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Abstract

:

The monocyte chemoattractant protein-1 (MCP-1), also known as chemokine (CC motif) ligand 2 (CCL2), is involved in the formation, progression, and destabilization of atheromatous plaques. Flavonoids, found in fruits and vegetables, have been associated with various health-promoting properties, including antioxidant, anti-inflammatory, and cardioprotective effects. In the present study, the flavonoids quercetin, kaempferol, and luteolin, but not cannflavin A, were shown to substantially inhibit interleukin (IL)-1β-induced MCP-1 mRNA and protein expression in human coronary artery endothelial cells (HCAEC). At the functional level, conditioned medium (CM) from IL-1β-stimulated HCAEC caused an increase in the migration of THP-1 monocytes compared with CM from unstimulated HCAEC. However, this induction was suppressed when IL-1β-treated HCAEC were coincubated with quercetin, kaempferol, or luteolin. The functional importance of MCP-1 in IL-1β-induced monocyte migration was supported by experiments showing that neutralization of MCP-1 in the CM of IL-1β-treated HCAEC led to a significant inhibition of migration. In addition, a concentration-dependent induction of monocyte migration in the presence of recombinant MCP-1 was demonstrated. Collectively, the flavonoids quercetin, kaempferol, and luteolin were found to exert potential antiatherogenic effects in HCAEC, challenging further studies with these compounds.
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1. Introduction


Cardiovascular diseases, including atherosclerosis, are the leading cause of death worldwide [1]. A key factor in cardiovascular diseases, particularly in the development of atherosclerosis, is inflammation [2], with vascular endothelial cells having an important role in this process [3,4]. Chemokines that influence the progression of atherosclerosis by recruiting leukocytes are a major player in vascular inflammation (for review, see [5]). Monocyte chemoattractant protein-1 (MCP-1), also known as chemokine (CC motif) ligand 2 (CCL2) (for review, see [6,7,8]), is one such proinflammatory chemokine that primarily mediates the migration of monocytes to sites of inflammation [9]. Thereby, the attracted monocytes attach to the activated endothelium, migrate to the subendothelial tissue and subsequently differentiate into macrophages. MCP-1, which consists of 76 amino acids with a molecular mass of approximately 13 kDa [10], is expressed by various cell types such as monocytes, smooth muscle cells, and vascular endothelial cells in response to proinflammatory stimuli like interleukin (IL)-1β and tumor necrosis factor (TNF)-α [5,6,7,8]. The main receptor targeted by MCP-1 is CC chemokine receptor 2 (CCR2), which is primarily located on immune cells such as monocytes, macrophages, and activated T cells [5,6,7,8]. MCP-1 is highly expressed in human atherosclerotic lesions [11] and targeting MCP-1 or its receptor CCR2 reduces the burden of atherosclerotic lesions and decreases macrophage accumulation [12]. In line with this notion, a strategy to use anti-MCP-1 gene therapy to reduce atherogenesis has been successfully investigated in apolipoprotein E knockout mice [13]. In a recent analysis, higher MCP-1 plaque levels were associated with histopathological, molecular, and clinical hallmarks of plaque vulnerability in patients undergoing carotid endarterectomy [14]. Finally, a meta-analysis of seven cohort studies found that higher circulating MCP-1 levels were associated with higher long-term cardiovascular mortality in community-dwelling individuals without apparent cardiovascular disease [15]. Overall, lowering MCP-1, a key regulator of monocyte transport, is therefore considered a promising strategy to combat cardiovascular disease [16].



Flavonoids, secondary metabolites found mainly in fruits and vegetables, are associated with a variety of health-promoting effects [17]. According to epidemiological studies, a positive association between diets high in flavonoid-rich foods and cardiovascular health has been suggested (for review, see [18,19]). Flavonoids are classified according to their structure, with flavonols, flavones, flavanols, flavanones, anthocyanidins, isoflavones, and chalcones among the most important groups [20]. Flavonols, especially quercetin and kaempferol (Figure 1), are considered the most abundant flavonoids found in foods [21]. Quercetin, in particular, has gained attention in recent years as a potential pharmaceutical agent for the treatment of cardiovascular diseases [22]. In addition, the flavone luteolin (Figure 1) has been shown to exhibit cardioprotective effects in mouse models of cardiomyopathy and myocardial injury [23,24]. Another flavone, cannflavin A (for review, see [25]; Figure 1), isolated from Cannabis sativa L., has not yet been studied in endothelial cells.



Although the reduction in MCP-1 levels by various flavonoids has been demonstrated in a number of cell types, including endothelial cells, to our knowledge, no corresponding studies have been performed in human coronary artery endothelial cells (HCAEC). On the other hand, previous studies have already identified a number of protective effects of flavonoids on HCAEC such as inhibition of the endothelial–mesenchymal transition [26], suppression of proinflammatory nuclear factor kappa B (NF-κB) signaling [27,28], activation of endothelial nitric oxide (NO) synthase [29,30], or downregulation of plasminogen activator inhibitor-1 (PAI-1) expression [31]. Consequently, identifying additional targets is a challenge.



Using HCAEC, the present study therefore investigates the effect of four different flavonoids, namely quercetin, kaempferol, luteolin, and cannflavin A, on the expression of the proinflammatory chemokine MCP-1. Here, we show that quercetin, kaempferol, and luteolin, but not cannflavin A, substantially inhibit IL-1β-induced mRNA expression and secretion of the chemokine MCP-1 in HCAEC, thereby also interfering with monocyte migration toward the conditioned medium (CM) of IL-1β-stimulated HCAEC.




2. Results


2.1. Flavonoids Do Not Impair the Viability of HCAEC at Low Concentrations


To investigate whether the selected flavonoids affect HCAEC viability under basal and IL-1β-stimulated conditions, MTT assays were performed after 24 h of incubation to determine the metabolic activity of HCAEC. Here, quercetin treatment had no effect on HCAEC metabolic activity under basal and IL-1β-stimulated conditions up to 20 µM and 5 µM, respectively (Figure 2A). The flavone luteolin altered the metabolic activity of HCAEC from 5 µM by about 20% to 30 µM by about 70% (Figure 2C). In contrast, kaempferol and cannflavin A showed no significant change in HCAEC metabolic activity under basal and stimulated conditions up to 20 µM (Figure 2B,D). Furthermore, WST-1 assays were carried out as an additional method to determine the metabolic activity of HCAEC (Supplementary Figure S1), with the results obtained here being similar to those obtained in the MTT assays.




2.2. Flavonoids Do Not Impair the Cell Number of HCAEC at Low Concentrations


In addition to HCAEC metabolic activity, the effect of flavonoids on HCAEC cell number under basal and IL-1β-stimulated conditions was determined via crystal violet staining after 24 h of incubation. Similar to the metabolic activity of cells, quercetin did not significantly affect the number of HCAEC treated with vehicle and IL-1β up to 20 µM and 5 µM, respectively (Figure 3A). Luteolin significantly decreased HCAEC cell number from 5 µM under basal conditions and from 10 µM under IL-1β-stimulated conditions (Figure 3C). Kaempferol and cannflavin A were found to significantly reduce HCAEC cell number at concentrations of 20 µM and 30 µM, respectively (Figure 3B,D). In further experiments, accordingly, only concentrations up to 20 µM for quercetin, kaempferol, and cannflavin A and up to 10 µM for luteolin were included.




2.3. Quercetin, Kaempferol, and Luteolin Inhibit IL-1β-Induced MCP-1 mRNA Expression in a Concentration-Dependent Manner, Whereas Cannflavin A Increases MCP-1 mRNA Levels in HCAEC


To reveal a possible influence of flavonoids on MCP-1, the mRNA levels of the chemokine were examined in non-stimulated as well as IL-1β-stimulated HCAEC treated with the cytokine for 8 h. Stimulation of HCAEC with IL-1β significantly increased MCP-1 mRNA expression compared with vehicle-treated cells, consistent with an inflammatory state in the cells (Figure 4A–D). The flavonols quercetin and kaempferol suppressed IL-1β-induced MCP-1 mRNA expression in a concentration-dependent manner with a significant reduction starting at 10 µM (Figure 4A,B). Luteolin showed a slight reduction in induced MCP-1 mRNA expression at 1 µM and 5 µM and an extreme reduction at 10 µM to basal levels (Figure 4C). In contrast, cannflavin A concentration-dependently increased the IL-1β-stimulated MCP-1 mRNA levels up to 30% at 20 µM (Figure 4D).




2.4. Flavonoids Decrease IL-1β-Stimulated MCP-1 Secretion of HCAEC


After analysis of MCP-1 mRNA, the effect of flavonoids on MCP-1 protein levels in supernatants of non-stimulated and IL-1β-stimulated HCAEC, hereafter referred to as MCP-1 secretion, was examined. For this purpose, MCP-1 levels in cell supernatants were determined via MCP-1 ELISA after 24 h of incubation. Under basal conditions, MCP-1 secretion was not affected by flavonoids, except for the highest concentrations of luteolin and kaempferol, which caused a highly significant decrease in MCP-1 concentrations (Figure 5A,C,E,G). Stimulation of HCAEC with IL-1β resulted in a significant increase in MCP-1 levels in cell supernatants compared with unstimulated cells (Figure 5B,D,F,H). Quercetin, kaempferol, and luteolin were able to counteract these increased MCP-1 levels in the cell supernatants in a concentration-dependent manner (Figure 5B,D,F). At higher concentrations, cannflavin A led to a slight reduction in IL-1β-induced MCP-1 secretion, which was, however, much lower than the effects of the other flavonoids (Figure 5H).




2.5. Migration of Monocytes toward CM of IL-1β-Stimulated HCAEC Is Prevented by Treatment of HCAEC with Quercetin, Kaempferol, and Luteolin but Not with Cannflavin A


The decrease in MCP-1 levels in culture supernatants of flavonoid-treated cells implies a possible impairment of monocyte migration to the activated endothelium at the functional level. To investigate this issue, a Boyden chamber assay was performed to examine the migration of THP-1 monocytes toward the CM of HCAEC. For this purpose, HCAEC were treated with flavonoids and stimulated with IL-1β for 24 h before the CMs were collected. Thereby, the CM from IL-1β-stimulated HCAEC caused an induction of monocyte migration when compared with the CM from non-stimulated cells (Figure 6A–D). This induction was suppressed by preincubation of HCAEC with quercetin, kaempferol, and luteolin in a concentration-dependent manner (Figure 6A–C). On the other hand, as expected, treatment of HCAEC with cannflavin A showed no effect on the migration of monocytes toward CM from IL-1β-stimulated HCAEC (Figure 6D).




2.6. MCP-1 Is an Important Mediator of Monocyte Migration


To relate the flavonoid-dependent impairment of monocyte migration to the MCP-1-lowering property of these compounds, final experiments were performed with recombinant MCP-1 and with an MCP-1-neutralizing antibody. These experiments were designed to demonstrate a general effect of MCP-1 in the experimental migration setup. Thereby, in initial experiments, increasing concentrations of recombinant MCP-1 resulted in a linear increase in monocyte migration (Figure 7A).



In the second part, MCP-1 was neutralized with an MCP-1-neutralizing antibody in the CM of previously IL-1β-treated HCAEC. The CM treated in this manner resulted in significantly less monocyte migration than the CM from IL-1β-stimulated HCAEC incubated with an IgG2B Isotype Control (Figure 7B). This finding highlights the mediating role of MCP-1 in monocyte migration toward CM of IL-1β-treated HCAEC.





3. Discussion


In the present study, the effects of the flavonoids quercetin, kaempferol, luteolin, and cannflavin A on MCP-1 expression and secretion in HCAEC were investigated. To this end, IL-1β, one of the most prominent proinflammatory cytokines [32], was used to induce an activated state of HCAEC. Our data show that the flavonols quercetin and kaempferol and the flavone luteolin exert an inhibitory effect on MCP-1 mRNA expression and secretion in stimulated HCAEC. In addition to suppression of MCP-1, migration of human THP-1 monocytes into the CM of IL-1β-stimulated HCAEC was reduced when the latter were coincubated with quercetin, kaempferol, and luteolin. The impairment of monocyte migration by these flavonoids is most likely related to MCP-1 inhibition. This is supported by the fact that, on one hand, migration induced by the CM of IL-1β-stimulated HCAEC was highly significantly inhibited when MCP-1 was previously neutralized in the medium. On the other hand, when recombinant MCP-1 was used as a chemoattractant in the lower Boyden chamber, a clear concentration-dependent induction of monocyte migration was demonstrated.



The functional effects shown here are of particular importance. As outlined earlier, the recruitment of circulating monocytes to inflamed tissue represents one of the first steps in the formation of atherosclerotic lesions, making the suppression of monocyte migration an important target for the prevention and treatment of cardiovascular diseases [33]. As for flavonoids, their direct influence on monocyte migration has been studied so far. Accordingly, quercetin caused inhibition of MCP-1 expression in THP-1 monocytes and decreased migration of these cells [34]. The latter was evident when THP-1 cells seeded on the top of the transwell insert were treated with the flavonoid and MCP-1 was added to the lower chamber as a chemoattractant [34]. Comparable inhibitory effects in this system were also described later for kaempferol by the same group [35]. In the case of luteolin, this flavonoid was shown to reduce IL-4-mediated expression and release of MCP-1 from RAW 264.7 macrophages. Again, treatment of macrophages in the lower chambers of a transwell system with luteolin before IL-4 stimulation resulted in inhibition of migration of THP-1 cells into the lower chamber, with the corresponding inhibitory effect being reversed by the addition of recombinant MCP-1 [36]. Therefore, the flavonoids quercetin, kaempferol, and luteolin appear to be able to inhibit monocyte migration both directly by affecting monocytes or macrophages and indirectly by downregulating MCP-1 in endothelial cells.



Although the present study is the first to describe the inhibition of MCP-1 expression by flavonoids in HCAEC, corresponding effects have also been found in other endothelial cells [37,38,39,40,41,42,43,44,45]. In this context, inhibition of the activation of the transcription factor NF-κB seems to be an important underlying mechanism, as shown for quercetin [37,38,39,40], kaempferol [37,40], and luteolin [41,46]. Other flavonoid-mediated mechanisms associated with MCP-1 downregulation include inhibition of transcription factor AP-1 [38,42], inhibition of Akt phosphorylation [43], and activation of the Nrf2/heme oxygenase-1 pathway [44,45].



It is also noteworthy that cannflavin A, the only prenylated flavonoid tested, did not induce a relevant decrease in MCP-1 as well as monocytic migration. Since inhibition of the proinflammatory NF-κB pathway often requires an antioxidant effect of the respective substance, it would be interesting to perform a comparative analysis with other flavonoids in subsequent studies. Indeed, no inhibitory effect could be demonstrated for cannflavin A in the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay, which is considered a valid and accurate method for evaluating the free radical scavenging activity of antioxidants [47]. On the other hand, quercetin [48], kaempferol [49], and luteolin [50] proved to be active in this test, revealing differences from cannflavin A.



In the present study, partial inhibition of induced MCP-1 formation was demonstrated for quercetin, kaempferol, and luteolin. On the other hand, previous studies have shown that flavonoids inhibit a whole range of proinflammatory mediators in stimulated endothelial cells, including the adhesion molecules vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) [37,39,40,41,45], the prostaglandin-generating enzyme cyclooxygenase-2 [37], the inducible NO synthase [37], or the macrophage colony-stimulating factor (M-CSF) [40]. A synergistic effect of flavonoids should also be considered, as shown by the combined effect of luteolin and curcumin on TNF-α-enhanced protein levels of VCAM-1 and MCP-1 or the nuclear translocation of NF-κB in endothelial cells [51].



To date, there have been no studies examining cannflavin A in human vascular endothelial cells. In preclinical studies, cannflavin A showed an anti-inflammatory activity via inhibition of cellular prostaglandin E2 release from stimulated synovial cells [52] and inhibition of cell-free microsomal prostaglandin E synthase-1 [47]. Although not yet tested, this effect could also have a positive impact on endothelial inflammation. Otherwise, cannflavin A was recently found to have anticancer activity in bladder cancer [53] and neuroprotective properties in Alzheimer’s disease [54], suggesting additional potential clinical benefits of this flavonoid.



It remains to be mentioned, however, that although pharmacological inhibition of MCP-1 has proven successful in preclinical studies, a corresponding translation into clinical trials is still awaited. This appears to be mainly due to the promiscuity of the MCP-1–CCR2 axis, the complex molecular structure of MCP-1 and its receptor, and problems in delivering the drug to the desired tissue [8,16]. For example, in a clinical trial aimed at evaluating the efficacy and safety of the MCP-1 inhibitor bindarit in preventing restenosis after percutaneous coronary intervention [55], the primary endpoint was not met. However, the significant reduction in the in-stent late loss suggested that bindarit likely exerts a beneficial effect on the vessel wall after angioplasty. In another randomized trial, MLN1202, a highly specific humanized monoclonal antibody that interacts with CCR2 and inhibits MCP-1 binding, was investigated [56]. In this study, MLN1202 significantly reduced levels of high-sensitivity C-reactive protein in patients at risk for atherosclerotic cardiovascular disease [56]. This finding was restricted to patients carrying the A/G or G/G single nucleotide polymorphism in the MCP-1 promoter, thus supporting a molecular epidemiological association between these genotypes and an increased risk of atherosclerotic cardiovascular disease. However, the study was limited in size and no phase III studies of this project were reported [8].



Overall, the antioxidant and anti-inflammatory flavonoids quercetin, kaempferol, and luteolin, but not cannflavin A, were found to substantially inhibit MCP-1 expression and secretion in HCAEC and to impair MCP-1-triggered migration of monocytes. These potential antiatherogenic effects should be further pursued preclinically and clinically to provide new agents for the prophylaxis and treatment of atherosclerosis and resulting cardiovascular diseases.




4. Materials and Methods


4.1. Materials


Cannflavin A (#16342) was purchased from PhytoLab (Vestenbergsgreuth, Germany). Kaempferol (#11852), luteolin (#10004161), and quercetin (#10005169) were bought from Cayman Chemical (Ann Arbor, MI, USA). Calcein-AM (#17783), IL-1β human (#SRP3083) and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; #M2128) were obtained from Sigma-Aldrich (Taufkirchen, Germany). BD PharmingenTM Recombinant Human MCP-1 (#554620) was purchased from BD Biosciences (Franklin Lakes, NJ, USA). IgG2B Isotype Control (#MAB004; RRID:AB_357346) and CCL2/JE/MCP-1 Antibody (#MAB679; RRID:AB_2071559) were obtained from R&D Systems (Wiesbaden, Germany). WST-1 ((4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) was bought from Roche Diagnostics (Mannheim, Germany). Dithiothreitol (DTT) was obtained from Biomol (Hamburg, Germany). Aqua ad iniectabilia was purchased from Braun Melsungen (Melsungen, Germany). Acetic acid and dimethyl sulfoxide (DMSO) were purchased from AppliChem (Darmstadt, Germany). Albumin (IgG-free), crystal violet, and Triton® X-100 were from Carl Roth (Karlsruhe, Germany). GibcoTM penicillin–streptomycin and GibcoTM trypsin–EDTA were from Thermo Fisher Scientific (Schwerte, Germany). Dulbecco’s phosphate-buffered saline (DPBS) and fetal bovine serum (FBS) were purchased from PAN-Biotech (Aidenach, Germany).




4.2. Cell Culture


Human coronary artery endothelial cells (HCAEC, #C-12221) were purchased from Promocell (Heidelberg, Germany) and cultured in Endothelial Cell Growth Medium MV2 (#C-22121; Promocell) containing 5% fetal calf serum (FCS), 5 ng/mL recombinant human epidermal growth factor, 10 ng/mL recombinant human basic fibroblast growth factor, 20 ng/mL recombinant human insulin-like growth factor, 0.5 ng/mL recombinant human vascular endothelial growth factor 165, 1 µg/mL ascorbic acid, and 0.2 µg/mL hydrocortisone. The medium was additionally supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin. In the following, this composition is also referred to as “complete growth medium”. On the other hand, “reduced medium” refers to 2% FCS-containing medium supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin but without growth supplements. HCAEC were cultured in a humidified atmosphere at 37 °C and 5% CO2.



All HCAEC experiments with test substances were performed in reduced medium after cells were washed with DPBS. Test substances were dissolved in DMSO (quercetin, kaempferol, luteolin, and cannflavin A), aqua ad iniectabilia (IL-1β), DPBS (MCP-1 antibody, IgG2B Isotype Control), or DPBS and 0.5 mg/mL albumin (recombinant human MCP-1). The final concentration of solvents in the incubation media of cells treated with test substances and vehicle did not exceed 0.1% (v/v) DMSO, 0.1% (v/v) aqua ad iniectabilia, 0.2% (v/v) DPBS, or 0.1% (v/v) DPBS and 0.5 µg/mL albumin. Vehicle-treated cells contained the same amounts and concentrations of solvents as substance-treated cells.



The human monocytic cell line THP-1 (ACC16, RRID:CVCL_0006) was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ; Braunschweig, Germany). THP-1 cells were cultured in RPMI 1640 with L-Glutamine (#BE12-702F, Lonza Group, Basel, Switzerland) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. THP-1 cells were cultured in a humidified atmosphere at 37 °C and 5% CO2.




4.3. Cellular Viability Assays


For analysis of HCAEC cell viability, three different assays were performed. To this end, cells were seeded in 96-well plates at a density of 5000 cells/well and grown for 24 h in complete growth medium. Then, cells were maintained in reduced medium and preincubated with the test compounds or vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 24 h. Afterwards, viability was determined.



Colorimetric MTT and WST-1 assays were used to assess the metabolic activity of HCAEC. Thereby, intracellular MTT was reduced to an insoluble formazan via NAD(P)H-dependent cellular oxidoreductase enzymes. In the case of the cell-impermeable WST-1, on the other hand, the reduction occurred outside the cell via electron transport of the plasma membrane. For the MTT assay, MTT solution (3 mg/mL in DPBS, 0.5 mg/mL final concentration in incubates) was added after incubation with the test compounds was complete, and the cells were then incubated with the reagent for an additional 2 h. The supernatant was then removed, the crystals formed were redissolved with DMSO and the absorbance was measured at 570 nm/690 nm using a microplate reader (Infinite F200 Pro Tecan, Tecan Group, Männedorf, Switzerland). For the WST-1 assay, the water-soluble tetrazolium salt WST-1 was added after incubation was complete, followed by an additional incubation period of at least 30 min. Afterwards, the absorbance was measured at 450 nm/690 nm using a microplate reader.



To determine the effects of the test compounds on the number of remaining viable adherent cells, the crystal violet assay was used. Crystal violet is an intercalating dye that binds to cellular proteins and DNA, so that crystal violet staining decreases with cell death and subsequent detachment from cell culture plates. Here, cells were first fixed overnight with ice-cold absolute ethanol. Subsequently, the cells were incubated with 0.1% (w/v) crystal violet in 10% (v/v) ethanol for 30 min. Following washing off the excess dye, the stain was resolved with 10% (v/v) acetic acid and the absorbance was measured at 570 nm using a microplate reader.




4.4. Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)


HCAEC were seeded at 200,000 cells/well in 6-well plates and grown in complete growth medium for 24 h. After washing with DPBS, HCAEC were maintained in reduced medium, preincubated with test substances for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 8 h. Cells were harvested by collecting the cell supernatants and washing with warm DPBS. Cells were then separated with trypsin–EDTA, collected with the cell supernatants, and centrifuged at 200× g, 4 °C for 5 min. The cell pellets were again washed with DPBS and centrifuged at 250× g and 4 °C for 5 min. Total RNA was isolated from the resulting cell pellet using the RNeasy Mini Kit from Qiagen (Hilden, Germany) according to the manufacturer’s instructions. Total RNA concentrations were measured using the NanoDrop™ OneC Microvolume UV-Vis spectrophotometer (Thermo Fisher Scientific).



For quantification of MCP-1 mRNA, the Applied Biosystems TaqMan® Gene Expression Assay (MCP-1/CCL2: Hs00234140_m1; FAM-MGB) and Applied Biosystems TaqMan® RNA-to-CT™ 1-Step Kit from Thermo Fisher Scientific were used according to the manufacturer’s instructions. Peptidylprolyl isomerase A (PPIA: Hs999904_m1; VIC-MGB) was used as a housekeeping gene to normalize MCP-1 mRNA levels before comparison with respective vehicle controls.




4.5. MCP-1 ELISA


HCAEC were seeded in 48-well plates at a density of 50,000 cells/well, grown in complete growth medium for 24 h, and then maintained in reduced medium. After a 1 h preincubation with the flavonoids or vehicle, 10 ng/mL IL-1β or its vehicle were added, followed by a 24 h coincubation. To investigate the effect on basal MCP-1 secretion in a separate experiment, HCAEC were incubated with the flavonoids in the absence of IL-1β for 25 h. After completion of the incubation, the cell supernatants were collected. Supernatants were centrifuged at 1300× g and 4 °C for 5 min and collected again. Quantification of MCP-1 in cell culture supernatants was performed according to the instructions of Quantikine® Human CCL2/MCP-1 Immunoassay Kit (R&D Systems).




4.6. Monocyte Migration Assay


Monocyte migration was induced with CM from HCAEC. To prepare the CM, endothelial cells were seeded in 48-well plates at a density of 50,000 cells/well and cultured in complete growth medium for 24 h before reduced medium was added. After a 1 h preincubation with the test substances or vehicle, 10 ng/mL IL-1β or its vehicle were added, and following a subsequent coincubation for 24 h, the cell supernatants were collected. The CMs were then centrifuged at 250× g at room temperature for 5 min, and the supernatants were collected.



Before starting the migration assay, THP-1 cells were stained with 5 µM calcein-AM in serum-free RPMI-1640 medium for 30 min and then washed with DPBS and maintained in reduced endothelial cell medium.



Migration experiments were performed with a Boyden chamber assay using Falcon® cell culture inserts containing a polyethylene terephthalate membrane with 8 µm pores (#353097; Corning, Corning, NY, USA). In this assay, THP-1 cells seeded onto the inserts must migrate through the membrane with 8 µm pores to the CM of HCAEC in the 24-well companion plate (lower compartment). To this end, 500,000 stained THP-1 cells were added to the upper chamber, and the lower chamber was filled with the CM. After an incubation period of 6 h, the media from the lower chambers were collected and centrifuged at 250× g and room temperature for 5 min. Cell pellets were then resuspended in reduced endothelial cell medium containing 2% (v/v) Triton® X-100, and samples were transferred to a 96-well plate. After 20 min of incubation, fluorescence was measured at 485 nm (emission)/535 nm (excitation) using a microplate reader.



To investigate the effect of recombinant MCP-1 on monocyte migration, the assay was performed as described above but using recombinant MCP-1 in reduced medium instead of CM from HCAEC.



For neutralization experiments, HCAEC were seeded as above, stimulated with IL-1β or vehicle for 24 h, and then the cell culture supernatants were collected. The CMs were incubated with MCP-1 antibody or an IgG2B Isotype Control in a 24-well plate for 1 h before performing the migration assay.




4.7. Statistics


All statistical analyses were performed using GraphPad Prism 9.1.0 or a later version (GraphPad Software, San Diego, CA, USA). Comparisons between groups were performed using one-way ANOVA with Dunnett’s post hoc test when all conditions were compared with a vehicle control or using the Bonferroni post hoc test for selected group comparisons.
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Figure 1. Chemical structures of the flavonoles quercetin and kaempferol and the flavones luteolin and cannflavin A. 
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Figure 2. Effect of flavonoids on metabolic activity of HCAEC under basal or IL-1β-stimulated conditions as determined by the MTT assay. Cells were preincubated with increasing concentrations of quercetin (A), kaempferol (B), luteolin (C), cannflavin A (D), or vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 24 h. Thereafter, metabolic activity was determined via MTT assay. Viability values of vehicle-treated cells were set to 100%. Data are presented as means ± SEM of n = 9 (A–C) or n = 8–9 (D) of three independent experiments each. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control (leftmost white bar); ## p ≤ 0.01, ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test. 
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Figure 3. Effect of flavonoids on cell number of HCAEC under basal or IL-1β-stimulated conditions as determined by the crystal violet assay. Cells were preincubated with increasing concentrations of quercetin (A), kaempferol (B), luteolin (C), cannflavin A (D), or vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 24 h. Thereafter, cell number was determined via crystal violet staining. Cell number values of vehicle-treated cells were set to 100%. Data are presented as means ± SEM of n = 9 (A,C,D) or n = 8–9 (B) of three independent experiments each. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control (leftmost white bar); # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test. 
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Figure 4. Effect of flavonoids on MCP-1 mRNA expression in HCAEC under basal or IL-1β-induced conditions. Cells were preincubated with increasing concentrations of quercetin (A), kaempferol (B), luteolin (C), cannflavin A (D), or vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 8 h. Thereafter, mRNA expression was determined via qRT-PCR. PPIA-normalized MCP-1 mRNA values from cells treated with IL-1β and the vehicle of test compounds (first colored bar from the left) were set to 100%. Data are presented as means ± SEM of n = 3 (three independent experiments). *** p ≤ 0.001 vs. vehicle control (leftmost white bar); # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test. 
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Figure 5. Effect of flavonoids on MCP-1 secretion in HCAEC under basal or IL-1β-induced conditions. In (B,D,F,H), cells were preincubated with increasing concentrations of quercetin, kaempferol, luteolin, cannflavin A, or vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 24 h. Accordingly, an incubation time of 25 h with flavonoids was chosen for basal conditions (A,C,E,G). Thereafter, MCP-1 secretion was determined via MCP-1 ELISA. MCP-1 levels from cells treated with vehicle (A,C,E,G) or vehicle in combination with IL-1β (B,D,F,H) were set to 100%. Data are presented as means ± SEM of n = 9 (three independent experiments). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control; one-way ANOVA with Dunnett’s post hoc test (A,C,E,G). ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control (leftmost white bar); # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test (B,D,F,H). 
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Figure 6. Effect of flavonoids on monocyte migration toward CM of IL-1β-stimulated HCAEC. HCAEC were preincubated with increasing concentrations of quercetin (A), kaempferol (B), luteolin (C), cannflavin A (D), or with vehicle for 1 h, followed by the addition of 10 ng/mL IL-1β or its vehicle and subsequent coincubation for 24 h. Then, CMs were collected and migration of THP-1 monocytes toward CM of HCAEC was run for 6 h. Monocyte migration was determined via Boyden chamber assay. Migration of monocytes toward the CM of HCAEC treated with vehicle in combination with IL-1β was set to 100%. Data are presented as means ± SEM of n = 10 (five independent experiments, (A)) or n = 6 (three independent experiments, (B–D)). ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control (leftmost white bar); # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test. 
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Figure 7. Effect of recombinant MCP-1 (A) and a neutralizing antibody (nab) directed against MCP-1 (B) on monocyte migration. Migration of THP-1 cells was determined with Boyden chamber assay toward increasing MCP-1 concentrations (A) or toward CM from HCAEC (B). In (A), medium containing recombinant MCP-1 added to the lower chamber was used to induce monocyte migration. In (B), CM from HCAEC previously treated with IL-1β or vehicle for 24 h was incubated with MCP-1 antibody (1 µg/mL) or the appropriate isotype control IgG2B (1 µg/mL) for 1 h after removal from the cells. Thereafter, migration of THP-1 monocytes toward CM was initiated. In both settings (A,B), migration was run for 6 h. Monocyte migration toward vehicle-containing medium (A) or toward CM of IL-1β-treated HCAEC containing IgG2B (B) were set to 100%. Data are presented as means ± SEM of n = 5–6 (A) or n = 6 (B) of three independent experiments each. ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control; one-way ANOVA with Dunnett’s post hoc test (A). *** p ≤ 0.001 vs. vehicle control (leftmost white bar); ### p ≤ 0.001 vs. IL-1β-stimulated cells; one-way ANOVA with Bonferroni’s post hoc test (B). 
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