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Anthocyanins and their physiologically relevant
metabolites alter the expression of IL-6 and VCAM-1
in CD40L and oxidized LDL challenged vascular
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Scope: In vitro and in vivo studies suggest that dietary anthocyanins modulate cardiovascular disease risk; however, given anthocyanins extensive metabolism, it is likely that their
degradation products and conjugated metabolites are responsible for this reported bioactivity.
Methods and results: Human vascular endothelial cells were stimulated with either oxidized
LDL (oxLDL) or cluster of differentiation 40 ligand (CD40L) and cotreated with cyanidin-3glucoside and 11 of its recently identified metabolites, at 0.1, 1, and 10 M concentrations.
Protein and gene expression of IL-6 and VCAM-1 was quantified by ELISA and RT-qPCR. In
oxLDL-stimulated cells the parent anthocyanin had no effect on IL-6 production, whereas numerous anthocyanin metabolites significantly reduced IL-6 protein levels; phase II conjugates
of protocatechuic acid produced the greatest effects (>75% reduction, p  0.05). In CD40Lstimulated cells the anthocyanin and its phase II metabolites reduced IL-6 protein production,
where protocatechuic acid-4-sulfate induced the greatest reduction (>96% reduction, p  0.03).
Similarly, the anthocyanin and its metabolites reduced VCAM-1 protein production, with ferulic
acid producing the greatest effect (>65% reduction, p  0.04).
Conclusion: These novel data provide evidence to suggest that anthocyanin metabolites are
bioactive at physiologically relevant concentrations and have the potential to modulate cardiovascular disease progression by altering the expression of inflammatory mediators.
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1

Introduction

Habitual intake of anthocyanins has been associated with a reduced incidence of cardiovascular disease (CVD) [1]. Studies
exploring the mechanism of action behind this activity have
primarily focused on vascular reactivity, such as endothelialdependent nitric oxide mediated vasodilation and blood presCorrespondence: Colin D. Kay
E-mail: colin.kay@uea.ac.uk
Abbreviations: CD40, cluster of differentiation 40; CD40L, CD40
ligand; CVD, cardiovascular disease; C3G, cyanidin-3-glucoside;
HUVEC, human umbilical vein endothelial cells; IVA, isovanillic acid; oxLDL, oxidized LDL; PCA, protocatechuic acid; PGA,
phloroglucinaldehyde; TNF-␣, tumor necrosis factor-alpha; TRAF,
TNF receptor-associated factor; VA, vanillic acid; VCAM-1, vascular cell adhesion molecule-1

sure regulation [2–4]. Recently researchers have begun to explore anti-inflammatory activities of anthocyanins as a potential cardioprotective mechanism of action and there is now
evidence to suggest that anthocyanins may modulate the production of key inflammatory mediators, including IL-6 and
vascular cell adhesion molecule-1 (VCAM-1) [5–7].
Cell adhesion molecules such as VCAM-1 play a key role
in the progression of atherosclerosis as they are involved in
the adhesion of leukocytes to the endothelium during the
early stages of atherosclerosis [8, 9]. Following leukocyte adhesion, IL-6 is secreted, which further perpetuates inflammation, with eventual progression to atherosclerosis [10–12].
Anthocyanins, in vivo and in vitro, have been demonstrated
∗ Current address: Charles Czank, Linear Clinical Research,
Nedlands, Western Australia.
∗∗ These authors contributed equally to this work.
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Figure 1. Recently identified metabolites of C3G1 screened for their activity against IL-6 and VCAM-1 expression in oxLDL- and CD40Lstimulated HUVECs. C3G, cyanidin-3-glucoside; PCA, protocatechuic acid, PGA, phloroglucinaldehyde; VA, vanillic acid; IVA, isovanillic
acid; PCA-4-Gluc, PCA-4-glucuronide; PCA-3-Gluc, PCA-3-glucuronide; PCA-4-Sulf, PCA-4-sulfate; PCA-3-Sulf, PCA-3-sulfate; VA-4-Sulf,
VA-4-sulfate; IVA-3-Sulf, IVA-3-sulfate; FA, ferulic acid. 1 Metabolites recently identified and reported by de Ferrars [25].

to modulate the expression of both IL-6 and VCAM-1 [13–15].
Studies feeding anthocyanin-rich bilberry and strawberry beverages to human participants with elevated risk of CVD reported reduced plasma concentrations of IL-6 and C-reactive
protein [7,13,16]. This is also supported by animal and in vitro
studies that demonstrated that IL-6 production can be attenuated by anthocyanins [14, 17]. In addition, black soybean
anthocyanins have been observed to reduce VCAM-1 production in tumor necrosis factor-␣ (TNF-␣)-challenged human
endothelial cells and protect against ischemia-induced myocardial injury in mice [5,15]. In previous studies the assumption is, parent anthocyanins are responsible for the observed
biological activity. However, due to the biological instability
and extensive metabolism of anthocyanins [18], we propose
that the anti-inflammatory bioactivity results from the activity
of anthocyanin degradation products and metabolites and not
the parent anthocyanins directly.
Evidence suggests that after consumption, cyanidin-3glucoside (C3G) degrades to form protocatechuic acid (PCA)
and phloroglucinaldehyde (PGA) [18]. Previous in vitro studies have shown that phenolic acids, including PCA and
the methylated derivative of PCA, vanillic acid (VA), reduce
VCAM-1 production in endothelial cells and IL-6 produc-

tion in mouse peritoneal macrophages, respectively [19, 20].
Therefore it is likely that these and other metabolites of similar structure contribute towards the anti-inflammatory properties of anthocyanins. However, presently we have no understanding of the anti-inflammatory activity of the majority
of anthocyanin metabolites, as we have only recently established the identity of the phenolic structures in humans [18].
Here we examine the effects of C3G, its degradation products
(PCA and PGA) and novel phase II conjugates (methyl, sulfate, glucuronide; Fig. 1) at concentrations observed in vivo
(0.1–10 M) [18], on IL-6 and VCAM-1 protein production in
human umbilical vein endothelial cells (HUVECs) stimulated
with either oxidized LDL (oxLDL) or a cluster of differentiation 40 ligand (CD40L).

2

Materials and methods

2.1 Materials
HUVEC, large vessel endothelial cell growth medium, growth
factors and antibiotic (Amphotericin B/Gentamycin 1000 ×
concentrated) supplements were obtained from TCS cell
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works (Buckingham, UK) while RPMI 1640 media, FBS, glutamine and penicillin/streptomycin were from PAA (Kent,
UK). D1.1 cells were generously provided by Dr. Maria
O’Connell, Department of Pharmacy, University of East Anglia (Norwich, UK). Monoclonal Antibody against cluster
of differentiation 40 (CD40) was purchased from Enzo bioscience (Cambridge, UK). LDL was purchased from Millipore
(UK). Cyanidin-3-glucoside was purchased from Extrasynthese (Genay Cedex, France). Phase II conjugates of phenolic acids (PCA-3-glucuronide, PCA-4-glucuronide, isovanillic acid-3-sulfate, PCA-4-sulfate, VA-4-sulfate, PCA-3-sulfate)
were synthesized by St. Andrews University as described previously [21]. DuoSet ELISA kits [IL-6 (DY206) and VCAM-1
(DY809)], flat bottom clear polystyrene 96 wells ELISA plates
(DY990) and reagent diluent (DY995) were purchased from
R&D systems Europe, UK. ELISA protein quantification
was established using an Omega BMG plate reader (BMG

Labtech, Aylesbury, UK). TRIzol reagent was purchased
from Life Technologies (Paisley, UK). RiboLock RNase inhibitor, DNase reaction buffer (with MgCl2 ), DNase I (RNase
free), EDTA (50 mM) were purchased from Fisher Scientific
(Loughborough, UK). Chloroform (molecular biology grade),
isopropanol/propan-2-ol and dNTP PCR mix (ready mixed
10 mM) were obtained from Fisher Scientific (Loughborough, UK). PCR Primers and Real Time PCR master mix with
SYBR green were supplied by Primer Design (Southhampton, UK), Oligo (dT) primers were purchased from Ambion,

Life Technologies (Paisley,UK) and SuperScript II Reverse
Transcriptase, first strand buffer and DTT (100 mM) were
from Invitrogen (Paisley, UK). The RT-qPCR was performed
using ABIS7500 system, Life Technologies (Paisley, UK). All
other chemicals were from Sigma-Aldrich (Dorset, UK).

in RPMI media at 37⬚C and 5% CO2 . For oxLDL-stimulated
experiments, oxLDL was prepared as previously described [22]
and 90% confluent HUVECs were co-incubated with 5 g/mL
oxLDL with or without treatment compounds for 24 h. The oxidation of LDL was confirmed by agarose gel electrophoresis
[23]. For CD40L-stimulated assays, 90% confluent HUVECs
were co-incubated with D1.1 cells at 1 × 106 cells/well, with or
without treatments for 24 h. The specificity of CD40L stimulation was confirmed by pre-incubation of D1.1 cells at 1 × 106
cells/well with anti-CD40L (5 g/mL) for 1 h followed by their
incubation with HUVECs for 24 h. Post 24 h co-incubation,
supernatants and culture plates were stored immediately at
–80⬚C until required for protein and mRNA quantification,
except 24-well plates for the CD40L-stimulated assay, where
the HUVECs were washed three times with 1% warm PBS to
remove D1.1 cells before plates were stored at –80⬚C.

R

R

2.2 Preparation of cell treatments
C3G, PCA, PGA, VA, isovanillic acid (IVA), PCA4-glucuronide, PCA-3-glucuronide, PCA-4-sulfate, PCA-3sulfate, vanillic acid-4-sulfate, IVA-3-sulfate and ferulic acid
were assessed at concentrations of 0.1, 1 and 10M in cell
culture media. Standard solutions were initially prepared in
100% DMSO at concentrations of 40 mM for C3G and 25 mM
for all other metabolites followed by dilution to final concentrations (0.1, 1 and 10 M) using cell media, immediately
prior to application to cells. Final treatment concentration of
DMSO was 0.05%.
2.3 Cell culture and assays
Early passage, pooled donor HUVECs were used between
passages 2–4 and cultured in large vessel endothelial cell
growth medium at 37⬚C and 5% CO2 . HUVECs were subcultured at 90% confluence by trypsinisation and seeded at
60 000 cells/well in 24-well plates on fibronectin coated surface (0.25 g/cm2 ) for cell assays. D1.1 cells were maintained
in suspension between 6 × 105 cells/mL and 1 × 106 cells/mL

2.4 IL-6 and VCAM-1 protein quantification by ELISA
Cell supernatants (100 L) were used to quantify IL-6 and
VCAM-1 using commercially available DuoSet ELISA kits
(according to manufacturer’s instructions). Briefly, 96-well
plates were coated with mouse anti-human IL-6 and VCAM-1
primary antibodies followed by incubation for 2 h at room
temperature with cell supernatants. Subsequently, plates
were incubated with goat anti-human IL-6 and VCAM-1
secondary antibodies for 2 h, followed by the addition of
horseradish-peroxidase conjugated streptavidin HRP, substrate reagents, stabilized H2 O2 and tetramethylbenzidine.
The color was developed using 2N H2 SO4 stop solution
(50 L/well) that was measured at 450 nm using a BMG
plate reader. The IL-6 ELISA intra- and inter-assay CV was
4.3 ± 1.3% and 1.49%, respectively (mean ± SD, n = 4). The
VCAM-1 intra- and inter-assay CV was 7.6 ± 2.2% and 0.69%,
respectively (mean ± SD, n = 4).
2.5 Quantitative real-time PCR
RNA extraction from HUVECs was performed using phenol
chloroform extraction (TRIzol , 500 L/well). RNA was

quantified using a NanoDrop 2000 (purity ratio A260/280 ).
One micro-gram of RNA was prepared for reverse transcription by incubations with RiboLock (0.25 L/reaction), DNase
buffer (1 L/reaction) and DNase (1 L/reaction) at 37⬚C for
30 min, followed by incubation with EDTA (50 mM, 1 L/
reaction), oligo (dT) primers (1 L/reaction) and dNTP PCR
mix (1 L/reaction) at 65⬚C for 10 min followed by first strand
buffer (4 L/reaction), RiboLock (1 L/reaction) and DTT
(100 mM, 1 L/reaction) for 2 min at 42⬚C. Reverse transcrip
tion was carried out using SuperScript II (1 L/reaction)
at 42⬚C for 50 min followed by inactivation for 15 min at
70⬚C. Five micro-liters of 1:10 diluted cDNA solutions (25 ng)
was added to plates containing IL-6 and VCAM-1 primers

(1 L/reaction), real-time PCR master mix with SYBR green
(8.33 L/reaction) and nuclease-free water (5.67 L/reaction).
R

R
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The RT-qPCR was performed using an ABIS7500 where the
enzymes were activated at 95⬚C for 10 min followed by 50
cycles of denaturation (15 s/cycle at 95⬚C) and data collection
(1 min/cycle at 60⬚C). Target genes, were normalized against
two geNorm housekeeping reference genes, UBE2D2 and
PRDM4 as established using qbasePLUS2 [Biogazelle (Zwinjaarde, Belgium)]. The fold expression of the target genes were
quantified by 2⌬Ct determination, where ⌬Ct = Ct target gene /Ct
mean Ct of references gene . Forward and reverse primer sequence for
IL-6 was GCA GAA AAC AAC CTG AAC CTT and ACC TCA
AAC TCC AAA AGA CCA and CAG GCT AAG TTA CAT
ATT GAT GAC AT and GAG GAA GGG CTG ACC AAG AC
for VCAM-1.
2.6 Statistical analysis
Analysis of variance with Tukey post-hoc tests were performed using SPSS software (IBM, New York, USA) version 18 for Windows. Significance was determined at the
level of 5%. Three biological replicates for each of the controls and treatments (plated in technical duplicates) were used
for analysis unless otherwise stated, and means of biological
replicates were represented graphically. Error bars in figures
represent SD.

3

Results

3.1 OxLDL-stimulated IL-6 and VCAM-1 production
OxLDL-stimulation resulted in a 6.9 ± 0.4-fold increase in
IL-6 protein relative to the un-stimulated control (p  0.001,
Fig. 2A); whereas there was no effect of oxLDL on VCAM1 protein production (data not shown). There was no effect
of the parent anthocyanin under oxLDL stimulated conditions, while nine metabolites reduced oxLDL-induced IL-6
production by >32% (p  0.05, Fig. 2) relative to the cells
treated with oxLDL alone (oxLDL control), at one or more of
the tested treatment concentrations (0.1, 1, 10 M). PCA, reduced IL-6 production by 53.6 ± 7.6% (p  0.001, Fig. 2B)
while PGA had no effect. Among the methyl, glucuronide and
sulfate conjugated metabolites of PCA, PCA glucuronides
and PCA sulfates elicited the greatest reductions in IL-6 production (across all concentrations tested), with maximum
reductions (99.1 ± 0.1%, p  0.001) observed for the sulfate conjugates (Fig. 2C–E). In addition, VA-4-sulfate, IVA3-sulfate and ferulic acid also displayed bioactivity against
oxLDL-induced IL-6 production (between 54.1 ± 4.4 and 98.2
± 0.2% reduction, p  0.05; Fig. 2F and G).

Mol. Nutr. Food Res. 2015, 00, 1–12

treatment compounds at their highest tested concentration
(10 M), for 24 h. IL-6 mRNA expression was increased by
3.5 ± 0.9-fold (p < 0.05, Fig. 3) in cells treated with oxLDL
alone (oxLDL control) compared to un-stimulated cells. All
compounds except ferulic acid reduced oxLDL-induced IL-6
mRNA expression by  55.2 ± 7.3% of the oxLDL control
(p  0.006, Fig. 3). VA exhibited the greatest reduction in IL-6
mRNA levels, displaying an 82.9 ± 10.4% reduction relative
to the control (p  0.001).
3.3 CD40L-stimulated IL-6 and VCAM-1 production
IL-6 protein expression was significantly increased (3.2 ± 1.5fold) in CD40L-treated HUVECs but reduced (44.4 ± 1.7%)
when D1.1 cells were pre-incubated with anti-CD40L antibody, suggesting a direct role of CD40L in the production
of IL-6 in the present model (Fig. 4A). The parent anthocyanin and seven metabolites reduced CD40L-induced IL-6
protein production by 41.7 ± 3.5%, relative to cells treated
with CD40L alone (CD40L control) (p  0.03, Fig. 4). C3G
and PCA both reduced IL-6 protein production by 44.6 ±
23.0% of the control (p < 0.05, Fig. 4B), while there was
no effect of PGA. The conjugated metabolites of PCA, VA,
IVA, PCA-3-glucuronide, PCA-3-sulfate, PCA-4-sulfate, and
IVA-3-sulfate, reduced CD40L induced IL-6 production by
41.7 ± 3.5% (p0.03) for at least one of the concentrations
tested (Fig. 4C–F), with a maximum reduction of 95.8 ± 1.3%
(p  0.001) observed for the sulfate conjugate of PCA, PCA4-sulfate (Fig. 4E).
Co-incubation of CD40L expressing D1.1 cells with HUVECs resulted in a 13.5 ± 1.3-fold increase in VCAM-1 protein production compared to un-stimulated HUVECs (p 
0.001, Fig. 5A). This effect was significantly reduced by
11.8 ± 0.4-fold when D1.1 cells were pre-incubated with antiCD40L antibody. The parent anthocyanin and six metabolites
reduced CD40L-induced VCAM-1 protein production by 
26.1 ± 8.8% (p  0.05) relative to the cells treated with CD40L
alone (CD40L control). C3G, PCA and PGA reduced CD40Linduced VCAM-1 by 26.1 ± 8.8% (p  0.05; Fig. 5B), while
the conjugated metabolites of PCA, VA, IVA, PCA-4-sulfate
and ferulic acid, were more active, reducing VCAM-1 production by 30.3 ± 4.5% (p  0.04), at one or more of the
concentrations tested (Fig. 5C, E and G). The maximum reduction was observed for ferulic acid (65.9 ± 8.1%; p  0.001,
Fig. 5G). An increase in VCAM-1 protein production was
observed when CD40L-induced HUVECs were co-incubated
with PCA-4-sulfate (203.5 ± 4.5% at 1 M, p  0.001), PCA3-sulfate (126.5 ± 10.6% at 1 M, p  0.04) and VA-4-sulfate
(140.1 ± 10.8% at 0.1 M and 180.3 ± 2.2% at 10 M, p 
0.001) relative to CD40L-induced control (Fig. 5E and F).

3.2 OxLDL-stimulated IL-6 mRNA levels
3.4 CD40L-stimulated IL-6 and VCAM-1 mRNA levels
The compounds that elicited reductions in IL-6 protein (reported above) were further investigated for their effects on
IL-6 mRNA levels using RT-qPCR following incubation with

The parent anthocyanin and seven metabolites that reduced
CD40L-induced IL-6 production as reported above, were
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Figure 2. OxLDL-stimulated IL-6 production in HUVECs co-incubated with C3G, phenolic metabolites or LDL controls for 24 h. (A) cells
incubated with or without LDL (5 g/mL); (B–G) cells incubated with C3G or phenolic metabolites at 0.1, 1 and 10 M and oxLDL. All data
expressed as mean percentage (± SD, n = 3) of oxLDL-induced controls (expressed as 100%). *** p  0.001, ** p  0.01, * p  0.05 (analysis
of variance (ANOVA) with Tukey post-hoc) relative to oxLDL-stimulated control cells. C3G, cyanidin-3-glucoside; PCA, protocatechuic
acid; PGA, phloroglucinaldehyde; VA, vanillic acid; IVA, isovanillic acid; PCA-4-Gluc, PCA-4-glucuronide; PCA-3-Gluc, PCA-3-glucuronide;
PCA-3-Sulf, PCA-3-sulfate; PCA-4-Sulf, PCA-4-sulfate; VA-4-Sulf, VA-4-sulfate; IVA-3-Sulf, IVA-3-sulfate; FA, ferulic acid.

further investigated for their effects on IL-6 mRNA levels
using RT-qPCR following incubations with the treatment
compounds at 10 M for 24 h. CD40L stimulation increased
IL-6 mRNA expression in HUVECs by 2.3 ± 0.3-fold (p 
0.05, Fig. 6A), while anti-CD40L reduced this below the levels
observed in untreated HUVECs (0.2 ± 0.1-fold, p  0.05).
With the exception of IVA, all compounds reduced the levels
of CD40L-induced IL-6 mRNA by 85.3 ± 2.5% (p  0.01,
Fig. 6A) relative to the CD40L-treated control. PCA caused the
greatest reduction in CD40L-induced IL-6 mRNA expression,
where IL-6 mRNA levels were reduced by 94.9 ± 8.3% of the
CD40L-induced control (p  0.001).
The compounds which decreased CD40L-induced VCAM1 protein concentrations (reported above) were investigated
for their effects on CD40L-induced VCAM-1 mRNA levels,
where VCAM-1 mRNA was increased by 130.2 ± 46.1-fold

relative to untreated cells (p < 0.05, n = 3, Fig. 6B) and
reduced by 96.4 ± 1.2-fold when D1.1 cells pre-incubated with
anti-CD40L antibody (p  0.05). The parent anthocyanin did
not significantly reduce VCAM-1 mRNA levels while four of
the six metabolites tested reduced VCAM-1 mRNA by 81.4
± 7.2 (p 0.05, Fig. 6B). The greatest reduction in VCAM-1
mRNA levels was observed for VA, which reduced CD40Linduced VCAM-1 by 99.9 ± 0.01% of the control (p  0.04).

4

Discussion

Epidemiological studies suggest greater levels of anthocyanin
consumption are associated with a reduction in CVD risk [1],
however, the mechanisms behind this association remain elusive. Most previous animal and in vitro studies have focused
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physiologically relevant concentrations. In the present study,
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metabolites of C3G induced greater reductions in IL-6 and
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both oxLDL and CD40L stimulation. This finding suggests
that the degradation and subsequent metabolism of anthocyanins does not reduce their bioactivity and may in fact
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Oxidized LDL is a potent chronic inflammatory activator and an established risk factor for CVD [27]. OxLDL
has also been shown to increase the levels of IL-6 in vascular endothelial cells [28], however, very little is currently
known of the effects of physiologically relevant anthocyanin
metabolites on oxLDL-mediated inflammation. As oxLDL is
known to be proapoptotic at high concentrations (such as
100 g/mL) [29], the present study utilized considerably
lower concentrations (5 g/mL) than many previous investigations [28] in an attempt to create a more physiologically relevant model of vascular dysfunction. The levels utilized in the present investigation are comparable to levels
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Figure 3. Change in OxLDL-stimulated IL6 mRNA in HUVECs co-incubated with
C3G and phenolic metabolites at 10 M or
oxLDL controls for 24 h. All graphical data
expressed as mean fold change (± SD,
n = 3) of un-stimulated (basal) IL-6 mRNA
levels. * p  0.05 (ANOVA with Tukey
post-hoc) relative to oxLDL-stimulated
control. PCA, protocatechuic acid; VA,
vanillic acid; PCA-3-Sulf, PCA-3-sulfate;
PCA-4-Sulf, PCA-4-sulfate; VA-4-Sulf, VA4-sulfate; IVA-3-Sulf, IVA-3-sulfate; FA,
ferulic acid.

identified in the blood of patients with coronary artery disease [27]. The present study is the first to investigate the effects of C3G metabolites on oxLDL-induced IL-6 production
in vitro, and our findings suggest that the anti-inflammatory
effect of anthocyanins are not limited to the parent structures themselves, as their lower molecular weight phenolic
metabolites displayed even greater bioactivity, as observed by
reductions in oxLDL-induced IL-6 production by as much as
99% of control cells (Fig. 2E). This suggests that degradation and subsequent metabolic conjugation does not reduce
the biological activity of anthocyanins but in some instances
enhances it.
The activation of CD40 via its ligand, CD40L, is also associated with promoting chronic inflammation and the expression of pro-inflammatory mediators, including IL-6 [14]
and VCAM-1 [30] and therefore plays a pivotal role in the
development of CVD. Very little is currently known of the effect of C3G metabolites on CD40L-mediated inflammation.
We observed extensive bioactivity of the phenolic metabolites
relative to the parent anthocyanin, as observed by a reduction in CD40L-induced IL-6 and VCAM-1 by as much as 95
and 65%, respectively (Figs 4E and 5G). The effects of C3G
on CD40L-induced IL-6 and VCAM-1 have previously been
reported, where Xia et al. [14, 31] observed a significant reduction in CD40L-induced IL-6 and VCAM-1 following incubation with C3G. Our findings are in accordance with this
previous work and provide additional evidence for the activity
of C3G metabolites.
In oxLDL-stimulated HUVECs, the parent C3G had no effect on IL-6 production, while many of the metabolites tested
significantly decreased IL-6 (Fig. 2). Amongst these, one
of the degradation products, PCA, reduced oxLDL-induced
IL-6 significantly, whereas PGA had no effect (Fig. 2B);
suggesting the degradation of C3G to PCA may increase
the bioactivity of the parent anthocyanin. All PCA conjugates tested, except IVA, reduced oxLDL-induced IL-6 significantly (32–99% reduction, Fig. 2C–G), suggesting further
metabolism through methylation, glucuronidation or sulfation does not result in decreased bioactivity. Sulfate conjugation reduced oxLDL-induced IL-6 production to the greatest
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Figure 4. CD40L-stimulated IL-6 protein production in HUVECs co-incubated with C3G, phenolic metabolites or CD40L controls for 24 h.
(A) Cells incubated with or without D1.1 cells (1 × 106 cells/well); (B–G) cells incubated with C3G or phenolic metabolites at 0.1, 1, 10 M
and D1.1 cells (1 × 106 cells/well). All data expressed as mean percentage (± SD, n = 3) of CD40L-induced controls. *** p  0.001, ** p  0.01,
*
p  0.05 (ANOVA with Tukey post-hoc) relative to CD40L-stimulated control. C3G, cyanidin-3-glucoside; PCA, protocatechuic acid; PGA,
phloroglucinaldehyde; VA, vanillic acid; IVA, isovanillic acid; PCA-4-Gluc, PCA-4-glucuronide; PCA-3-Gluc, PCA-3-glucuronide; PCA-3-Sulf,
PCA-3-sulfate; PCA-4-Sulf, PCA-4-sulfate; VA-4-Sulf, VA-4-sulfate; IVA-3-Sulf, IVA-3-sulfate; FA, ferulic acid.

extent, compared to other conjugation reactions (methylation
or glucuronidation). Sulfate conjugates reduced IL-6 production by as much as 99% of control levels, suggesting sulfation
of PCA has the greatest impact on anthocyanin bioactivity
in the present model. The bioactivity of VA has previously
been reported in, in vitro models by Kim et al. [20], where VA
reduced IL-6 production in LPS-induced mouse peritoneal
macrophages. Furthermore, in the present study VA reduced
IL-6 and VCAM-1, under both stimulated conditions (oxLDL
and CD40L), suggesting significant anti-inflammatory activity. With regards to the other phase II conjugated derivatives
of PCA tested (PCA-3-glucuronide, PCA-4-glucuronide, PCA3-sulfate, PCA-4-sulfate, VA-4-sulfate and IVA-3-sulfate), this
is the first in vitro study to report their anti-inflammatory activity and provides evidence that metabolites of anthocyanins

may contribute to reducing CVD risk by altering expression
of inflammatory mediators.
In CD40L-stimulated HUVECs, C3G and 7 metabolites reduced IL-6 protein production (between 41 and 96% of CD40L
control) at one or more concentration tested. C3G and its
B-ring degradation product, PCA, significantly reduced IL-6
production (Fig. 4B), whilst PGA did not, again suggesting the
catechol group imparts some anti-inflammatory activity under CD40L-stimulated conditions. However, in contrast to the
oxLDL stimulated cell model, further metabolic conjugation
of the catechol group does not appear to significantly reduce
this activity. Of the conjugated metabolites of PCA tested,
all compounds except PCA-4-glucuronide, VA-4-sulfate and
ferulic acid, reduced CD40L-induced IL-6 production, with
a maximum reduction observed for PCA-4-sulfate (95.8%
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Figure 5. CD40L-stimulated VCAM-1 protein production in HUVECs co-incubated with C3G, phenolic metabolites or CD40L controls for
24 h. (A) Cells incubated with or without D1.1 cells (1 × 106 cells/well); (B–G) cells incubated with C3G or phenolic metabolites at 0.1, 1,
10 M and D1.1 cells (1 × 106 cells/well). All data expressed as mean percentage (± SD, n = 3) of CD40L-induced controls. *** p  0.001,
**
p  0.01, * p  0.05 (ANOVA with Tukey post-hoc) relative to CD40L-stimulated control. C3G, cyanidin-3-glucoside; PCA, protocatechuic
acid; PGA, phloroglucinaldehyde; VA, vanillic acid; IVA, isovanillic acid; PCA-4-Gluc, PCA-4-glucuronide; PCA-3-Gluc, PCA-3-glucuronide;
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reduction relative to CD40L control), suggesting sulfate conjugation has the greatest impact on anthocyanin bioactivity
under the present CD40L-stimulated conditions.
In CD40L-stimulated HUVECs, C3G and 6 metabolites
significantly reduced VCAM-1 production (Fig. 5), where C3G
and both its degradation products, PCA and PGA, reduced
CD40L-induced VCAM-1 (Fig. 5B). Of the conjugates of PCA
tested, ferulic acid had the greatest effect (Fig. 5G). The effects of sulfate and glucuronide conjugation were less apparent (Fig. 5D and E), which is in contrast to the effects
observed for CD40L-induced IL-6, where sulfate conjugated
PCA resulted in the greatest reductions in IL6 production.
The findings from the present study provide support that
anthocyanin metabolites possess anti-inflammatory activity
and the conjugation of the catechol group on the phenolic

metabolites often leads to increased bioactivity. This differential bioactivity between parent and metabolite has also been
reported for conjugated forms of other flavonoids, such as
methylated (-)-epicatechin and sulfated and glucuronidated
quercetin [32–34].
To the best of our knowledge, this is the first in vitro
study to examine the effects of metabolites of C3G on IL-6
and VCAM-1 in CD40L-stimulated endothelial cells. Previous studies using differing in vitro models have reported
the anti-inflammatory activity of PCA. For example, significant reductions in VCAM-1 protein production have been
reported [15, 35] in LPS–induced RAW264.7 and TNF-␣induced bovine aortic endothelial cells co-incubated with
PCA; which is in line with the present study where PCA
reduced CD40L-induced VCAM-1 by greater than 26% of
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controls. The effects of PCA on TNF-␣-induced VCAM-1 has
also been observed previously [15], although at much higher
concentrations (20 M) than utilized in the present study;
where we observed effects on VCAM-1 protein production at
concentrations as low as 1 M. Metabolite concentrations are
reported to reach 1–2 M in the plasma of human volunteers
[18], which is in line with the concentrations utilized in the
present investigation and below those utilized in many previous studies. Moreover, in a 13 C-labelled C3G bioavailability
study in humans, Czank et al. reported 0.14 M of C3G in
2 h serum samples [18], and C3G was bioactive at this concentration under CD40L stimulated conditions in the present
investigation, suggesting that C3G may also contribute to the
anti-inflammatory effect in vascular endothelium; albeit for a
limited time post consumption.
It is worth noting that we observed differential effects under different stimulus for several of the metabolites studied.
For example, IVA reduced IL-6 protein production significantly in CD40L-stimulated HUVECs (by 56–73% of CD40L
control) but had no effect on oxLDL-challenged HUVECs
(Figs. 2C and 4C). Similarly, ferulic acid significantly reduced oxLDL-induced IL-6 production (by 32–42% of oxLDL
control) but did not alter CD40L-stimulated IL-6 production
(Figs. 2G and 4G). Together these data indicate that the antiinflammatory activity of anthocyanin metabolites differs depending on the inflammatory stimulus present, suggesting
that these compounds may act by targeting unique signalling
pathways (i.e., unique to either CD40L or oxLDL signaling)
potentially through acting on tumor necrosis factor alpha
receptor associated factor-2 (TRAF-2) [14] during CD40L signaling and LOX-1 (oxLDL receptor) during oxLDL signalling

*
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Figure 6. Change in CD40L-stimulated
IL-6 and VCAM-1 mRNA in HUVECs
co-incubated with C3G and phenolic
metabolites or CD40L controls for 24 h.
(A) IL-6 mRNA fold change in cells coincubated C3G or phenolic metabolites
(10 M) with or without D1.1 cells (1 ×
106 cells/well). (B) VCAM-1 mRNA fold
change in cells co-incubated with C3G
or phenolic metabolites (10 M) with or
without D1.1 cells (1 × 106 cells/well).
All data graphically expressed as mean
fold change (± SD, n = 3) relative to
un-stimulated (basal) IL-6 and VCAM1 mRNA levels. * p  0.05 (ANOVA
with Tukey post-hoc) relative to CD40Lstimulated control. C3G, cyanidin-3glucoside; PCA, protocatechuic acid;
PGA, phloroglucinaldehyde; VA, vanillic acid; IVA, isovanillic acid; PCA-3Sulf, PCA-3-sulfate; IVA-3-Sulf, IVA-3sulfate; FA, ferulic acid.

[36]. As such, this ability to influence multiple pathways may
ultimately result in additive effects on CVD risk; however,
it is clear that further research is necessary to establish the
direct pathways affected.
In most cases, metabolites that reduced protein levels of
IL-6 and VCAM-1 also reduced IL-6 and VCAM-1 mRNA levels. In oxLDL-stimulated HUVECs, all bioactive compounds,
except ferulic acid, reduced IL-6 mRNA levels between 55
and 83% of controls. Similarly, in CD40L-stimulated HUVECs, all compounds except IVA reduced mRNA levels of
IL-6 (between 85 and 95% of the CD40L control); indicating that these metabolites alter IL-6 protein production by
inhibiting CD40L-induced IL-6 mRNA induction. CD40Linduced VCAM-1 mRNA levels were also reduced by PCA,
PGA, VA and ferulic acid, indicating bioactivity at the translational level. While this evidence may explain the link between
gene expression and protein level, in several instances the
correlation between protein (Figs. 2 and 4 and 5) and mRNA
(Figs. 3 and 6) was not apparent. Such divergence may be the
result of post translational modification (PTM) of IL-6 and
VCAM-1, as IL-6 is subject to phosphorylation and glycosylation [37–39] and a proteolytic cleavage is required to release
membrane bound VCAM-1 to produce soluble VCAM-1 [40].
The present study was an initial step in understanding the
bioactivity of anthocyanin metabolites. The primary goal of
the present study was to investigate whether the metabolism
of anthocyanins results in increased or decreased activity
relative to the parent unmetabolised structure. A possible
mechanism by which metabolites may regulate mRNA levels of IL-6 and VCAM-1 is by modulating the activation
of NF-B, as IL-6 and VCAM-1 are regulated by NF-B.
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Anthocyanin-enriched extracts have been shown to inhibit
the activation of NF-B in, in vitro studies, where blueberries [17] and black rice extract [35] reduced NF-B activation. Furthermore, PCA, VA and ferulic acid, in various in
vitro models have been demonstrated to inhibit NF-B activation [19, 20, 41]. C3G has also been reported to attenuate
NF-B through impairing the translocation of TRAF-2 to lipid
rafts in endothelial cells [14]. Lastly, the reduced size and altered solubility of the metabolites could influence membrane
penetration and increase access to intracellular mechanisms
[42, 43]
The present study examined the effect of anthocyanin
metabolites at three dietary relevant concentrations (0.1, 1
and 10 M), where the dose response appeared non-linear
except in the case of VA, which appeared to reduce CD40Linduced VCAM-1 production in a linear dose-dependent manner (Fig. 5C). This observed non-linear dose response for
the other treatments has previously been reported for other
flavonoids such as quercetin and genistein and may have
important biological implications [44, 45].
While the present study provides novel insights into the
anti-inflammatory activity of recently identified anthocyanin
metabolites, there are several limitations with this experimental approach. First, the measurement of IL-6 and VCAM-1
protein under stimulated conditions was carried out at a single time point (at 24 h stimulation) and the effects may differ
following shorter periods of incubation [46,47]. Further timecourse studies are required to establish time-dependent effects. The present study also used a co-incubation model of activity and effects may differ following pre- or post-stimulation
(CD40L or oxLDL) with anthocyanin metabolites. Additionally, the investigation of the effect of bioactive metabolites
on mRNA levels of IL-6 and VCAM-1 was performed only at
the maximal treatment concentration utilised in the screen
(i.e., 10 M). The highest dose in the screen was chosen to
demonstrate maximal activity at the translational level, however responses may have differed at 0.1 or 1 M. Future work
should explore a greater range of physiologically appropriate
concentrations. This initial screen of anthocyanin metabolite
activity was designed to establish if the metabolism of anthocyanins altered their anti-inflammatory activity; and here
we explored activity on only a limited number of chemokines
(IL-6 and VCAM1), however an extensive array of biologically
important chemokines, such as MCP-1, ICAM-1, IL-12, IL-10,
IL-1␤ (to name a few) require future study.
The present study used D1.1 cells as a primary source of
CD40L. D1.1 (Jurkat) cells are T-cells that express high levels of CD40L and are much more cost effective than using
recombinant CD40L for large screening experiments. This
could also be considered a limitation of the present work as
the D1.1 cells add a level of ambiguity to the model system.
However, as our primary aim was to determine if metabolism
of anthocyanins alters their bioactivity, D1.1 cells provided a
cost effective alternative to recombinant CD40L. In addition,
the use of D1.1 cells as a primary source of CD40L to investigate inflammatory responses is a common method reported
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in the literature [48–50]. However, the results should be confirmed in future studies using pure recombinant CD40L (soluble CD40L). In addition, even though HUVECs are a wellestablished model for endothelial cell research, these results
should be confirmed using in vivo studies. Finally, soluble
VCAM-1 was quantified in the current investigation as opposed to membrane bound VCAM. The use of membrane
bound over soluble VCAM-1 as a marker of CVD risk has
been a current topic of discussion in the literature and Videm
et al. has recently published a study summarizing the relationship between VCAM-1 mRNA levels and concentration
of membrane bound and soluble VCAM-1 [40]. The authors
concluded that there was no trend between mRNA levels and
VCAM-1 protein that would favour the selection of membrane
bound VCAM-1 over soluble VCAM-1 as a biomarker of activity. The study concluded that soluble VCAM-1 appeared
to be a better biomarker than membrane bound VCAM-1 in
HUVECs. Future work could however verify these associations with membrane bound VCAM-1 protein to establish if
anthocyanin metabolites interfere with its proteolytic cleavage at the membrane, as previously suggested [40]. This aside,
the present study provides a screen for the biological activity
of a wide range of previously unstudied anthocyanin metabolites and provides a clear future direction for anthocyanin
research.
Our novel data highlight that C3G metabolites are bioactive at physiologically relevant concentrations. Further research is required to establish not only the underlying mechanisms involved but also the physiological relevance of these
findings to humans. These studies provide the first evidence
that anthocyanin metabolites possess anti-inflammatory effects that are likely to contribute to the reduced risk of CVD
associated with increased habitual intake of anthocyanins [1].
The authors’ responsibilities were as follows: C.D.K. and A.C.
conceived and managed the project; Q.Z. and D.O. jointly developed the synthetic strategy, Q.Z. oversaw the synthesis and
K.S.R. synthesized the phenolic metabolites; H.P.A., C.C. and
C.D.K. designed the culture experiments; C.C. and H.P.A. developed the cell-culture methodology; H.P.A. and C.C. conducted the
cell work; H.P.A., C.C. and C.D.K. analysed and interpreted the
data; H.P.A., C.C. and C.D.K. contributed to the development of
the manuscript and all authors contributed to its critical review
and agreed on the final version. C.D.K. had primary responsibility for the final content and was the principal investigator on the
BBSRC project grant (BB/H004963/1).
We thank David O’Hagan for his contributions towards
the management of the BBSRC projects at St Andrews University and his contributions to the chemical synthesis strategy for the phenolic metabolites utilized herein. This study was
supported by funding from the UK Biotechnology and Biological Sciences Research Council (BBSRC) and the BBSRC
Diet and Health Research Industry Club (BBSRC-DRINC),
including BB/H532059/1, BB/H004963/1, BB/I006028/1,
BB/I005943/1 and BB/J004545/1. A.C. is a Royal Society Wolfson Research Merit Award Holder.


C 2015 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

11

Mol. Nutr. Food Res. 2015, 00, 1–12

All other authors have declared no conflict of interest.

5

References

[1] Cassidy, A., Mukamal, K. J., Liu, L., Franz, M. et al., High anthocyanin intake is associated with a reduced risk of myocardial infarction in young and middle-aged women. Circulation
2013, 127, 188–196.
[2] Elks, C. M., Reed, S. D., Mariappan, N., Shukitt-Hale, B. et al.,
A blueberry-enriched diet attenuates nephropathy in a rat
model of hypertension via reduction in oxidative stress.
PLoS One 2011, 6, e24028.
[3] Zhu, Y., Xia, M., Yang, Y., Liu, F. et al., Purified anthocyanin supplementation improves endothelial function via
NO-cGMP activation in hypercholesterolemic individuals.
Clin. Chem. 2011, 167361.
[4] Edirisinghe, I., Banaszewski, K., Cappozzo, J., McCarthy, D.,
Burton-Freeman, B. M., Effect of black currant anthocyanins
on the activation of endothelial nitric oxide synthase (eNOS)
in vitro in human endothelial cells. J. Agricult. Food Chem.
2011, 59, 8616–8624.
[5] Nizamutdinova, I. T., Kim, Y. M., Chung, J. I., Shin, S. C. et al.,
Anthocyanins from black soybean seed coats preferentially
inhibit TNF-␣-mediated induction of VCAM-1 over ICAM-1
through the regulation of GATAs and IRF-1. J. Agricult. Food
Chem. 2009, 57, 7324–7330.
[6] Karlsen, A., Paur, I., Bohn, S. K., Sakhi, A. K. et al., Bilberry
juice modulates plasma concentration of NF-kappaB related
inflammatory markers in subjects at increased risk of CVD.
Eur. J. Nutr. 2010, 49, 345–355.
[7] Kolehmainen, M., Mykkänen, O., Kirjavainen, P. V., Leppänen,
T. et al., Bilberries reduce low-grade inflammation in individuals with features of metabolic syndrome. Mol. Nutr. Food
Res. 2012, 56, 1501–1510.
[8] Libby, P., Ridker, P. M., Maseri, A., Inflammation and
atherosclerosis. Circulation 2002, 105, 1135–1143.
[9] Blankenberg, S., Barbaux, S., Tiret, L., Adhesion molecules
and atherosclerosis. Atherosclerosis 2003, 170, 191–203.
[10] Saremi, A., Anderson, R. J., Luo, P., Moritz, T. E. et al., Association between IL-6 and the extent of coronary atherosclerosis in the veterans affairs diabetes trial (VADT). Atherosclerosis 2009, 203, 610–614.
[11] Song, L., Schindler, C., IL-6 and the acute phase response in
murine atherosclerosis. Atherosclerosis 2004, 177, 43–51.
[12] Yudkin, J. S., Kumari, M., Humphries, S. E., Mohamed-Ali,
V., Inflammation, obesity, stress and coronary heart disease:
is interleukin-6 the linkΏ Atherosclerosis 2000, 148, 209–214.

[15] Kim, H. J., Tsoy, I., Park, J. M., Chung, J. I. et al., Anthocyanins from soybean seed coat inhibit the expression of
TNF-␣-induced genes associated with ischemia/reperfusion
in endothelial cell by NF-B-dependent pathway and reduce
rat myocardial damages incurred by ischemia and reperfusion in vivo. FEBS Lett. 2006, 580, 1391–1397.
[16] Karlsen, A., Retterstøl, L., Laake, P., Paur, I. et al., Anthocyanins inhibit nuclear factor-kappaB activation in
monocytes and reduce plasma concentrations of proinflammatory mediators in healthy adults. J. Nutr. 2007, 137,
1951–1954.
[17] Xie, C., Kang, J., Ferguson, M. E., Nagarajan, S. et al., Blueberries reduce pro-inflammatory cytokine TNF-alpha and
IL-6 production in mouse macrophages by inhibiting NFkappaB activation and the MAPK pathway. Mol. Nutr. Food
Res. 2011, 55, 1587–1591.
[18] Czank, C., Cassidy, A., Zhang, Q., Morrison, D. J. et al.,
Human metabolism and elimination of the anthocyanin,
cyanidin-3-glucoside: a 13C-tracer study. Am. J. Clin. Nutr.
2013, 97, 995–1003.
[19] Wang, D., Wei, X., Yan, X., Jin, T., Ling, W., Protocatechuic acid, a metabolite of anthocyanins, inhibits monocyte adhesion and reduces atherosclerosis in apolipoprotein E-deficient mice. J. Agric. Food Chem. 2010, 58, 12722–
12728.
[20] Kim, M.-C., Kim, S.-J., Kim, D.-S., Jeon, Y.-D. et al., Vanillic acid inhibits inflammatory mediators by suppressing
NF-B in lipopolysaccharide-stimulated mouse peritoneal
macrophages. Immunopharmacol. Immunotoxicol. 2011,
33, 525–532.
[21] Zhang, Q., Raheem, K. S., Botting, N. P., Slawin, A. M. Z.
et al., Flavonoid metabolism: the synthesis of phenolic glucuronides and sulfates as candidate metabolites for bioactivity studies of dietary flavonoids. Tetrahedron 2012, 68,
4194–4201.
[22] Uyemura, K., Demer, L. L., Castle, S. C., Jullien, D. et al.,
Cross-regulatory roles of interleukin (IL)-12 and IL-10 in
atherosclerosis. J. Clin. Invest. 1996, 97, 2130–2138.
[23] Autio, I., Jaakkola, O., Solakivi, T., Nikkari, T., Oxidized lowdensity lipoprotein is chemotactic for arterial smooth muscle
cells in culture. FEBS Lett. 1990, 277, 247–249.
[24] deFerrars, R. M., Cassidy, A., Curtis, P., Kay, C. D., Phenolic
metabolites of anthocyanins following a dietary intervention study in post-menopausal women. Mol. Nutr. Food Res.
2014, 58, 490–502.
[25] deFerrars, R. M., Czank, C., Zhang, Q., Botting, N. P. et al., The
pharmacokinetics of anthocyanins and their metabolites in
humans. Br. J. Pharmacol. 2014, 171, 3268–3282.

[13] Edirisinghe, I., Banaszewski, K., Cappozzo, J., Sandhya, K.
et al., Strawberry anthocyanin and its association with postprandial inflammation and insulin. Br. J. Nutr. 2011, 106,
913–922.

[26] Yi, L., Chen, C.-y., Jin, X., Mi, M.-t. et al., Structural requirements of anthocyanins in relation to inhibition of endothelial
injury induced by oxidized low-density lipoprotein and correlation with radical scavenging activity. FEBS Lett. 2010, 584,
583–590.

[14] Xia, M., Ling, W., Zhu, H., Wang, Q. et al., Anthocyanin prevents CD40-activated proinflammatory signaling in endothelial cells by regulating cholesterol distribution. Arterioscler.
Thromb. Vasc Biol.2007, 27, 519–524.

[27] Holvoet, P., Mertens, A., Verhamme, P., Bogaerts, K. et al.,
Circulating oxidized LDL is a useful marker for identifying
patients with coronary artery disease. Arterioscler. Thromb.
Vasc. Biol. 2001, 21, 844–848.


C 2015 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

12

H. P. Amin et al.

[28] Lee, W. J., Ou, H. C., Hsu, W. C., Chou, M. M. et al., Ellagic
acid inhibits oxidized LDL-mediated LOX-1 expression, ROS
generation, and inflammation in human endothelial cells. J.
Vasc. Surg. 2010, 52, 1290–1300.
[29] Galle, J., Schneider, R., Heinloth, A., Wanner, C. et al., Lp(a)
and LDL induce apoptosis in human endothelial cells and
in rabbit aorta: role of oxidative stress. Kidney Int. 1999, 55,
1450–1461.
[30] Hassan, G. S., Merhi, Y., Mourad, W., CD40 ligand: a neoinflammatory molecule in vascular diseases. Immunobiology 2012, 217, 521–532.
[31] Xia, M., Ling, W., Zhu, H., Ma, J. et al., Anthocyanin attenuates CD40-mediated endothelial cell activation and apoptosis by inhibiting CD40-induced MAPK activation. Atherosclerosis 2009, 202, 41–47.
[32] Lodi, F., Jimenez, R., Moreno, L., Kroon, P. A. et al.,
Glucuronidated and sulfated metabolites of the flavonoid
quercetin prevent endothelial dysfunction but lack direct vasorelaxant effects in rat aorta. Atherosclerosis 2009, 204,
34–39.
[33] Al-Shalmani, S., Suri, S., Hughes, D. A., Kroon, P. A. et al.,
Quercetin and its principal metabolites, but not myricetin,
oppose lipopolysaccharide-induced hyporesponsiveness of
the porcine isolated coronary artery. Br. J. Pharmacol. 2011,
162, 1485–1497.
[34] Steffen, Y., Gruber, C., Schewe, T., Sies, H., Mono-Omethylated flavanols and other flavonoids as inhibitors of
endothelial NADPH oxidase. Arch. Biochem. Biophys. 2008,
469, 209–219.
[35] Min, S.-W., Ryu, S.-N., Kim, D.-H., Anti-inflammatory
effects of black rice, cyanidin-3-O-␤-d-glycoside, and
its metabolites, cyanidin and protocatechuic acid.
Int.Immunopharmacol. 2010, 10, 959–966.
[36] Morawietz, H., LOX-1 and atherosclerosis: proof of concept
in LOX-1–knockout mice. Circ. Res. 2007, 100, 1534–1536.
[37] May, L. T., Sehgal, P. B., Phosphorylation of interleukin-6
at serine54: an early event in the secretory pathway in human fibroblasts. Biochem. Biophys. Res. Comm. 1992, 185,
524–530.
[38] Santhanam, U., Ghrayeb, J., Sehgal, P. B., May, L. T., Posttranslational modifications of human interleukin-6. Arch.
Biochem. Biophys. 1989, 274, 161–170.
[39] VanSnick, J., Interleukin-6: an overview. Annu. Rev. Immunol. 1990, 8, 253–278.

Mol. Nutr. Food Res. 2015, 00, 1–12

[40] Videm, V., Albrigtsen, M., Soluble ICAM-1 and VCAM-1 as
markers of endothelial activation. Scand. J. Immunol. 2008,
67, 523–531.
[41] Ma, Z.-C., Hong, Q., Wang, Y.-G., Tan, H.-L. et al., Ferulic
acid attenuates adhesion molecule expression in gammaradiated human umbilical vascular endothelial cells. Biol.
Pharm. Bull. 2010, 33, 752–758.
[42] Gao, S., Hu, M., Bioavailability challenges associated with
development of anti-cancer phenolics. Mini. Rev. Med.
Chem. 2010, 10, 550–567.
[43] Passamonti, S., Terdoslavich, M., Franca, R., Vanzo, A.
et al., Bioavailability of flavonoids: a review of their membrane transport and the function of bilitranslocase in animal and plant organisms. Curr. Drug Metab. 2009, 10,
369–394.
[44] Chirumbolo, S., Marzotto, M., Conforti, A., Vella, A. et al.,
Bimodal action of the flavonoid quercetin on basophil function: an investigation of the putative biochemical targets.
Clin. Mol. Allergy 2010, 8, 13.
[45] Kato, T., Horie, N., Hashimoto, K., Satoh, K. et al., Bimodal effect of glycyrrhizin on macrophage nitric oxide and prostaglandin E2 production. In Vivo 2008, 22,
583–586.
[46] Terasaka, Y., Miyazaki, D., Yakura, K., Haruki, T., Inoue, Y., Induction of IL-6 in transcriptional networks
in corneal epithelial cells after herpes simplex virus
type 1 infection. Invest. Ophthalmol. Vis. Sci. 2010, 51,
2441–2449.
[47] Fries, J. W., Williams, A. J., Atkins, R. C., Newman, W.
et al., Expression of VCAM-1 and E-selectin in an in vivo
model of endothelial activation. Am. J. Pathol. 1993, 143,
725–737.
[48] Dongari-Bagtzoglou, A. I., Thienel, U., Yellin, M. J., CD40 ligation triggers COX-2 expression in endothelial cells: evidence
that CD40-mediated IL-6 synthesis is COX-2-dependent. Inflam. Res. 2003, 52, 18–25.
[49] Schattner, E. J., Mascarenhas, J., Reyfman, I., Koshy, M.
et al., Chronic lymphocytic leukemia B cells can express
CD40 ligand and demonstrate T-cell type costimulatory capacity. Blood 1998, 91, 2689–2697.
[50] Danese, S., Scaldaferri, F., Vetrano, S., Stefanelli, T. et al.,
Critical role of the CD40–CD40-ligand pathway in regulating
mucosal inflammation-driven angiogenesis in inflammatory
bowel disease. Gut 2007, 56, 1248–1256.


C 2015 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

