringic acid; NO 418 

TNF-α (control). Round yellow cells represent THP-1 cells adhered to HUVECs. The black arrows 419 

indicate an example of adhered THP-1, while the red arrows indicate HUVECs.   420 

 421 

Figure 5- Effect of A) SA (0.05-50.5 μM), B) PrA(0.03–64.9 μM) and C) GA (0.03–58.8 μM) on 422 

THP-1 adhesion to HUVECs. Results are expressed as mean ± standard error of mean. a,b,cBar graphs 423 

reporting different letters are significantly different (p ≤ 0.05).  424 
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 425 

Legend: TNF-α, tumor necrosis factor alpha; SA, syringic acid; PrA, protocatechuic acid; GA, gallic 426 

acid; NO TNF-α (control).    427 
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Table 1: Effect of ACNs and metabolites on the levels of E-selectin 428 

 Compounds  

Concentrations Mv-3-glc Cy-3-glc Dp-3-glc SA PrA GA 

0.01 µg mL-1 107±15a 311±13a 308±11a 299±15a 290±13a 304±15a 

0.1 µg mL-1 104±16a 297±15a 299±22a 297±15a 257±12a 321±11a 

1 µg mL-1 186±12a 300±14a 295±12a 297±16a 83±15b 206±10b 

10 µg mL-1 149±24a 83±10b 315±16a 295±14a 74±18b 188±17b 

(TNF-α) 100 ng mL-1 316±16b 307±11a 318±12a 316±16a 307±11a 318±12a 

(TNF-α) 0 ng mL-1 59±9.0c 64±10c 65±4.6b 59±9.0b 64±10c 65±4.6c 
 429 
Data derived from three different experiments and each concentration tested in triplicate. Each ACN and metabolite was tested in presence of TNF-α stimulus. Results are expressed 430 

as mean ± SEM. Mv-3-glc, malvidin-3-glucoside; Cy-3-glc, cyanidin-3- glucoside,Dp-3-glc, delphinidin-3-glc;SA, syringic acid, PrA, protocatechuic acid; GA, gallic acid;TNF-α, 431 

tumor necrosis factor alpha. a,b,cData with different letters are significantly different (p <0.05). Concentration range: 0.02-18.9 µM for Mv-3-glc, 0.02–19.9 µM for Dp-3-glc, 0.02–432 

20.6 µM for Cy-3-glc, 0.25 and 50.5 μM for SA, 0.32–64.9 μM for PrA and 0.29–58.8 μM for GA.  433 

 434 

Table 2: Effect of ACNs and metabolites on the levels of VCAM-1  435 

 Compounds  

Concentrations Mv-3-glc Cy-3-glc Dp-3-glc SA PrA GA 

0.01 µg mL-1 13.16±0.78 15.10±0.35 15.98±0.76 15.43±0.41 14.38±0.17 16.98±1.76 

0.1 µg mL-1 13.64±0.04 14.56±0.23 15.80±1.10 16.59±0.28 14.83±0.53 14.99±1.90 

1 µg mL-1 14.15±0.33 14.65±0.20 16.94±0.51 18.85±0.23 15.28±0.42 16.64±0.71 

10 µg mL-1 14.38±0.11 15.10±0.24 16.30±0.40 17.45±0.29 16.19±0.37 16.26±0.80 

(TNF-α) 100 ng mL-1 15.74±1.14 15.17±1.08 16.97±1.81 15.74±1.14 15.17±1.08 16.97±1.81 

(TNF-α) 0 ng mL-1 11.04±0.37* 10.99±0.35* 11.27±0.28* 11.04±0.37* 10.99±0.35* 11.27±0.28* 
 436 
Data derived from three different experiments and each concentration tested in triplicate. Each ACN and metabolite was tested in presence of TNF-α stimulus. Results are expressed 437 

as mean ± SEM. Mv-3-glc, malvidin-3-glucoside; Cy-3-glc, cyanidin-3- glucoside, Dp-3-glc, delphinidin-3-glc; SA, syringic acid, PrA, protocatechuic acid; GA, gallic acid; TNF-438 

α, tumor necrosis factor alpha.*Significantly different (p <0.05). Concentration range: 0.02-18.9 µM for Mv-3-glc, 0.02–19.9 µM for Dp-3-glc, 0.02–20.6 µM for Cy-3-glc, 0.25 439 

and 50.5 μM for SA, 0.32–64.9 μM for PrA and 0.29–58.8 μM for GA.  440 


