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A B S T R A C T   

Angiogenesis is a complex process encompassing endothelial cell proliferation, migration, and tube formation. 
While numerous studies describe that curcumin exerts antitumor properties (e.g., targeting angiogenesis), in
formation regarding other dietary curcuminoids such as demethoxycurcumin (DMC) and bisdemethoxycurcumin 
(BisDMC) is scant. In this study, we evaluated the antiangiogenic activities of these three curcuminoids at 
physiological concentrations (0.1–5 μM) on endothelial cell migration and tubulogenesis and the underlying 
associated mechanisms on human aortic endothelial cells (HAECs). Results showed that the individual com
pounds and a representative mixture inhibited the tubulogenic and migration capacity of endothelial cells dose- 
dependently, while sparing cell viability. Notably, DMC and BisDMC at 0.1 and 1 μM showed higher capacity 
than curcumin inhibiting tubulogenesis. These compounds also reduced phosphorylation of the VEGFR2 and the 
downstream ERK and Akt pathways in VEGF165-stimulated cells. In silico analysis showed that curcuminoids 
could bind the VEGFR2 antagonizing the VEGF-mediated angiogenesis. These findings suggest that physiologi
cally concentrations of curcuminoids might counteract pro-angiogenic stimuli relevant to tumorigenic processes.   

1. Introduction 

Angiogenesis refers to the formation and growth of new blood vessels 
from preexisting ones. This process is critically involved in physiological 
processes such as ovulation, embryogenesis, fetal development, and 
cutaneous wound healing but also contributes to developing certain 
pathological conditions, including tumor progression and metastasis 
(Carmeliet and Jain, 2011; Chung et al., 2010; Rajabi and Mousa, 2017). 
Angiogenesis includes endothelial cell proliferation, migration, and tube 
formation, providing nutrients and oxygen to cancerous cells (Potente 
et al., 2011; Rajabi and Mousa, 2017). Inhibition of angiogenesis is a 
common strategy for treating cancer progression and other diseases 
associated with angiogenesis (Simon et al., 2017). The use of natural 
compounds such as phytochemicals for angiogenesis prevention is a 
cost-effective method with reduced adverse side effects compared to 
drugs. Many (poly)phenolics compounds widely distributed in 

plant-derived foods such as curcumin, resveratrol, quercetin, or epi
gallocatechin gallate, among others, have received significant scientific 
attention for their potential prevention and treatment of carcinogenesis 
in preclinical studies, although their potential is still poorly translated to 
clinical trials (Ávila-Gálvez et al., 2020; Núñez-Sánchez et al., 2015). 
Growth inhibition, cell-cycle arrest, and apoptosis induction are 
multi-target activities exerted by dietary (poly)phenols on carcinogenic 
cell and animal models. However, most of them have not yet been tested 
for their antiangiogenic effects that may be partly involved in their 
potential prevention and(or) treatment of carcinogenesis (Abbaszadeh 
et al., 2019; Pan et al., 2015). Therefore, identifying and validating these 
antiangiogenic activities and molecular mechanisms of known dietary 
(poly)phenolics action is of immense interest in developing potential 
therapeutic targets against malignant tumors. 

Turmeric (Curcuma longa) is a spice that contains three primary 
compounds known as curcuminoids, including curcumin (Curc) as the 
major constituent and demethoxycurcumin (DMC) and 
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bisdemethoxycurcumin (BisDMC) as minor ones (Sharifi-Rad et al., 
2020). Among them, curcumin is in the spotlight due to its antitumor 
properties by modulating several signaling pathways, and the molecular 
bases imputed to the anti-inflammatory, antiproliferative, 
pro-apoptotic, anti-angiogenesis, and anti-metastasis effects (Joshi 
et al., 2021; Slika and Patra, 2020). However, Curc, unlike other cur
cuminoids such as DMC, is poorly absorbed, resulting in low bioavail
ability (around 1% in plasma) due to its low water solubility and high 
chemical instability, as well as its rapid metabolism and clearance from 
the body, thus limiting its efficacy (Nelson et al., 2017). In this regard, a 
recent clinical trial conducted in newly-diagnosed breast cancer patients 
that consumed a mixture of phenolic extracts containing 190 mg of 
turmeric extract (around 65% of Curc, 25% of DMC, and 10% BisDMC) 
reported only 2-fold values of Curc (~5.3 nmol/L) in plasma compared 
to other curcuminoids (~2.4–3.9 nmol/L). Paradoxically, higher free 
Curc concentrations than other curcuminoids (over 10-fold) were found 
in the patients’ malignant and normal mammary tissues (Ávila-Gálvez 
et al., 2021). These data suggest that in addition to Curc, other minor 
curcuminoids detected in vivo after their consumption could also display 
beneficial activities in the systemic environment. Nevertheless, while 
Curc has been reported to inhibit critical steps in tumor angiogenesis, 
including in vivo tumor growth as well as in vitro endothelial cell 
migration and proliferation via downregulation of vascular endothelial 
growth factor receptor (VEGFR), metalloproteinases, and(or) phospho
diesterases expression (Abusnina et al., 2015; Hosseini et al., 2019; 
Wang and Chen, 2019; Yoysungnoen et al., 2006), the antiangiogenic 
effects of other curcuminoids (DMC and BisDMC) remain scarcely 
explored (Ramezani et al., 2018; Wang and Chen, 2019). 

Implantation of a pellet containing Curc, DMC, and BisDMC has been 
reported to inhibit the bFGF-induced corneal neovascularization in mice 
(Arbiser et al., 1998). Further evidence comes from in vitro studies that 
described the antiangiogenic effect of DMC and BisDMC via inhibition of 
proliferation and migration of endothelial cells and down-regulation of 
VEGF, adhesion molecules ICAM-1 (intracellular adhesion molecule-1) 
and MMP-9 (metalloproteinase-9) against human umbilical vein endo
thelial cells (HUVECs) (Huang et al., 2015; Kim et al., 2002). 

Although the cancer-associated antiangiogenic effect of Curc has 
been previously reported in human endothelial cells, mainly in HUVEC 
cells (Wang and Chen, 2019), the antiangiogenic effects and the asso
ciated mechanisms in human aortic endothelial cells (HAECs) have not 
been described so far. HAECs are cells directly isolated from adult 
human aorta, retaining the morphological and functional characteristics 
of their tissue of origin. This makes them an excellent model to inves
tigate cardiovascular function and disease as they closely resemble the 
characteristics of the tissue of origin (Endo et al., 2003; Seo et al., 2016). 
Besides, the antiangiogenic effects of a representative mixture contain
ing other circulating curcuminoids to mimic the in vivo situation have 
yet to be explored. Finally, crucial angiogenesis processes such as 
ring-like structures formation have not yet been evaluated. 

Hence, the present study aims to determine the antiangiogenic ef
fects of the main dietary curcuminoids (Curc, DMC, and BisDMC) at 
physiological concentrations, evaluating their activity on migration and 
tubulogenesis, and underlying mechanisms targeting the key actors in 
angiogenesis (VEGFR, ERK, and Akt activation) in HAECs. In addition, 
the metabolism of each curcuminoid by HAECs is also explored. 

2. Material and methods 

2.1. Materials 

Curcumin (Curc), demethoxycurcumin (DMC), bisdemethox
ycurcumin (BisDMC) (Fig. 1), bovine serum albumin, 3-(4,5-dimethyl-2- 
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and Hanks’ 
balanced salt solution (HBSS) were obtained from Sigma Aldrich (St. 
Louis, MO, USA). Endothelial cell basal medium (ECBM) and growth 
supplements (GS) were provided by Tebu-Bio (Barcelona, Spain). 
VEGF165 was provided by R&D Systems (Minneapolis, MN, USA). 
Dimethyl sulfoxide (DMSO) and methanol (MeOH) were purchased from 
Panreac (Barcelona, Spain). Ultrapure Millipore water was used to 
prepare all solutions. 

2.2. Cell line and culture conditions 

Human aortic endothelial cells (HAECs) were purchased from the 
European Collection of Cell Cultures (Salisbury, UK). HAECs were 
cultured in endothelial cell growth medium (ECBM enriched with GS) 
and seeded from 5000 to 10,000 cells/cm2 in 25-cm2 flasks. Cells were 
maintained at 37 ◦C, 95% relative humidity, and 5% CO2, following the 
manufacturer’s instructions. 

2.3. Dosage information 

The curcuminoids tested were diluted in DMSO to obtain a 2 mM 
stock solution and sterilized filter (0.2 μm) prior to cell treatment. 
HAECs seeded at 5000 cells cm− 1 and incubated at 37 ◦C were treated 
with DMSO (0.5% v/v) as control or Curc, DMC, BisDMC and a repre
sentative mixture (Mix) of them (87.3, 10.5 and 2.2%, respectively) at 
concentrations up to 10 μM for 24–27 h. 

2.4. HAECs tubulogenesis 

Following the procedures described elsewhere (Arnaoutova and 
Kleinman, 2010; Huuskes et al., 2019), we studied the effect of the 
compounds investigated on the tubulogenic capacity of the endothelial 
cells. Briefly, 96-well plates coated with cold reduced growth factor 
matrigel (50 μL) were incubated at 37 ◦C for 30 min to allow the 
matrigel solidification. HAECs at 80% of confluence were incubated in 
ECBM at 37 ◦C for 3 h and then trypsinized to obtain a cell solution at 2 
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× 105 cells/mL (concentration optimized in preliminary experiments 
described in supplementary material and Fig. S1) in ECBM (cell viability 
above 90%). Next, 50 μL cell suspension (10,000 cells) was added to 
each well (with solidified Matrigel) in the presence of DMSO (0.5% v/v) 
as control, Curc, DMC, BisDMC, and a Mix (at 5 μM) and incubated at 
37 ◦C. After 4 h, the cells were photographed and then stimulated with 
GS (0.65% v/v). Additional pictures, taken at 9, 21, and 27 h using a 
Zeiss Fluorescence Microscope, were used to determine the effect of the 
compounds on tubulogenesis. One picture of each treatment (in dupli
cate) taken at 5x magnification was analyzed and quantified using the 
plug-in Angiogenesis Analyzer for Image J (Carpentier et al., 2020; 
DeCicco-Skinner et al., 2014) to determine the formation of endothelial 
rings-like structures formation. Based on the results obtained, we tested 
the dose-dependent effect (5, 1, and 0.1 μM) of Curc, DMC, BisDMC, and 
the Mix in cells treated for 21 h. The assays were repeated at least three 
times (n = 3). 

2.5. HAECs migration 

We next investigated the effect of the compounds on the capacity of 
the endothelial cells to migrate, as previously described 
(Giménez-Bastida et al., 2016; 2012). HAECs were seeded at 10,000 
cells/cm2 in 48-well plates and grown-up to confluence (≥90%). Next, 
the cell surface was scratched with a sterile pipet tip (200 μL), and the 
horizontal gap created was checked under the microscope. The medium 
containing displaced and dead cells was removed, and the well con
taining attached cells was washed with HBSS before adding fresh ECBM 
(GS-deprived) containing the different treatments at 5–0.1 μM or DMSO 
(0.5% v/v) as control. The cells were incubated with the different 
treatments for 4 h, followed by the addition of GS (1.5% v/v), and 
further incubated for 20 h (Fig. S2). From 2 to 3 pictures of each 
treatment were taken at 5x magnification and analyzed using the ImageJ 
software. The quantification of the scratched area at the different time 
points (4 and 24 h after the treatment with the curcuminoids or their 
mix) followed a method described in previous studies (Giménez-Bastida 
et al., 2016). The assay was repeated at least three times (n = 3). 

2.6. Western blot 

Confluent endothelial cells were incubated in ECBM for 3 h and 
treated with DMSO (0.5% v/v) as control or Curc, DMC, BisDMC, and a 
Mix at 5 μM for 4 h. The cells were then stimulated with 100 ng/mL 
VEGF165 (diluted in 0.1% BSA in PBS, w/v) for 5 min. Cell protein ex
tracts obtained in cold RIPA buffer supplemented with a cocktail of 
protease and phosphatase inhibitors (Roche, Mannheim, Germany) were 
kept at − 80 ◦C until protein quantification using the DC colorimetric kit 
(Bio-Rad, Barcelona, Spain) and analysis by Western blot. An equal 
amount of protein obtained from each treatment was resolved using 8% 

SDS-PAGE gels and transferred to nitrocellulose membranes which were 
incubated with primary (1:500–1:2500 dilution) and anti-rabbit and 
anti-mouse secondary antibodies (1:5000 dilution) (Cell Signalling, MA, 
USA). The primary antibodies used were phospho (p)-VEGFR2 
(Tyr1175, 19A10; #2478), total (t)-VEGFR2 (55B11; #2479), p-ERK 
(Thr202/Tyr204, 20G11; #4377), t-ERK (137F5; #4695), p-Akt 
(Ser473, 193H12; #4058) and t-Akt (C67E7; #4691). GAPDH (D4C6R; 
#97166) at a 1:2500 dilution was used to corroborate equal loading 
control. Image J was used for densitometric analysis of the protein 
bands, and the ratio phosphorylated/total protein (normalized to 
GAPDH) was used to compare the effect of the different compounds on 
the VEGFR2 pathway activation. The assay was repeated between 3 and 
5 times (n = 3–5). 

2.7. In silico analysis/Blind docking calculations 

We applied the Blind Docking (BD) consensus to study the in
teractions of selected ligands against protein VEGFR2. The BD method 
determines the most likely binding hotspots for a given ligand across the 
selected protein surface (Tapia-Abellán et al., 2019). Regarding input 
file preparation, we used the crystallized structure of VEGFR2 described 
on the Protein Data Bank (PDB) and coded as 6GQO (https://www.rcsb. 
org/structure/6GQO). The processing of the PDB file using the tools of 
Maestro was carried out as follows: Protein Preparation Wizard allowed 
refining of the structure, thus avoiding clashes between atoms, and 
System Builder provided the information needed to obtain the charges 
using the OPLS3e force field (Roos et al., 2019). The format of the 
structure obtained was mol2. 

The ligand structures (Curc, DMC, and BisDMC) in 3D sdf format 
were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). 
The data analysis using the tool LigPrep of Maestro provided informa
tion about each atom using the force field OPLS3e (final structures saved 
in mol2 format). Further processing of the molecules using the Gasteiger 
model with AutoDockTools converted the structures to pdbqt format. 
Finally, BD calculation of the files formatted as pdbqt and mol2 were 
performed using AutoDock Vina (Trott and Olson, 2010) and Lead 
Finder (Stroganov et al., 2008), respectively, using a grid box size of 30 
Å3 as default parameter. The results provided information about the 
distribution of binding energies and their structural clusters of poses. 

The metascreener software (https://github.com/bio-hpc/met 
ascreener) allowed to analyze the individual BDs and obtain a final BD 
consensus regarding superposition and the scores of both algorithms. 
The scoring function (of both algorithms) considered Lennard-Jones 
term (LJ), hydrogen bonds (H-bonds), electrostatic interactions, hy
drophobic stabilization, entropic penalty due to the number of rotatable 
bonds, and the internal energy of each ligand. Finally, we used the Plip 
software (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) 
to calculate the interactions between the compounds and protein 

Fig. 1. Chemical structures of curcuminoids (curcumin, Curc; demethoxycurcumin, DMC; BisDMC, bisdemethoxycurcumin).  
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residues. 

2.8. Analysis of curcuminoids metabolism in HAECs by UPLC-QTOF-MS 

The capacity of the endothelial cells to metabolize the curcuminoids 
was studied in cell culture supernatants collected at the initial (0 h) and 
final points of the migration (24 h) and tubulogenesis assays (27 h). 
Briefly, equal volumes of culture medium (200 μL) and acetonitrile: 
formic acid (98:2, v/v) were mixed, vortexed, and centrifuged 
(14,000×g for 10 min). The supernatant was transferred to a new tube, 
dried in a Speedvac concentrator (Savant SPD 121P), and the residue 
reconstituted in 100 μL MeOH. A volume of 5 μL of the filtered samples 
(through 0.22 μm syringe filters) was used for the analysis. The identi
fication and quantification of curcuminoids were carried out using an 
Agilent 1290 Infinity UPLC-ESI system coupled to a 6550 Accurate-Mass 
quadrupole-time-of-flight (QTOF) mass spectrometer (Agilent Technol
ogies, Waldbronn, Germany). The conditions and parameters used are 
described in recent studies (Ávila-Gálvez et al., 2021). The identification 
and quantification of Curc, DMC, and BisDMC were acquired by using 
authentical standards and derived metabolites according to their accu
rate mass, molecular formula, and isotopic pattern. All calibration 
curves were obtained for each authentical standard tested, obtaining 
good linearity (r2 > 0.999). 

2.9. Statistical analysis 

The software used for graphics and figures were ChemDraw Profes
sional v. 16.0.1.4 (PerkinElmer Informatics Inc., Cambridge, MA, USA) 
and Sigma Plot 14.5 (Systat Software, San Jose, CA, USA), respectively. 
Data are shown as mean ± standard deviation (S.D.). The software used 
for statistical analysis was Prism 5.0 (GraphPad, La Jolla, CA, USA). Data 
following normal distribution (Shapiro-Wilk test) were analyzed by one- 
way ANOVA followed by post-hoc Dunnet analysis. Significant differ
ences were considered at p < 0.05. 

3. Results 

3.1. Evaluation of cytotoxic activity of curcuminoids in HAECs 

As shown in Fig. S3, the MTT assay revealed that concentrations 
below 5 μM (0.5% DMSO, v/v) exerted no cytotoxic effects. Based on 
these results, the experiments were carried out using concentrations 
ranging from 0.1 to 5 μM to discard any effect associated with 
cytotoxicity. 

3.2. Curcuminoids inhibit tubulogenesis in stimulated HAECs 

We analyzed the inhibitory effect of Curc, DMC, and BisDMC indi
vidually and a mix (Mix) of these compounds (at 5 μM) on the tubulo
genic capacity (measured as the number of rings formed) of HAECs at 
different time points (Fig. 2). In the absence of pro-angiogenic factors, 
there were no differences between the cells pre-treated with the cur
cuminoids (individually or the Mix) for 4 h and the untreated cells 
(Fig. 2B). However, after the 4 h pretreatment, the GS-stimulated cells 
increased the formation of the ring-like structures over the incubation 
time. Besides, Curc, DMC, BisDMC, and Mix at 5 μM exerted a significant 
inhibition of the formation of the rings at the different time points 
(Fig. 2A and B). Based on these results, we also studied whether lower 
concentrations (1 and 0.1 μM) effectively inhibited tubulogenesis at 21 h 
of (maximum difference compared with the stimulated cells; Fig. 2B). 
However, Curc did not inhibit tubulogenesis at concentrations below 5 
μM (Fig. 3, Fig. S4). Notably, DMC and BisDMC exerted a similar sig
nificant inhibitory effect at the concentrations investigated (5–0.1 μM; p 
< 0.05), whereas a significant reduction in the Mix-treated cells was 
observed at 5 and 1 μM (p < 0.05) (Fig. 3D, Fig. S4). 

3.3. Curcuminoids inhibit endothelial cell migration 

We next determined whether the compounds investigated showed 
the capacity to inhibit the endothelial cell migration. As expected, the 
treatment of the endothelial cells with GS induced endothelial cells 
migration more clearly than the unstimulated cells (Fig. 4A and B). 
Results showed significant migration inhibition in the presence of the 
individual compounds or the Mix at 5 μM (Fig. 4A and B). A reduction in 
cell migration appeared visually evident in the presence of DMC and 
BisDMC at 1 and 0.1 μM (Fig. S5), although the statistical analysis of the 
data showed no significant differences (Fig. 4B). At these lower con
centrations, the inhibitory effect of Curc and the Mix was much less clear 
(Fig. 4; Fig. S5). 

3.4. VEGFR2 pathway inhibition by curcuminoids 

Additional experiments related to studying the molecular mecha
nisms by which the curcuminoids exerted their effects focused on the 
VEGFR2 pathway (Fig. 5). Western blot analysis of the VEGF165-treated 
HAECs’ protein showed activation of the VEGFR2 via Y1175 phos
phorylation. The activation of the VEGFR2 paralleled higher phos
phorylation levels of ERK (Thr202/Tyr204) and Akt (Ser473). The 
pretreatment of the cells with the individual curcuminoids or the Mix (5 
μM, 4 h) down-regulated the VEGF165-induced VEGFR2 phosphorylation 
at the Y1175 site, and in turn the ERK and Akt’s phosphorylation levels 
(Fig. 5A and B). 

3.5. In silico/molecular modeling of protein-ligand interactions via Blind 
Docking 

Results revealed that Curc, DMC, and BisDMC showed similar 
binding poses located at the same sites of the VEGFR2. Identifying the 
key residues of VEGFR2 involved in Curc, DMC and BisDMC using the 
BD analysis showed multiple protein-ligand interaction hotspots with 
different docking scores (Fig. 6A). The binding hotspot with the highest 
docking score (obtained from the top-ranked values of each ligand ob
tained using both algorithms) showed values between − 9 and − 11 kcal/ 
mol, suggesting that it is the most likely one involved in the ligand- 
receptor interaction. Fig. 6B displays the predicted key amino acids 
for binding to BisDMC (the molecule that shows the highest number of 
interactions). Table S1 summarizes the critical residues involved in the 
interaction of curcuminoids to VEGFR2 and shows joint interactions 
between the three compounds and several residues of the protein (see 
Fig. 6). 

3.6. Curcuminoids metabolism by HAECs 

Chromatographic analysis by UPLC-QTOF-MS of Curc, DMC, and 
BisDMC individually and the Mix (5 μM) revealed that all compounds 
were stable in the media before and after the incubation with the HAECs 
(data not shown). Fig. 7 shows representative extracted ion chromato
grams (EICs) of Cur, DMC, and BisDMC at the initial (0 h) and final (27 
h) time points of incubation carried out in the tubulogenesis assay. The 
chromatograms of the DMC and BisDMC samples showed no differences 
between the time 0 and 27 h samples. Analysis of Curc and Mix samples 
after 27 h incubation gave one additional peak compared to time 0. This 
ion at m/z− 447.0755 (mass error = − 0.32 ppm) (C21H20O9S) was 
tentatively identified as Curc sulfate (Fig. 7A). The conversion degree of 
Curc to Curc sulfate was between 1 and 4% yield in the Curc and Mix 
samples obtained from the migration or tubulogenesis assays. 

4. Discussion 

Turmeric is a spice obtained from Curcuma longa traditionally used to 
prevent and treat chronic diseases such as breast cancer (Gupta et al., 
2013; Kalluru et al., 2022). Interest in its health benefits has primarily 
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Fig. 2. Time course effect of Curc, DMC, BisDMC, and the Mix on HAECs tubulogenesis. The cells pre-treated with the compounds for 4 h followed by the stimulation 
with GS (1.5% v/v) were photographed at different time points. A) Representative images of the ring-like structures formed by the cells treated with DMSO (vehicle, 
Veh.) in the absence of GS (control), or DMSO, Curc, DMC, BisDMC, and the Mix at 5 μM in the presence of 1.5% GS after 21 h of treatment. B) Quantification of the 
rings network formed at the different time points using the Angiogenesis Analyzer Plug-in for ImageJ software. The results are shown as mean ± standard deviation 
(SD) and calculated as fold-change relative to Veh.-treated cells (set as 1). The graphics result from three different experiments (n = 3). Each treatment was carried 
out in duplicate. Different letters indicate significant differences (p < 0.05) between the treatments at each time point. 
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focused on the naturally occurring curcuminoids. Identifying and 
quantifying the molecules found in human tissues (Ávila-Gálvez et al., 
2021) set the basis to investigate their cellular and molecular mecha
nisms against cancer. Thus, a representative mixture of the breast-tissue 
occurring curcuminoids at 10 μM inhibited cell proliferation and 
induced senescence, apoptosis, and cell cycle arrest in breast cancer cell 
lines (Ávila-Gálvez et al., 2021). In addition to tumor cells, targeting 
normal cells involved in angiogenesis is considered a promising strategy 
against cancer (Ferrara and Kerbel, 2005). Tubulogenesis and endo
thelial cell migration are effective in vitro assays to investigate the ca
pacity of a molecule(s) to inhibit or stimulate angiogenesis. In this study, 
we set out to compare the antiangiogenic activity of individual curcu
minoids and a Mix at physiologically relevant concentrations in HAECs. 

Under our assay conditions, a representative Mix of curcuminoids 
(containing 87.3% of Curc) and individual Curc exerted a similar dose- 
dependent inhibition (significant effect only at 5 μM in both treatments) 
on endothelial tubulogenesis and migration. These results, together with 
the overwhelming (preclinical and clinical) evidence related to the 
antiangiogenic potential of Curc (Gururaj et al., 2002; Shakeri et al., 
2019; Yadav and Aggarwal, 2011; Yoysungnoen-Chintana et al., 2014) 
suggest that this molecule is the main responsible for the observed ef
fects in the presence of the Mix. Nevertheless, some investigations imply 
DMC and BisDMC as potent (or even more) than Curc (Edwards et al., 
2020; Kao et al., 2021; Yoon et al., 2014). Interestingly, our results 
showed that DMC and BisDMC exerted a potent inhibition on the for
mation of ring-like structures at the lowest concentrations tested (from 
0.1 to 1 μM). These low concentrations are present in the Mix (1 and 5 
μM), suggesting their contribution to the effects exerted by the Mix. Our 
results further showed a dose-dependent reduction of HAECs migration 
upon treatment with DMC and BisDMC, although the effect was only 
significant at 5 μM. A conceivable mechanism to explain the stronger 
effects exerted by these molecules on tubulogenesis compared to 
migration might involve inhibition of the Akt pathway. For example, 
10–30 μM Curc blocked the PI3K/Akt/mTOR signaling in hepatocyte 
growth factor (HGF)-stimulated HUVECs, what resulted in a strong 

tubulogenesis inhibition and a weak inhibition of endothelial migration 
(Jiao et al., 2016). 

In agreement with our results, previous studies support the inhibi
tory effect of Curc on endothelial tubulogenesis and migration (Binion 
et al., 2008; Jiao et al., 2016; Shankar et al., 2007). However, these 
studies assayed concentrations between 10 and 60 μM (higher than 
those used in this study), which are unlikely to be detected in vivo after 
curcuminoids-rich foods intake (Asai and Miyazawa, 2000; Ávila-Gálvez 
et al., 2021; Kunihiro et al., 2019; Mahale et al., 2018). Besides, such 
high concentrations could affect HAECs viability (Fig. S3). At similar 
concentrations, 1 μM Curc exerted a potent inhibition (similar effect 
observed at 50 μM) of endothelial tubulogenesis and migration (Astin
feshan et al., 2019; Hosseini et al., 2019), whereas these effects were not 
significant in our study. A possible explanation for these discrepancies 
might be the different cell lines used. HUVECs is a widely approached 
cellular model (used in the studies described above) to investigate 
processes related to angiogenesis. However, this cell line might show 
significant differences compared to the adult vascular endothelium (Tan 
et al., 2004; Wang et al., 2021), whereas the endothelial cells used in our 
study come from a healthy human aorta, making it them excellent as 
angiogenesis in vitro model (Endo et al., 2003; Seo et al., 2016). These 
differences could also explain why concentrations above 5 μM are 
cytotoxic to HAECs, yet not to HUVECs (Fu et al., 2015; Sheu et al., 
2013). 

There is appreciably less information regarding the antiangiogenic 
effects of DMC and BisDMC. Our results agree with precedent studies 
describing their capacity to inhibit in vivo and ex vivo neovascularization 
(Arbiser et al., 1998; Huang et al., 2015; Kim et al., 2002), and in vitro 
endothelial migration (Huang et al., 2015; Sheu et al., 2013). However, 
the concentrations assayed (11–52 μM) were higher than those used in 
our assays. Evidence on the role of DMC and BisDMC on tubulogenesis is 
limited, and our study describes for the first time their antiangiogenic 
effects on HAECs. 

Cells of the vascular system can be involved in the metabolism of 
phenolic compounds through the hydrolysis (Fernández-Castillejo et al., 

Fig. 3. Dose-dependent effect of Curc (A), DMC (B), 
BisDMC (C) and the Mix (D) on HAECs tubulogenesis. 
The cells were pre-treated with the compounds (from 
0.1 to 5 μM for 4 h), then stimulated with 1.5% GS (v/ 
v), and photographed after 21 h of treatment. Rings 
network formation was quantified using the Angio
genesis Analyzer Plug-in for ImageJ software, and the 
results were expressed as fold-change relative to 
stimulated cells (set as 1). The results are shown as 
box plots that include the median and the mean (solid 
and dashed horizontal lines, respectively). The box 
plots result from at least four different experiments 
(n = 4). Each treatment was carried out in duplicate. 
Significant differences compared to the stimulated 
cells are shown as: *p < 0.05.   
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Fig. 4. Effect of Curc, DMC, BisDMC, and the Mix on HAECs migration. (A) Representative images of the effect of curcuminoids at 5 μM on the capacity of the 
endothelial cells to migrate after 24 h of treatment in the absence (Veh.-treated cells) or presence (rest of the treatments) of 1.5% GS (v/v). B) Quantification of the 
migration capacity of stimulated endothelial cells treated with (A) Curc, (B) DMC, (c) BisDMC, and (D) the Mix at concentrations from 0.1 to 5 μM for 24 h. The bar 
graphs show the mean ± SD of at least 3 different experiments (n = 3). Each treatment was carried out in duplicates. Significant differences compared to the 
stimulated cells are showed as: ***p < 0.001; *p < 0.05. 
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2019; Menendez et al., 2011) or biosynthesis (Giménez-Bastida et al., 
2016) of phase-II metabolites. Curcuminoids metabolism analysis by 
UPLC-QTOF-MS showed the formation of a Curc-sulfate metabolite. 
However, the possible contribution of this conjugated metabolite to the 
in vitro effects seems unlikely due to the low amount generated (1–4% 
yield) and the low activity compared to its Curc precursor (Ireson et al., 
2001). 

VEGF and its receptor VEGFR2 constitute a well-characterized 
pathway that plays a pivotal role in angiogenesis (Abhinand et al., 

2016). VEGF binds the VEGFR2 and activates downstream pathways (i. 
e., p38, ERK, and Akt, among others), promoting cell migration and 
tubulogenesis in HAECs (Endo et al., 2003). Considering that selective 
VEGFR2 inhibition hampers the VEGF-induced endothelial tubulo
genesis and migration (Endo et al., 2003), we explored whether Cur, 
DMC, BisDMC, and the Mix might exert their inhibitory effects by tar
geting the VEGF/VEGFR2 pathway. According to previous studies (Ejaz 
et al., 2009; Wang et al., 2015), a possible mechanism for inhibition of 
angiogenesis by curcuminoids is the down-regulation of VEGFR2. 

Fig. 5. Western blot analysis of phosphorylation level 
of VEGFR2 (p-VEGFR2/t-VEGFR2) and the down
stream proteins ERK (p-ERK/t-ERK) and Akt (p-Akt/t- 
Akt) in HAECs. (A) Representative Western blot im
ages of the proteins investigated. The level of phos
phorylated, total protein, and GAPDH (loading 
control) was quantified by densitometry using ImageJ 
software. (B) The phosphorylated/total protein 
(normalized to GAPDH) ratio was used to determine 
the pathway’s activation. The bar graphs show the 
mean ± SD of at least 3 different experiments (n = 3). 
Significant differences compared to the stimulated 
cells are showed as: ***p < 0.001; *p < 0.05.   

Fig. 6. (A) Blind Docking complex and (B) first metacluster as results of the BD consensus. Illustrative images were prepared using the PyMOL software. The 
metacluster (interaction with BisDMC calculated with the LF algorithm) is shown as a representative example. The crystal complex 6GQO is included for comparing 
our BD results with prior studies. 
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However, the individual compounds and their mixture lacked effect on 
the receptor expression. Another possible mechanism is related to 
inhibiting its activation via phosphorylation (Cerezo et al., 2015; Fu 
et al., 2015). Curc, DMC, BisDMC, and the Mix were equally potent in 
inhibiting phosphorylation of Y1175, an essential residue for VEGFR2 
activation and modulation of the endothelial angiogenic activity (Wang 
et al., 2020). This inhibitory effect resulted, in turn, in the blockage of 
downstream pathways involved in angiogenesis modulation, such as 
ERK and Akt (Endo et al., 2003). These effects confirmed previous 
studies describing that Curc inhibits processes related to angiogenesis 
targeting the VEGF/VEGFR2 pathway in HUVECs (Koo et al., 2015). On 
the other hand, whether the curcuminoids exert their effect through the 

interaction with VEGFR2 was explored using in silico assays. Classical or 
focused docking methodologies are limited since they confine their 
exploration area to restricted or specifics sites of the protein surface. The 
BD approach allows exploring the whole protein surface to find addi
tional or even allosteric interaction sites, determining an interaction 
probability. Our in silico results indicate that Curc, DMC, and BisDMC 
might exert their inhibitory effects binding the receptor and blocking the 
VEGF activity in HAECs. The two different docking algorithms used in 
the BD consensus approach predicted common interaction hotspots be
tween the VEGFR2 and the curcuminoids tested. Notably, the first pre
dicted hotspot shows similarities to the one reported for the VEGFR2 
inhibitor AZD3229 (Kettle et al., 2018). Also, the residues included in 

Fig. 7. UPLC-ESI-QTOF-MS extracted-ion chromatograms (EICs) of Curc, DMC, and BisDMC. EICs were obtained from HAECs tubulogenesis assay at the initial (0 h; 
left chromatograms) and final time point (27 h; right chromatograms). (A) The panel shows the EICs of Curc (RT = 17.60 min) and the m/z− at 447.0755 obtained 
after 27 h and identified as Curc sulfate (RT = 13.45 min). (B) EICs from BisDMC (RT = 17.15 min). (C) EICs from DMC (RT = 17.38 min). 
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Table S1 were similar to those found in the crystal structure of the 
compound 6GCO (Kettle et al., 2018). To the best of our knowledge, 
studies focused on the effect of Curc, DMC, and BisDMC on VEGFR2 
activation have not been conducted, let alone the investigation of a 
representative mixture of curcuminoids. Thus, additional information 
about the interaction between the curcuminoids and VEGFR2 is critical 
to understanding the molecular mechanisms related to their effects, 
justifying the design of future studies following relevant approaches 
described in prior studies (Harada et al., 2022). 

5. Conclusion 

While Curc has been extensively explored, other minor but 
bioavailable curcuminoids, such as DMC and BisDMC, and a represen
tative mixture of them, have been reported, for the first time, to exert 
antiangiogenic activities at physiological concentrations (0.1–5 μM), on 
endothelial cell migration and tubulogenesis of HAECs. Another 
important finding is the identification of VEGFR2 as a molecular target 
of the three curcuminoids. Our study describes how the curcuminoids 
bind the VEGFR2 (based on an in silico analysis), acting as VEGF an
tagonists, enlarging our comprehension of the molecular mechanisms 
related to their antiangiogenic effects. Overall, the present data show 
that physiologically plausible concentrations of dietary curcuminoids 
might counteract pro-angiogenic stimuli relevant to tumorigenic pro
cesses, giving new perspectives for in vivo translational studies. 
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Giménez-Bastida, J.A., González-Sarrías, A., Vallejo, F., Espín, J.C., Tomás-Barberán, F. 
A., 2016. Hesperetin and its sulfate and glucuronide metabolites inhibit TNF-α 
induced human aortic endothelial cell migration and decrease plasminogen activator 
inhibitor-1 (PAI-1) levels. Food Funct. 7, 118–126. https://doi.org/10.1039/ 
c5fo00771b. 
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