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Abstract Anthocyanins (AC) are water-soluble natu-

ral pigments found in various parts of higher plants.

Despite their limited oral bioavailability and very low

post-absorption plasma concentrations, the dietary

consumption of these pigments has been proposed to

be associated with a significant protection against

several human pathological conditions, including car-

diovascular diseases. Many studies highlighted that

some health benefits of AC localize in particular at

endothelium level, contributing to vascular homeostasis

and also to the control of angiogenesis, inflammation,

and platelet aggregation. This review reports and

comments on the large existing literature addressing

the molecular mechanisms that, beyond the antioxidant

properties, may have a significant role in the effects of

AC and AC-rich foods on vessel endothelium. Among

these, AC have been reported to prevent peroxynitrite-

mediated endothelial dysfunction in endothelial cells

(ECs), thanks to their capability to modulate the

expression and activity of several enzymes involved in

NO metabolism. Furthermore, evidence indicates that

AC can prevent the expression of adhesion molecules

and the adhesion of monocytes to ECs challenged by

pro-inflammatory agents. Overall, the activity of AC

could be associated with the ability to elicit cell

adaptive responses involving the transcription factor

Nrf2 by affecting the ‘‘nucleophilic tone’’ of the

organism. This review confirms the importance of

specific nutritional molecules for human health and

suggests new avenues for nutrition-based interventions

to reduce the risk of cardiovascular disease in the

population.
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Abbreviations

AC Anthocyanins

AS Atherosclerosis

C3G Cyanidin-3-O-glucoside

CVD Cardiovascular disease

Cy Cyanidin

D3G Delphinidin-3-O-glucoside

Dp Delphinidin

ERK Extracellular signal-regulated kinases

FMF Flow-mediated dilation

HO-1 Heme oxygenase-1

ICAM-1 Intercellular adhesion molecule-1

M3G Malvidin-3-O-glucoside

MAPKs Mitogen-activated protein kinases

MI Myocardial infarction

Mv Malvidin

NF-jB Nuclear factor-kappaB

NQO-1 NAD(P)H:quinone oxidoreductase 1

Nrf2 NF-E2-related factor-2

Pg Pelargonidin

Pn Peonidin

Pt Petunidin

ROS Reactive oxygen species

TNF-a Tumor necrosis factor-a
VCAM-1 Vascular cell adhesion molecule-1
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Introduction

Anthocyanins (AC) represent a group of water-soluble natural

pigments present in different parts (mainly flowers and fruits,

but also leaves, stems, and roots) of higher-order plants. AC

are intensely colored pigments conferring blue, purple, red,

and orange colors to many edible fruits and vegetables.

The interest of these plant pigments, in addition to the

technological relevance due to the sensorial characteristics,

is also rising for their potentially beneficial properties for

human health. The potential effects of AC in health and

disease have attracted and are attracting not only medical

research but also the stakeholders of food industry, not only

as natural alternatives to synthetic dyes but also for the

formulation of novel functional foods or food-derived

extracts of food or nutraceuticals.

Up to the beginning of this century, the main feature of

AC that attracted scientists involved in disease risk was in

the ability to act as ‘‘free radical scavengers.’’ According to

this ability, shared in general by all molecules having a

phenolic structure characterized by B ring hydroxyl groups

and a conjugated double bond system, the wide spectrum of

biological effects of AC was attributed, by earlier studies,

to an antioxidant activity (Prior and Wu 2006). However,

more recently, several reports became available, indicating

the involvement of other mechanisms of action beyond

such activity, and it seems clear that in vivo AC biological

effects cannot be explained solely on the basis of their

antioxidant characteristics. The most accredited mecha-

nism indicates that AC are able to modulate crucial sig-

naling pathways and gene regulation (Nöthlings et al. 2008;

de Pascual-Teresa et al. 2010; Cimino et al. 2013) in par-

ticular thanks to a positive interaction with Nrf2-mediated

signaling and gene expression.

In fact, even back to 1939, the Nobel laureate Linus

Pauling was the first one to propose that the intensity of the

color exhibited by these pigments is caused by the resonant

structure of the flavylium ion (Wrolstad et al. 2005). This

structure confers to AC-specific chemical properties. In

particular, the presence of a positive charge at physiolog-

ical pH renders AC different from other polyphenols and is

associated with strong reactivity with electron-rich sub-

strates. In its quinoidal form, this structure has been con-

vincingly proposed to be an important mechanism

contributing to the maintenance of a high cellular nucleo-

philic tone by the molecules formerly pooled within the

broad family of ‘‘dietary antioxidants’’ as it results in the

expression of endogenous antioxidant enzymes by a ‘‘para-

hormetic’’ effect (Forman et al. 2014a). This feature

therefore makes AC good candidates to play a beneficial

role in several human pathological conditions (Domitrovic

2011; Huang et al. 2013).

Irrespective of the exact mechanism of action, many

studies revealed that a significant part of the effects of AC

localize at the level of the vessel endothelium. Vessel

endothelium, although composed by a single layer of cells

lining the vascular systems, actively contributes in several

ways, along with other functions, to vascular homeostasis.

This review deals with some of the molecular mecha-

nisms underlying the effects of AC and AC-rich foods on

vascular system, mainly focusing on their possible pro-

tective role against the endothelial dysfunction that char-

acterizes several vascular pathological conditions. In this

review, we anticipate that, on the basis of the available

literature, AC can be considered substances not only

‘‘Generally Recognized as Safe—GRAS’’ but, adopting a

recently proposed novel concept and acronym, ‘‘Generally

Regarded as Beneficial—GRAB’’ (Forman et al. 2014b).

According to this concept, nutritional policies should spe-

cifically address the importance of this family of com-

pounds and encourage the consumption of AC-rich foods

as an expedient strategy to reduce the risk of vascular

dysfunction and disease.

This review aims to provide a critical view of the most

relevant available literature addressing the biological

effects of AC, with a particular concern to potential

weaknesses of previous studies. We have therefore con-

sidered the majority of the publications having the term

‘‘anthocyanin’’ or the chemical name of specific molecules

belonging to this family (or food items known to be rich

sources of these molecules) within the title or the keywords

or abstract. Additional sources were added to corroborate

our comments to the cited papers. In this case, several

different searching criteria were utilized. The search

engines selected to retrieve published studies was either

PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) or Sco-

pus (www.scopus.com).

Anthocyanin chemistry and dietary sources in western

diets

AC are mainly present in nature in the form of heterosides

where a hydroxyl group attached to the first carbon is

substituted by an alcoholic, a phenolic, or a specific sugar

moiety. Structurally, AC are derivatives of 2-phen-

ylbenzopyrylium (flavylium cation) and consist of an

aglycone (anthocyanidin), sugar(s), and, in many cases,

acyl group(s) (Andersen and Jordheim 2006).

Depending on the numerous existing structural charac-

teristics (number and position of hydroxyl and methoxyl

groups as substituents, the nature and the number of bon-

ded sugars to their structure, the aliphatic, or aromatic

carboxylates bonded to the sugar in the molecule and the

position of these bonds), the literature reports more than
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500 different AC. Among them, the six anthocyanidins

most commonly found in fruits and vegetables are pe-

largonidin, cyanidin, delphinidin, petunidin, peonidin, and

malvidin (Pg, Cy, Dp, Pt, Pn, Mv) (Harborne 1993; de

Pascual-Teresa et al. 2000). Their distribution in plants

usually consumed in the western diet is roughly as follows:

Cy 50 %, Dp 12 %, Pg 12 %, Pn 12 %, Pt 7 %, and Mv

7 %. 3-monoglycosides, 3-diglycosides, 3,5-diglycosides,

and 3-diglycoside-5-monoglycosides are the more known

glycosidic variations among these pigments, glucose being

the most common conjugated sugar (Pati et al. 2009). The

frequency of 3-glucoside derivatives is 2.5-fold than that of

3,5-diglucosides, and the most common AC in the western

diet is Cy-3-O-glucoside (C3G) (Kong et al. 2003).

As mentioned above, the major food sources of AC in

western dietary profile are red fruits (berries and red

grapes), red wine, cereals and purple corn, and some veg-

etables, such as red cabbage (de Pascual-Teresa and San-

chez-Ballesta 2008). On the basis of the available reports, it

is interesting to note that the content of AC often varies

within the same food items of a factor of 20 or more. These

differences are linked to several determinants, including

seasonal and/or local environmental characteristics as well

as to specific features of the cultivar. These significant

within-item differences render difficult the precise assess-

ment of AC consumption in individuals. On the other hand,

the possibility to improve AC consumption by introducing

food plants selected for a high AC synthesis is an open

strategy to increase the dietary consumption of these

pigments.

The mean dietary AC intake obviously depends on the

specific dietary profile characteristic of the population

under study and has been estimated to be between 3 and

215 mg/day (Wu et al. 2006; Frankel et al. 1995; Kuhnau

1976; Chun et al. 2007). These numbers are significantly

higher than those reported for other dietary flavonoids such

as genistein and quercetin (estimated range 20–25 mg/day)

(Hertog et al. 1993). However, methodological differences

in the estimation, as well as geographical, seasonal, social,

and cultural diversity of the examined populations, may

also contribute to explain the wide reported range of AC

consumption (de Pascual-Teresa and Sanchez-Ballesta

2008; Clifford 2000; Manach et al. 2005). For example, the

European Prospective Investigation into Cancer and

Nutrition (EPIC) study, involving totally 36,037 subjects

(ranged between 35 and 74 years old) in ten European

countries, has recently estimated the dietary intake and

food sources of AC and their derivatives, together with

lifestyle factors (sex, age, body mass index, smoking status,

educational level, and physical activity) (Zamora-Ros et al.

2011). Interestingly, a clear ‘‘south to north’’ gradient of

intake was observed. Cy and Mv have been found to be the

most consumed AC, with significant geographical- and

gender-related differences. AC intake associated with the

consumption of specific food items frequently considered

‘‘healthy food’’ has been found to be higher in non-obese

older females, non-smokers (former or never smokers),

those having higher education level and those doing

moderate or active physical activity. In this study, no

specific further ‘‘confounders’’ (such as most frequent

medical surveys) were identified. In general, as expected,

the most important food sources of AC were fruits, wine,

fruit-based non-alcoholic beverages, and some vegetables.

Giving for granted the beneficial effects of AC in human

health, the available database of AC consumption let us

anticipate that a significant space exists to implement

nutritional policies targeted to increase the dietary con-

sumption of AC-rich foods, in particular among specific

groups of population characterized by ‘‘at risk’’ lifestyles.

Anthocyanin bioavailability and bioefficacy:

from the chemical structure to the influence of the food

matrix

Obviously, bioactive compounds derived from plant sour-

ces need to be bioavailable in order to exert any effect.

Therefore, a complete knowledge of their pharmacokinetic

is important to understand the real impact of the daily

intake on health protection and improvement. This obvious

statement has unfortunately been somehow frequently

ignored by several investigators who have suggested

mechanisms underlying the protective effects of plant-

derived molecules obtained on the solely base of in vitro

experimental designs. This weakness has, in some cases,

brought about significant bias, narrowed the understanding

of data, and sometime possibly compromised the robust-

ness of the conclusion of further experimental and sup-

plementation studies.

Similarly to other phenolics, AC are hydrolyzed in the

intestine and rapidly absorbed from the gut, entering into

epithelial cells by passive diffusion or carrier-mediated

permeation (Crozier et al. 2009). In enterocytes, they are

further metabolized and eliminated in urine and bile, with

an overall rate depending on both the aglycone structure

and the sugar moiety (Ichiyanagi et al. 2006). However,

available data suggest that AC are poorly bioavailable

(Pojer et al. 2013). In fact, the proportion of total AC

(native AC and metabolites) absorbed and excreted in urine

is very low as compared to the ingested dose (McGhie and

Walton 2007). Several factors may be responsible for this

apparent low bioavailability, including the fact that a sig-

nificant number of metabolites can be present at concen-

tration below the analytical detection limits, and that

carbinol and chalcone forms of AC, present in blood and

urine at neutral pH values, may escape detection or be

chemically bound to other components (Mazza 2007).
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AC reach maximum concentration in the circulatory

system within 3 h in humans. This fast rate is mainly due to

the gastric absorption (Passamonti et al. 2003). Subse-

quently, AC are rapidly removed from plasma by liver

metabolism (Milbury et al. 2002, 2010a, b) and, overall,

the reported bioavailability is\2 % (Ichiyanagi et al. 2006;

Stoner et al. 2005). Data from experimental animals sug-

gest that intact AC may be efficiently taken up into the

tissues of GI tract, but not transported into the circulation,

and that gut microflora is able to degrade ingested AC in

the large intestine (McGhie and Walton 2007). Glycosyl-

ated and acylated AC are supposed to be lesser bioavail-

able; however, AC can be hydrolyzed by glycosidases of

GI tract generating the corresponding aglycones. In this

form, AC have an increased bioavailability and higher

biological potential effects at the expense of their stability.

The specific features of AC aglycones, as well as the

specificity of glycosylation, affect plasma AC disappear-

ance half-time (t1/2). In fact, at least in the rat, AC carrying

the same sugar moiety have the following plasma t1/2:

Dp [ Cy [ Pt = Pn [ Mv. Similarly, considering AC

carrying the same aglycone, the t1/2 is decreasing (except

for Mv) in the order: galactoside [ glucoside [ arabino-

side (Ichiyanagi et al. 2006).

It has been demonstrated that in humans, absorption,

gastrointestinal transit, and plasma elimination times

depend on anthocyanin structure. In a study dealing with

the adminstration of purple carrots containing five different

3-O-glycosides of Cy, to 12 healthy volunteers (Novotny

et al. 2012), the efficiency of absorption of acylated com-

pounds was lower than that observed for non-acylated AC.

The same study reports that acylated AC have a shorter

half-life for gastrointestinal absorption than non-acylated

AC, while the fractional elimination rate of non-acylated

compounds was slower than that of acylated AC.

In adult men, a single oral administration of 721 mg of a

mixture of Cy-3-glycosides leads to a cumulative serum

concentration of both parent AC and their metabolites

equal to about 377 nmol/L h, with a peak concentration of

96 nmol/L at 2.8 h (Kay et al. 2005). The total urinary

excretion of ingested AC over 24 h was 1,071 lg.

Jeon et al. (2012) analyzed the pharmacokinetics of C3G

in 12 subjects, after a 2-week multiple dosing of black bean

(Phaseolus vulgaris, Cheongjakong-3-ho) seed coat

extract, confirming that a significant amount of C3G is

absorbed in humans following the ingestion of this extract.

The accumulation after a 2-week multiple dosing was also

excluded to occur. Similarly, the administration of 20 g of

a chokeberry extract to healthy volunteers led to average

levels of AC and their metabolites equal to 592 nmol/L

(range 197–986) within 2 h in the serum and 12 mmol/L

(range 11–13) in the urine 24 h after administration (Kay

et al. 2004). In another study, AC plasma concentrations in

15 participants with coronary artery disease reached a

maximum within 1.5 h after the administration of 480 mL

cranberry juice containing about 95 mg AC (Milbury et al.

2010a). Plasma concentrations of the specific AC ranged

between 0.6 and 4.6 nmol/L. The pattern of AC glucosides

detected in plasma mainly reflected the relative concen-

tration assessed in the juice. Finally, Ohnishi et al. (2006)

recovered 5 % of AC contained in the administered cran-

berry juice in the urine of humans. Other studies reported a

recovery between 1.8 and 2 % of strawberry AC in human

urine (Felgines et al. 2003; Carkeet et al. 2008).

However, important discrepancies regarding metabolism

of AC are present in the available literature. For instance,

Miyazawa et al. (1999) reported that, both in rats and

humans, Cy glycosides are absorbed as they are, while Kay

et al. (2005) found that Cy-3-glycosides, once rapidly

absorbed are extensively metabolized into glucuronidated

and methylated derivatives following a moderate-to-high

oral dose in humans. In fact, the administration of an oral

721 mg dose of Cy-3-glycosides from chokeberry extract

leads to a cumulative serum concentration (expressed as

the area under the concentration curve over the time) of

376.65 ± 16.20 nmol h/L, of total AC (parent compounds

and metabolites) within a window of 0–7 h. The maximum

concentration was reached within 2.8 h, and the parent AC

represented only 32 % of the total AC detected. A similar

picture was observed in urine samples, where only 32.5 %

of the AC excreted (total 24 h) were in the same form of

parent compounds. Furthermore, pharmacokinetic reports

indicate that parent glycosides and glucuronide conjugates

are mainly present in the bloodstream up to 5 h from

administration. At a later stage, methylation increases

(6–24 h), suggesting that metabolism can affect the bio-

activity of AC over time (Mazza and Kay 2008).

However, plasma AC levels seems to be sufficiently

high to exert their biological activity, especially for specific

targets like vessel endothelium cells, where intracellular

signaling pathways and gene-regulatory activities have

been reported to be significantly modulated by AC (either

parent compounds or their derivatives).

Interestingly, Czank et al. (2013) have recently dem-

onstrated that AC are more bioavailable than previously

supposed, and that their metabolites are still present in the

circulation at B48 h from ingestion. These authors inves-

tigated the absorption, distribution, metabolism, and

excretion (ADME) of a (13)C5-labeled anthocyanin in eight

male subjects after the administration of 500 mg isotopi-

cally labeled C3G. Different biological samples (blood,

breath, urine, and feces) were collected over 48 h, and (13)C

and (13)C-labeled metabolite concentrations were measured

by isotope-ratio mass spectrometry and liquid chromatog-

raphy-tandem mass spectrometry. The relative bioavail-

ability was 12.4 ± 1.4 %. Maximum rates of (13)C
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elimination were achieved 30 min after ingestion, whereas
(13)C-labeled metabolites peaked (maximum serum con-

centration: 5.97 ± 2.14 lmol/L) at 10.2 ± 4.1 h. The half-

life for (13)C-labeled metabolites, identified as degradation

products, phenolic, hippuric, phenylacetic, and phenyl-

propenoic acids, ranged between 12.4 ± 4.2 and

51.6 ± 22.6 h.

Finally, individual variation in AC bioavailability is

possibly associated with inter-individual differences of

xenobiotic metabolism in GI tract, liver, and other tissues.

These differences are very likely to be caused by the

expression of single nucleotide polymorphisms (SNPs)

such as the one reported in specific phase II drug metab-

olizing enzymes genes, like catechol-O-methyltransferase

(Miller et al. 2011), glutathione S-transferases (Lampe

2007), and UDP glucuronosyl transferase (Iwuchukwu

et al. 2009), but also to variation of intestinal microflora

population (microbiome) (Del Rio et al. 2010).

Anthocyanins effects on endothelium

The vessel endothelium: from function to dysfunction

The endothelium is a single layer of cells constituting

the inner surface of all blood vessels and acting as an

active interface between the blood vessel wall and blood

stream. In each organ, the endothelial floor controls the

flow of nutrients and of the different biologically active

molecules, playing a critical role as a barrier and as a

primary sensor of physical and chemical changes

occurring in the bloodstream. The endothelium also

controls the passage of fluids into tissues, modulates

cellular trafficking and coagulation, and contributes to

the regulation of blood pressure (Fig. 2) (Endemann and

Schiffrin 2004). Endothelial cells (EC) serve as the

gateway for leukocyte entry into tissues in response to

inflammatory stimuli by a transmigration process called

extravasation. They have also a key role in the regula-

tion of several aspects of immune responses. Finally, EC

contributes to the control of mitogenesis and angiogen-

esis (Zania et al. 2008).

The blood flow is regulated by the secretion and

absorption of vasoactive substances expressed by the

endothelium acting in a paracrine manner to constrict or

dilate specific vascular beds in response to stimuli. In fact,

ECs can release vasodilators, such as nitric oxide (NO) as

well as vasoconstrictor molecules, including endothelin-1

(ET-1) (Schiffrin 2001; Verma and Anderson 2002). Dis-

continuation of endothelial function is an early indicator of

the development of vascular disease and an important area

for further research and identification of new potential

therapeutic targets. In fact, endothelial dysfunction, the

transition from a healthy endothelium to a generalized

damaged phenotype, characterized by pro-coagulative, pro-

inflammatory, and pro-vasoconstrictive features (van den

Oever et al. 2010; Flammer and Luscher 2010), is an early

event in many diseases including atherosclerosis (AS),

hypertension, diabetes, sepsis, chronic kidney disease, and

hyperlipidemia (Virdis et al. 2011; Versari et al. 2009;

Kerekes et al. 2008; Peters et al. 2003; Landray et al.

2004). In particular, AS, the most prevalent vascular dis-

ease in developed countries, is a multifactorial disease with

several predisposing factors, such as smoking, diabetes,

hyperlipidemia, hypertension, mechanical stress, and

inflammation.

Despite their very low concentrations in plasma, AC

incorporation into plasmatic membrane and cytosol of

vascular ECs was demonstrated with the capacity to exert

significant protective effects against oxidative damage at

different cellular level (Youdim et al. 2000). Ziberna et al.

(2012) assessed the uptake of physiological concentrations

of C3G by human vascular ECs and investigated the

involvement of the membrane transporter bilitranslocase,

as a key player underlying molecular mechanism for

membrane transport. Bilitranslocase is a plasma mem-

brane organic anion carrier, expressed in human and rat

aortic primary ECs, involved in the transport of different

dietary flavonoids. C3G, similarly to the other AC, MvG,

has been demonstrated to be transported via bilitranslo-

case inside ECs in human and rat aortic primary endo-

thelial cells as well as Ea.hy 926 cells (Maestro et al.

2010). These results suggest that, despite their lower oral

bioavailability, dietary AC may exert their biological

activity at intracellular level in the endothelium. Inter-

estingly Cy-3-O-rutinoside and Pg-3-O-glucoside may be

taken up, in vitro, by two brain EC lines from mouse

(b.END5) and rat (RBE4). This evidence suggests that

these molecules can cross the blood–brain barrier and

contributes to explain, at least in part, their neuroprotec-

tive effects (Youdim et al. 2003). Even though it seems

quite evident that AC (and in general all polyphenols) do

not exert any specific antioxidant activity inside the brain,

more recent indications suggest that the possible brain

effects of these molecules are also indirect and due to the

activation of a hormetic dose–response and to effects on

peripheral systems of the body, which in turn affect CNS

functions (Schaffer and Halliwell 2012). This concept

reinforces the importance of the effects of AC at the level

of endothelium and, in general, independently of the tis-

sue or organ considered, the evidence that even though

the observed concentrations of plasma AC are not suffi-

cient to exert a bona fide antioxidant activity, both in the

extracellular and in intracellular spaces, they may be able

to affect signal transduction and/or gene expression

(Fig. 1).
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Anthocyanin consumption, endothelial functions

and CVD risk

Numerous epidemiological reports suggest that the con-

sumption of fruits containing high concentrations of AC,

such as pomegranate, purple grapes, and berries, are

associated with the reduction of specific CVD risk factors,

particularly with respect to hypertension, platelet aggre-

gation, and endothelial-dependent vasodilatation. Further-

more, the incorporation of AC-rich plant foods into the diet

is more ‘‘biologically effective’’ than consuming a single

AC extract/supplement, possibly due to the synergy with

other bioactive compounds contained in them (Titta et al.

2010). Kay et al. (2012) have recently carried out a sys-

tematic review of randomised controlled trials based on the

administration of flavonoid-rich food products to evaluate

the relative impact of flavonoid composition, dose, and

structure on vascular function. The effects of six flavonoid

subgroups on flow-mediated dilation (an index of endo-

thelial function; FMD) and blood pressure were assessed.

Meta-analyses of combined flavonoid subclasses showed

significant improvements in FMD and systolic/diastolic

blood pressure. Similar benefits were observed for the

flavan-3-ol, catechol flavonoids (catechins, quercetin, Cy,

etc.), procyanidins, epicatechin, and catechin subgroups.

Dose–response relationships were nonlinear for FMD, with

greater associations observed when a polynomial

regression analyses was applied. Similarly, Cassidy et al.

(2013) examined the relationship between AC and other

flavonoids and myocardial infarction (MI) in a group of

93,600 women (25–42 years old, healthy at baseline and

followed for 18 years) from the Nurses’ Health Study II.

Flavonoid intake, divided into subclasses, was calculated

from validated food-frequency questionnaires collected

every 4 years, using an updated and extended database

provided by the US Department of Agriculture. An inverse

association between higher intakes of AC and risk of MI

was observed, and the addition of intermediate conditions,

including history of hypertension, did not significantly

attenuate the relationship. The combined intake of 2 AC-

rich foods, blueberries and strawberries, had a better effect

in decreasing the risk of MI in comparison with the con-

sumption of [3 servings a week and with lower intakes.

Interestingly, the intake of other flavonoid subclasses was

not significantly associated with MI risk, apparently putting

AC in a very special position among the numerous bioac-

tive phenolic molecules.

Indeed, the majority of the studies available in the lit-

erature largely differ by design and outcomes. For instance,

12 weeks supplementation with AC isolated from berries

(320 mg/day) improved endothelium-dependent vasodila-

tion (as shown measuring artery FMD, circulating HDL

cholesterol concentrations, soluble VCAM-1 and LDL

cholesterol concentrations) in 150 hypercholesterolemic

Fig. 1 Endothelial cells functions. Endothelium plays a critical role

in maintaining vascular homeostasis. ECs function as a barrier

regulating the flow of nutrient substances and different biologically

active molecules. The endothelium is essential in controlling the

passage of fluid into tissue, in modulating cellular trafficking and

coagulation, and in regulating blood pressure. The endothelium also

plays a key role in the regulation of immune responses, and the

endothelial cell layer serves as the gateway for the entry of leukocytes

into tissue in response to inflammatory stimuli. CAMs cell adhesion

molecules, NO nitric oxide, PGI2 prostacyclin, TXA2 thromboxane

A2, ET endothelin, ROS reactive oxygen species, tPA tissue

plasminogen activator, PAI-1 plasminogen activator inhibitor 1,

PAF platelet-activating factor, TF tissue factor
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patients (Zhu et al. 2011). More recently, the same authors

(Zhu et al. 2013) observed a significant decrease in the

serum levels of high-sensitivity C-reactive protein and

soluble VCAM-1 and of plasma IL-1b in 50 hypercholes-

terolemic subjects consuming a purified AC mixture

(320 mg/day) for 24 weeks. Dohadwala et al. (2011) car-

ried out a chronic crossover study, administering a double-

strength cranberry juice (54 % juice, 835 mg total poly-

phenols, and 94 mg AC) or a matched placebo beverage for

4 weeks to 59 subjects with coronary heart disease. In these

experimental conditions, the carotid femoral pulse wave

velocity, a clinically relevant marker of arterial stiffness,

was reduced by cranberry juice consumption. Similarly,

Aviram et al. (2004) investigated the effects of consuming

pomegranate juice (PJ, an important source of AC and

bioactive tannins) for 1–3 years by ten patients with carotid

artery stenosis (CAS) on the progression of carotid lesions

and blood pressure. PJ consumption resulted in a signifi-

cant reduction (up to 30 %) of common carotid intima-

media thickness (IMT) and of systolic blood pressure (by

about 12 %). After 1 year of PJ consumption, an increase

in serum total antioxidant status was also observed,

whereas serum LDL basal oxidative state and susceptibility

to copper ion-induced oxidation and serum levels of anti-

bodies against oxidized LDL were all significantly reduced.

On the contrary, a more recent study reports that

6 weeks of regular consumption of a wild blueberries drink

containing flavonols, phenolic acids, and AC, at the daily

dose of 25 g freeze-dried powder (providing 375 mg of

AC), resulted in reduced levels of oxidized DNA bases

with no effect on endothelial function markers in 18 male

volunteers with risk factors for cardiovascular disease

(Riso et al. 2013).

Overall, the evidence supporting conclusions about the

efficacy of AC in modulating endothelial functions still

appear limited and somehow inconsistent, partly due to the

heterogeneity in the design of studies, the lack of controls,

the relatively short intervention periods, and the low power

in several studies (Chong et al. 2010; Hooper et al. 2008;

van Dam et al. 2013). It would be advisable that an

agreement will be reached among researchers actively

involved in this topic, in order to set the parameters for

shared ‘‘standardized’’ experimental designs, allowing a

solid comparison between different studies.

Pharmacological effects of AC on endothelium:

molecular basis

NO-related mechanisms

NO is a heterodiatomic free radical product generated

through oxidation of L-arginine to L-citrulline playing a key

role in vasodilation (Stamler et al. 1992). Its generation

may be catalyzed by two different Ca2?/calmodulin-

dependent NO synthases, the constitutively active endo-

thelial NO synthase (eNOS) and neuronal NO synthase,

and by the Ca-insensitive inducible NO synthase (iNOS)

(Vallance and Leiper 2002).

A balanced release of NO is involved in various

important physiological functions including relaxation of

blood vessels and platelet aggregation inhibition (Lowen-

stein et al. 1994). While the constitutive enzyme eNOS

synthesizes low amounts of NO regulating physiological

homeostasis and cell signaling, the inducible form iNOS,

induced by cytokines like interferon gamma, interleukin

1a, or TNF-a, produces large quantities of NO (up to lM

concentration in the microenvironment of activated mac-

rophages) (Domitrovic 2011). High concentrations of NO

can then result in cytotoxicity, as it is a relatively reactive

molecule potentially able to react with superoxide (O2
-�)

generating peroxynitrite (ONOO-) (Guzik et al. 2002), a

highly reactive species which can directly react with var-

ious biological targets and components of the cell including

lipids, thiols, amino acid residues, DNA bases, and low

molecular weight antioxidants (O’Donnell et al. 1999).

Several studies are available indicating that the con-

sumption of dietary AC is associated with an enhanced

production of the vasodilator factor NO. This is corrobo-

rated by results obtained by supplementation studies

demonstrating that the intake of foods rich in AC leads to a

significant improvement of endothelium-dependent vaso-

dilation. Zhu et al. (2011), in a long-term intervention trial

on hypercholesterolemic individuals, found that a long-

term supplementation of AC isolated from berries

(320 mg/day for 12 weeks) improved FMD of the brachial

artery (an index of endothelial function). Similarly, a rise in

plasma concentrations of cGMP (an index of NO activity

and, therefore, an indirect indicator of endothelium-

dependent vasodilation) was observed. On the other hand,

in a chronic randomized crossover human study, Do-

hadwala et al. (2011) did not show any chronic effect of

cranberry juice on the primary endpoint of the brachial

artery FMD, but observed a highly significant effect on

central aortic stiffness, increasingly recognized as being a

significant measure of vascular function relevant for car-

diovascular disease. A recent study conducted by Than-

dapilly et al. (2012) demonstrated that the treatment with

whole grape powder (rich in AC, as well as in resveratrol,

catechins, flavonoids, and several other flavonoids) was

associated with a spectrum of vascular and cardiac benefits

in spontaneously hypertensive rats, with a remarkable

decrease of blood pressure, increased arterial relaxation

and vascular compliance, and attenuated cardiac hyper-

trophy. In Sprangue-Dawley rats, wild blueberries incor-

porated into the diet (8 % w/w) improved vascular tone and

the artery responsiveness to factors increasing vessel
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contractility only if maintained for more than 4 weeks (Del

Bo’ et al. 2012). Therefore, the length of dietary supple-

mentation appears as a critical component for wild blue-

berries bioactive components to exert their beneficial

effects. This particular effect was explained by the authors

according to the documented age-related changes in post-

synaptic a1-adrenoreceptor mechanisms in rat aorta and

might involve the interaction between agonist membrane

receptors and blueberry components.

Some in vitro studies provided indications suggesting

that at high concentrations, AC may have a role in pro-

tecting against alterations of the cellular redox status

mediated by NO, directly acting as peroxynitrite scavenger.

Serraino et al. (2003), for example, demonstrated that

blackberry juice and its main component C3G, are capable

of preventing peroxynitrite-mediated endothelial dysfunc-

tion in human umbilical vein endothelial cells (HUVECs)

and vascular insufficiency in rat thoracic aorta rings.

Similarly, malvidin-3-O-glucoside (M3G) has been

reported to efficiently protect bovine arterial endothelial

cells (BAECs) from peroxynitrite induced apoptotic death.

It is important to note that oxidative stress was assessed by

a non-specific test (dichlorodihydrofluorescein diacetate

assay), known to be reactive toward a broad range of

oxidizing species that are likely to be increased during

intracellular oxidant stress, rather than specifically toward

peroxynitrite. In the same study, carbonyl groups were

significantly reduced in the presence of M3G treatment,

indicating that also a protein oxidative damage associated

with an altered cellular redox status was countered (Paixão

et al. 2012b). Furthermore, M3G administration inhibited

mitochondrial apoptotic signaling pathways caused by

peroxynitrite, counteracting the depolarization of mito-

chondrial membrane, the activation of caspase-3 and cas-

pase-9, and the increase of the expression of the pro-

apoptotic protein Bax. In a different study utilizing a

similar experimental model, the same authors found that

M3G administration was associated with the upregulation

of eNOS mRNA, leading to a significant enhancement of

eNOS expression and NO synthesis. Pro-inflammatory

mediators (iNOS and COX-2 expression, and IL-6 syn-

thesis) were also significantly reduced thanks to the inhi-

bition of the NF-kB pathway (Paixão et al. 2012a). As

mentioned, an evident limit of these studies is in the very

high concentrations considered (12.5–25 lM) that are far

from any achievable level.

It is interesting to remark that the observed protective

effects of AC are not necessarily due to their direct anti-

oxidant (reductant) activity, as the regulation of enzymes

involved in NO activity is clearly involved. Accordingly,

Xu et al. (2004a, b) reported that C3G can act as an eNOS

natural activator in BAEC. In fact C3G increased produc-

tion of NO by phosphorylation of the protein kinase C (also

known as Akt) and of extracellular signal-regulated kinase

1/2 (ERK1/2) and enhanced eNOS activity by promoting

its phosphorylation at Ser1179 and dephosphorylation at

Ser116 (Fig. 2). Phosphorylation of Akt (Ser473) and

ERK1/2 paralleled that of eNOS (Ser1179), and then

increased its activity, as evidenced by the regulated asso-

ciation between eNOS and soluble guanylyl cyclase (sGC),

the increase in cGMP production, and the induced phos-

phorylation at Ser239 of the vasodilator-stimulated phos-

phoprotein (VASP) after treatment with C3G. In contrast to

the studies mentioned above, these experiments were

designed considering C3G concentrations (0.5 lM) close

to the levels potentially achievable in vivo, corroborating

the indication that the observed effects of C3G on NO

activity were not an experimental artifact, therefore sup-

porting the potential importance of this molecule in human

health and disease.

Lazzè et al. (2006) showed that Dp, to a greater extent

than Cy, decreases ET-1 production and induces eNOS in

HUVECs. Interestingly, also protocatechuic acid, an AC

metabolite, exhibits a mild inhibitory effect on NO pro-

duction and TNF-a secretion in lipopolysaccharide (LPS)-

treated macrophages (Hidalgo et al. 2012). Bell and

Gochenaur (2006) also noted that AC-rich chokeberry and

bilberry extracts produced a dose-dependent relaxation of

coronary artery rings from mature female pigs, with

chokeberry extracts exhibiting the highest power. Also in

these cases, some concerns about the effective AC con-

centrations considered (up to 100 lM and 0.5–5 mM,

respectively) can be raised, partially reducing the possi-

bility of inferring significant similar effects in vivo.

Interestingly, C3G has been reported to have opposite

effects on the different NOS isoforms. Even though also in

this case high concentration was considered (about

20–200 lM), Pergola et al. (2006) could demonstrate that

C3G exerts an inhibitory activity on iNOS. In their study,

an AC-rich fraction from blackberry extract and purified

C3G reduced iNOS protein levels at the transcriptional

level in LPS-treated J774 macrophages through the inhi-

bition NF-jB activation (Fig. 2). This differential effect

might have a high concern considering the different roles

exerted by the two isoforms in different pathophysiological

contexts. In fact, while NO generation by eNOS has an

important role in maintaining cardiovascular homeostasis,

on the contrary, a chronic induction of NO production by

iNOS, occurring for instance in heart failure and ischemia–

reperfusion, can have detrimental effects on the circulatory

function (Calderone 2003). Similarly to C3G, other poly-

phenolic compounds have been reported to exert opposite

effects on NO production in different experimental models

(Chan et al. 2000). Once corroborated by more solid

studies on experimental models and confirmed in vivo, the

differential effect on NOS isoforms may be pivotal for the
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generation of preventive/therapeutic strategies based on the

establishment of a ‘‘good’’ balance between iNOS and

eNOS in various pathophysiological systems.

Other mechanisms might be involved in the vascular

effects of AC. Chalopin et al. (2010) reported that Dp, in

particular, activates molecular pathways (such as Src,

ERK1/2, and eNOS) in Ea.hy926 ECs, through direct

interaction with estrogen receptor-a (ERa), which leads to

NO endothelial production and consequent vasorelaxation

(see Fig. 2 for a simplified description of pathways

involved). In addition, they carried out a docking study of

Dp on ER-a. The expected binding mode of the ligand

binding domain on ER-a was similar to that observed in the

X-ray structure of the ER-a with 17b-estradiol (E2). Also

in this case, a very high concentration of Dp (33 lM) was

utilized, partially compromising the possibility to robust

conclusions about the presence of this effect in vivo.

In ECs, the activation of eNOS in response to circulating

hormones, local autacoids, and substances released from

platelets, coagulation cascade, and autonomic nervous

system is mainly dependent on an increase in cytosolic-free

calcium concentration ([Ca2?]i) (Domitrovic 2011; Mom-

bouli and Vanhoutte 1999). Dp, at a concentration of

10 lg/mL (about 30 lM), induced a significant increase in

[Ca2?]i that led to the formation of NO in BAECs (Martin

et al. 2002). However, it is important to note that the

amplitude of Dp-induced calcium signal, less than 200 nM,

is relatively low with respect to the one induced by phys-

iological agonists such as bradykinin (Schini-Kerth et al.

2010). Therefore, even if an increase in [Ca2?]i is an

Fig. 2 Effects of AC in vascular endothelium. Anthocyanins are

potent inducers of the endothelial formation of NO involving different

intracellular signaling pathways. Furthermore, AC are able to

modulate pro-inflammatory pathway by inhibiting ROS and the

redox-sensitive transcription factor NF-jB. Indirect mechanisms

involved in ROS scavenging ability of AC could be also linked to

acute activation of antioxidant and detoxifying enzymes modulated

by Nrf2 transcription factor. ROS reactive oxygen species, PI3K

phosphatidylinositol 3-kinase, MAPK mitogen-activated protein

kinases, ERK1/2 extracellular regulated kinase 1 and 2, Akt protein

kinase B, LDL-ox oxidized low density lipoprotein, TNF-a tumor

necrosis factor a, eNOS endothelial NO synthase, NO nitric oxide, ER

estrogen receptor, Cav-1 caveolin-1, sGC soluble guanylyl cyclase,

GTP guanosine-50-triphosphate, cGMP cyclic guanosine monophos-

phate, NQO1 NAD(P)H:quinone oxidoreductase-1, HO-1 heme

oxygenase-1, KEAP1 kelch-like-ECH-associated protein 1, Nrf2

nuclear factor erythroid-2 (NF-E2)-related factor 2
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important route that leads to eNOS activation in ECs, it is

likely that other additional mechanisms contribute to the

stimulatory effect of AC on eNOS activity (Fig. 2).

Additionally, Martin et al. (2003) showed that Dp

inhibits apoptotic response in ECs exposed to actinomycin

D, a DNA transcription suppressor, by increasing eNOS

expression via the MEK1/2 inhibitor-sensitive pathway.

The effect of Dp also involves NO and guanylyl cyclase-

dependent pathway and is associated with the ability in

maintaining endothelial [Ca2?]i level within a physiologi-

cal range, and with the reduction of mitochondrial release

of cytochrome c. It is likely that NO, via cGMP (resulting

from guanylyl cyclase hydrolysis of guanosine triphos-

phate), plays a significant part in this process. The authors

have therefore hypothesized that the arrest of mitochon-

drial release of cytochrome c is the mechanism whereby

NO can mediate the antiapoptotic effect of Dp. Another

mechanism by which the NO-cGMP pathway inhibits

apoptosis in ECs is the negative feedback on [Ca2?]i

homeostasis (Perrier et al. 2009), since increase of [Ca2?]i

is one of the fundamental signals that lead to cellular

apoptosis (Martin et al. 2003).

NF-jB and other signal transduction pathways

A chronic pro-inflammatory condition is considered a

typical feature in vascular endothelial dysfunction trig-

gered by the activation of transcription factors such as NF-

KB, functionally dependent on the cellular redox state.

Thus, several pro-inflammatory agents, such as oxidized

low density lipoprotein (ox-LDL), free radicals/ROS, and

TNF-a, are able to act as triggering agents in AS (Libby

2007).

A robust amount of positive evidence supporting the

protective effect of AC against vascular endothelial dys-

function has been achieved in vivo using experimental

animal models, and in particular in apolipoprotein E-defi-

cient (apoE-/-) mice. The lack of a functional gene ApoE

makes these mice incapable of producing a key glycopro-

tein, apoE, essential for lipids transport and metabolism.

(apoE-/-) mice are healthy when born, but with a

markedly altered plasma lipid profile in comparison with

wild-type mice, and quickly develop severe ‘‘human-like’’

atherosclerotic lesions, regardless of the diet (Kolovou

et al. 2008).

Wang et al. (2012a) reported that in 8-week-old male

apoE (-/-) mice fed with a high-fat, cholesterol-rich diet,

the supplementation with C3G (2 g/kg diet) for 8 weeks

prevented or reversed hypercholesterolemia-induced

endothelial dysfunction by inhibiting accumulation of

cholesterol and 7-oxysterol in the aorta, with a subsequent

reduction in superoxide production, thus preserving eNOS

activity and NO bioavailability.

According to the evidence that accelerated AS in dia-

betes mellitus is primarily due to limited availability and

function of endothelial progenitor cells (EPC), Zhang et al.

(2013) investigated the protective effects of a very high

dietary supplementation of C3G (0.2 % wt:wt for 6 weeks)

on EPC function and endothelial repair in streptozotocin-

induced diabetic apoE (-/-) mice, underscoring the

potential role of C3G in prevention and treatment of dia-

betic vascular complications. In fact, the endothelium-

dependent relaxation response to acetylcholine in aortas of

C3G-fed mice was 51 % higher than that of controls and

similar to that observed in non-diabetic apoE (-/-) mice.

The ability of in vitro adhesion to fibronectin, migration,

and tube formation was significantly affected in diabetic

EPCs and was significantly saved in response to C3G. At

the molecular level, a higher phosphorylation of AMPK

Thr172 and eNOS Ser1177 was observed in EPCs obtained

from C3G-treated diabetic mice in comparison with non-

diabetic mice.

Furthermore, 2 weeks of supplementation with an AC-

rich extracts of blueberry (0.02 % wt/wt in diet) mitigated

the development of atherosclerotic lesions in apo E (-/-)

mice, and this appeared to be mediated by the overex-

pression of genes involved in bile acid synthesis and cho-

lesterol absorption in the liver and by a down-regulation of

pro-inflammatory gene expression (Mauray et al. 2010).

The in vivo mechanisms of action of bilberry extract have

been studied using a transcriptomic approach, allowing the

detection of a modulated expression of 1,261 genes in the

aorta (Mauray et al. 2012). These sets of genes are involved

in various cellular processes, such as oxidative stress,

inflammation, transendothelial migration, and angiogene-

sis. All these processes are associated with AS develop-

ment/protection. Some of the most significantly down-

regulated genes included genes coding for AOX1,

CYP2E1, or TXNIP involved in response to oxidative

stress, JAM-A coding for adhesion molecules, or VEGFR2

involved in angiogenesis regulation. Others were upregu-

lated genes, such as CRB3, CLDN14, or CDH4, potentially

associated with an increase of cell–cell adhesion and a

decrease in paracellular permeability.

However, it is unclear whether the protective effect

shown in these studies is due to the parent AC contained in

the extracts studied or to metabolites having a specific

biochemical activity. For example, the administration of

protocatechuic acid (one of the major AC metabolites) in

apoE-deficient mice reduces aortic VCAM-1 and ICAM-1

expression, NF-jB activity, and the levels of plasma-sol-

uble VCAM-1 and ICAM-1, thus delaying the develop-

ment of AS (Fig. 2) (Wang et al. 2010).

Ox-LDL has a pivotal role in atherogenesis. It is widely

used in vitro to implement experimental models for the

pathogenesis of AS, frequently carried out by means of
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cultured ECs from different sources (human, bovine), also

aimed to the investigation of the protective effect of AC

against endothelial dysfunction. In fact, ox-LDL induces

inflammation and apoptosis in ECs, inhibits their prolifer-

ation, and stimulates the expression of adhesion molecules.

Its atherogenic mechanism within ECs and monocytes is

hypothesized to include the induction of the transcription

of genes relevant for atherogenesis, such as NF-jB,

adhesion molecules, and NOS. Moreover, ox-LDL acti-

vates lectin-like oxidized low density lipoprotein receptor

(LOX)-1, a specific receptor that helps ox-LDL uptake in

ECs and therefore improves monocytes adhesion (Pirillo

et al. 2013).

A number of in vitro studies in cultured ECs demon-

strate that AC can effectively protect vessel ECs against

damage effects induced by ox-LDL. In ECs exposed to ox-

LDL, the pre-treatment with 0.1 lg/mL of a phenolic

fraction from Lonicera caerulea L. (blue honeysuckle)

having an AC content of 18.5 % had significant protective

effects against cell damage detected by means of some

non-specific cell injury markers such as lactate dehydro-

genase leakage and thiobarbituric acid reactive substances

formation (Palı́ková et al. 2009). Even though it provides

some indication about the ability of AC metabolites to

counter the detrimental effect of ox-LDL, this study

appears outdated due to the limitation of the methodology

chosen by the authors to identify cell damage and

dysfunction.

Few purified molecules have also been tested within this

context. Chen et al. (2010, 2011) reported that the pre-

incubation with 100 lM Dp had significant protective

effects against injury induced by ox-LDL in HUVECs. In

this report, even though ‘‘biased’’ by an experimental

design providing a concentration not achievable in vivo,

Dp was able to prevent ox-LDL-induced cell viability loss

and apoptosis, to reduce intracellular ROS overproduction,

to restore the activity of endogenous antioxidants, and to

increase NO levels. These effects are overall considered

‘‘protective’’ within the pathogenesis of AS and were

mediated by the upregulation of the expression of Bax and

by the down-regulation of Bcl-2 protein, pivotal players in

apoptosis-related signaling pathways, that can either pro-

mote cell survival or cell death (Ola et al. 2011).

Similar effects have been demonstrated in vitro for

delphinidin-3-O-glucoside (D3G) from dark-skin berries,

in porcine aortic endothelial cells (PAECs) exposed to ox-

LDL (Xie et al. 2012). In fact, co-treatment with 100 lM

D3G countered the detrimental effects of ox-LDL in cul-

tured vascular ECs, including the increase in intracellular

superoxide (measured by lucigenin assay), NADPH oxi-

dase (NOX2 and NOX4, some of the main sources of ROS

in vascular ECs through the catabolism of NADPH), and

caspase-3 protein levels. Even though the very high D3G

concentration utilized is objectionable, this study seems to

demonstrate that cell viability, the activities of mitochon-

drial enzymes and of Bcl-2 were positively affected, sug-

gesting a potential role of D3G in AS prevention and

treatment.

Oxidation products of cholesterol are present in human

atherosclerotic plaques and show significant atherogenic

properties. 7-Oxysterols are the major cytotoxic compo-

nents found in ox-LDL, 7-ketocholesterol (7-KC), and 7a-

hydroxycholesterol having the most detrimental effects on

vessel endothelium (Poli et al. 2013). In particular, 7-KC is

believed to cause foam cell transformation in macrophages

and toxicity to vascular endothelial and smooth muscle

cells. 7-KC is generated in lipoprotein deposits by a free

radical involving mechanism, also known as Fenton reac-

tion, requiring transition metal catalysis, usually by iron or

copper. One of the major consequences of 7-KC generation

and accumulation is a pro-inflammatory response, mainly

acting through three kinase signaling pathways, AKT-

PKCf-NFjB, p38MAPK, and ERK. 7-KC inflammatory

pathways have been described in different cell types,

responding to 7-KC with the subsequent activation of NF-

jB.

A number of studies addressing the protective effect of

AC against oxysterol-induced damage in ECs are available.

Pretreatment with ‘‘Aronox’’ (1–50 lg/mL), an AC-rich

extract from Aronia melanocarpa E., has been reported to

protect HUVECs against damage induced by 7b-hydroxy-

cholesterol resulting in cytochrome c release, caspase-3

activation, and down-regulation of anti-apoptotic Bcl-2

(Zapolska-Downar et al. 2008). Similarly, a very high, non-

physiologically achievable dose of Dp (about 33 lM) has

been reported to inhibit apoptosis elicited by 7b-hydroxy-

cholesterol in BAECs. The antiapoptotic effect of Dp was

associated with an increase of endothelial NOS expression

mediated by a MAP kinase (Martin et al. 2003).

Wang et al. (2012b) suggested a further mechanism by

which AC protect from oxidative damage induced by

oxysterol on ECs. They showed that the administration of

C3G (ranging from 0.5 to 50 lM) to human aortic ECs

(HAECs) abrogates the increase of ROS and inhibits

apoptosis induced by 7-KC. These effects are accompanied

by the preservation of NO bioavailability thanks to the

maintenance of high eNOS activity. The authors attributed

this effect to the ability of C3G to upregulate the expres-

sion of ATP-binding cassette subfamily G member 1

(ABCG1) and subfamily A member 1 (ABCA1), and thus

to promote oxysterols efflux.

The adhesion of monocytes to the vascular endothelium

and their subsequent trans-endothelial migration are rec-

ognized as crucial early events in atherogenesis. Cell

adhesion molecules (CAMs) mediate different phases of

migration of leukocytes from the bloodstream to the
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inflammatory foci and play a pivotal role in pathologic

inflammation such as in AS. Even though the expression of

both VCAM-1 and ICAM-1 is upregulated in atheroscle-

rotic lesions, VCAM-1 has been reported to play an

important role in the initiation of AS opening the avenue to

the development of new therapeutic agents having specific

suppressive effects on CAMs. With regard to differential

mechanisms regulating the expression of VCAM-1 and

ICAM-1, it has been reported that functional transcription

factor binding motifs for NF-jB, interferon regulatory

transcription factor-1 (IRF-1), activator protein-1 (AP-1),

and the transcription factor genes binding to the DNA

sequence GATA (GATAs) exist in VCAM-1 gene pro-

moter region (Iademarco et al. 1992; Neish et al. 1995;

Lechleitner et al. 1998; Papi and Johnston 1999). ICAM-1

promoter has also NF-jB, AP-1, and specificity protein-1

(SP-1)- binding sites (Stade et al. 1990).

There is robust evidence indicating that AC may inhibit

expression of CAMs and monocytes adhesion to ECs

challenged by pro-inflammatory agents. TNF-a is widely

used as a pro-inflammatory agent in ECs as it is capable of

inducing endothelial dysfunction, promoting formation of

intracellular ROS and NF-jB activation. Kim et al. (2006)

demonstrated that high concentrations of AC isolated from

black soybean seed coat (in a range between 10 and

100 lg/mL) inhibit TNF-a-induced increase of VCAM-1,

ICAM-1, and cyclooxygenase-2 levels in BAECs, by

affecting NF-jB-dependent gene expression. In the same

study, a single dose of AC (25–100 mg AC from black

soybean coat per kg b.w.) protected the hearts of rats

subjected to 30 min occlusion of myocardial left

descending coronary artery, followed by 24 h reperfusion.

Overall, these results were confirmed by Nizamutdinova

et al. (2009), who reported that treatment with 50–100 lg/

mL AC from black soybean seed coat inhibited ROS

accumulation (measured with dichlorofluorescein diacetate

dye assay) and VEGF production in ECs challenged with

TNF-a, reducing, in a dose-dependent manner, the adhe-

sion of inflammatory monocytes to ECs. Under these

experimental conditions, AC also blocked NF-jB translo-

cation into the nucleus. In a different study conducted on

HAECs exposed to TNF-a, 100 lg/mL of a Cy-rich purple

sweet potato leaf extract (PSPLE) significantly inhibited

monocyte adhesion to ECs and attenuated the expression of

VCAM-1, IL-8, and CD40. The authors hypothesized that

this effect was due to the modulation of NF-jB and MAPK

signaling (Chao et al. 2013).

We have demonstrated that C3G at 20–40 lM counters

CAMs overexpression and adhesion of leukocytes to the

endothelium induced by TNF-a in HUVECs. In the same

study, C3G also decreased the activation of the transcrip-

tion factor NF-jB as well as the intracellular levels of

H2O2 and lipid peroxidation by-products, triggered by this

pro-inflammatory cytokine (Speciale et al. 2010) (see also

Fig. 2). Similarly, Chen et al. (2011) studied the effect of

Dp on ox-LDL-induced adhesion of monocytes to cultured

ECs. The authors showed that pretreatment with

50–200 lM Dp decreased in a dose-dependent manner ox-

LDL-induced upregulation of ICAM-1 and P-selectin

expression resulting in an inhibition of monocytes adhesion

and transmigration. Moreover, Dp treatment mitigated ox-

LDL-induced ROS production and p38MAPK protein

expression. The transcriptional activity of NF-jB was also

inhibited subsequently to a decrease of IjB-a degradation,

leading to a reduced expression of mRNA and protein for

NADPH oxidase subunit.

Most recently, Zhu et al. (2013) reported that D3G and

C3G act synergistically in inhibiting LPS-induced VCAM-

1 (see Fig. 2) secretion in PAECs. The authors suggest that

dietary supplementation with plant-based foods rich in

different AC compounds is likely to be more beneficial

than consuming a single AC supplement. Also vitisin A (a

class of pigments formed through chemical interaction of

the original AC with pyruvic acid during wine aging) have

been reported to have an inhibiting effect on TNF-a-

induced monocyte chemoattractant protein expression in

primary human ECs, but to a much lower extent in com-

parison with the original AC (Garcı́a-Alonso et al. 2004).

AC have been also reported to be involved in some of

the molecular events underlying the development of dia-

betic nephropathy (DN), a major complication of diabetes

and the leading cause of end-stage renal disease. In early

DN, both renal damage and accumulation of macrophages

take place in the pathological environment of glomerular

vessels adjacent to the kidney mesangial cells expressing

pro-inflammatory mediators. Kang et al. (2012) performed

an interesting study to show that AC-rich purple corn

extract (PCA) can be a potential protective agent for

treatment of diabetes-associated kidney glomerulosclero-

sis, both in vitro and in vivo. When human ECs and THP-1

monocytes were grown in media of human renal mesangial

cells (HRMCs) exposed to 33 mM glucose, the adminis-

tration of PCA was associated with a decreased expression

of endothelial VCAM-1, E-selectin, and monocyte inte-

grins-b1 and -b2 due to the blockade of mesangial Tyk2

pathway. In the in vivo study conducted on leptin receptor

deficient db/db mice (a rodent model for obesity and type 2

diabetes), the administration of 10 mg/kg/day PCA for

8 weeks mitigated CXCR2 induction and activation of

Tyk2 and STAT1/3. In the kidneys of PCA supplemented

mice, a reduced infiltration and accumulation of macro-

phages was observed, associated with a significant modu-

lation of mesangial IL-8-Tyk-STAT signaling pathway.

The interaction with other cell signaling pathways may

also be involved in the ability of AC to protect ECs against

the deleterious effect of TNF-a. In a study conducted on
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BAECs, Xu et al. (2007) have shown that supplementation

with 50 lM Cy significantly reduced the number of

apoptotic cells, the levels of cleaved caspase-3 and poly(-

ADP-ribose)polymerase (PARP), all events triggered by

the exposure to TNF-a. Inhibitors of Akt, ERK-1/2, and

Src kinases and transfection with a dominant negative Akt

cDNA blocked the inhibitory effect of Cy on cleaved

caspase-3. The treatment with Cy was also associated with

a significant increase of eNOS and thioredoxin (Trx)

expression. This effect was inhibited by siRNA transfec-

tion of cGMP-dependent protein kinase (PKG) and by PKG

inhibitor KT5823 demonstrating the involvement of this

kinase in Cy-induced effects. Finally, the treatment with

Cy countered TNF-a-induced decrease of Trx S-nitrosy-

lation, restored caspase-3 S-nitrosylation, and reduced the

increase in expression and acetylation of p53 tumor sup-

pressor gene. Overall, these results indicate that Cy inhibits

apoptosis induced by TNF-a, acting through multiple

pathways.

According to the concept of AS as a chronic inflam-

matory disease, many studies suggested that the immune

mediator CD40 and its counterpart CD40 ligand (CD40L),

members of the TNF and TNF-receptor (TNFR) family, are

important factors in the pathogenesis of AS (Tousoulis

et al. 2010). Even though the role of the CD40-CD40L pair

has been considered to be limited to T and B lymphocyte

interactions, it is has been more recently found also

expressed by a variety of non-immune cells, such as vas-

cular ECs, where it exerts a broad range of functions. The

binding of CD40 to CD40L induces the production of a

number of inflammatory cytokines and chemokines, such

as interleukins, monocyte chemoattractant protein-1 (MCP-

1), and adhesion molecules, able to activate atherogenesis

(Pamukcu et al. 2011). Along with these, CD40–CD40L

interactions are hypothesized to play a major role in plaque

rupture through the upregulation of MMPs expression

(DeGraba 2004).

It is known that TNF-receptor-associated factor 2

(TRAF-2) plays a critical role in CD40-NF-jB pathway,

and its overexpression increases CD40-mediated NF-jB

activation, and that TRAF-2 is almost completely recruited

to lipid rafts after stimulation by CD40 ligand (Tewari and

Dixit 1996). Xia et al. (2007) found that 1–100 lM C3G

and pelargonidin-3-O-glucoside (Pn3G) prevents CD40-

induced pro-inflammatory state, as measured by the pro-

duction of IL-6, IL-8, and monocyte chemoattractant pro-

tein-1, by inhibition of CD40-induced NF-jB activation in

HUVECs. The exposure of cells to AC interrupted not only

TRAF-2 recruitment to lipid rafts, but also induced a

reduction of lipid rafts cholesterol content, without

affecting the interaction between CD40 ligand and CD40

receptor. Thus, it can be speculated that AC counter CD40-

induced pro-inflammatory signaling by preventing TRAF-2

translocation to lipid rafts via the regulation of cholesterol

distribution.

Finally, some authors reported the presence of indirect

mechanisms involved in intracellular modulation of redox

status by AC, which could be linked to acute activation of

antioxidant and detoxifying enzymes, such as heme oxy-

genase-1 (HO-1) (Lazzè et al. 2006; Sorrenti et al. 2007)

and, as reported earlier, eNOS (Xu et al. 2004b). HO-1

overexpression, in turn, increases the production of bili-

rubin, an endogenous antioxidant, which, at physiological

concentrations, has been proposed to protect ECs against

hydrogen peroxide-mediated injury and to reduce cardio-

vascular events in humans (Minetti et al. 1998; Huang et al.

2012). C3G, both at high (lM range) and low (nM range)

concentrations, has been observed to be able to signifi-

cantly induce HO-1 protein expression in ECs (Sorrenti

et al. 2007).

According to these observations, studies from our lab-

oratory demonstrated that AC are able to induce a cellular

adaptive response (Cimino et al. 2013). Genetic analysis

has revealed that the coordinated induction of cytoprotec-

tive genes is regulated through a cis-regulatory DNA

sequence in the promoter or enhancer region named elec-

trophiles responsive element (EpRE), also frequently

referred as antioxidant responsive element (ARE), located

within the regulatory region of a number of target genes,

including glutathione S-transferases (GST1-4, GSTMI-6,

and MGST2-3), NAD(P)H: quinone oxidoreductase 1

(NQO1), HO-1, glutamate cysteine ligase, and c-glutam-

ylcysteine synthetase heavy and light subunits. The binding

to EpRE sequences mediate transcriptional activation of

genes in cells exposed to different kinds of stress and

therefore plays a pivotal role in cellular defense (Chen and

Kong 2004).

Numerous studies provided evidence that the activation

of a redox-sensitive gene-regulatory network mediated by

the NF-E2-related factor-2 (Nrf2) is intimately involved in

inducing EpRE-driven response to oxidative stress and

xenobiotics (Fig. 2). Nrf2 is a member of bZIP transcrip-

tion factors. In basal conditions, in the absence of any kind

of specific cellular stress, Nrf2 is sequestered in the cyto-

plasm after binding to an actin-bound protein, Keap1, that

promotes Nrf2 degradation by the ubiquitin proteasome

pathway (Fig. 2) (Forman et al. 2014a; Wakabayashi et al.

2004). In the presence of electrophiles, an alkylated form

of Keap1 is formed by Michael addition, which evades

from Nrf2 allowing its accumulation within the nucleus,

and the transactivation of EpRE-regulated target genes.

Since adaptive and pharmacologically induced expression

of Nrf2/EpRE-regulated cytoprotective proteins may con-

tribute to the atheroprotective and anti-inflammatory phe-

notype in ECs, dietary phytochemicals, able to act as

nucleophilic modulators of signal transduction pathways,
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might represent a potential therapeutic strategy to protect

vascular system against various stressors and to prevent

several pathological conditions (Speciale et al. 2011a, b).

According to this mechanism, in HUVECs challenged with

TNF-a, C3G is able to counteract TNF-a induced altera-

tions, including activation of NF-jB, increased gene

expression of adhesion molecules, leukocyte adhesion to

endothelium, and intracellular accumulation of H2O2 and

lipid peroxidation byproducts (Speciale et al. 2010). Fur-

thermore, pretreatment of TNF-a exposed HUVECs with

C3G activates Nrf2/EpRE pathway and consequently

improves cellular antioxidant systems (Speciale et al. 2013)

through the involvement of specific MAPKs (ERK1/2).

Under these conditions, the inactivation of ERK1/2 activity

by the inhibitor PD98059 abolishes the increase of nuclear

accumulation of Nrf2 induced by C3G. Interestingly, the

mechanism involved in the protective effect of C3G could

be associated mainly with a capability to elicit cell adaptive

responses, since C3G was able to induce Nrf2 nuclear

accumulation not only following TNF-a exposure but also

without any kind of stimulus. Also this effect seems to be

mediated by the activation of specific kinases ERK1/2 and

is abolished by the specific MAP kinase inhibitor

PD98059. As consequence of Nrf2 activation, HO-1 and

NQO-1 expression are upregulated by C3G treatment. It is

interesting to note that this effect is present in cells both

exposed and not exposed to TNF-a, and it is abolished by

treatment with PD98059. Finally, in C3G treated cells

challenged with TNF-a, the inhibition of ERK1/2 kinases

by PD98059 not only abolishes the increase of Nrf2

nuclear accumulation and the overexpression of HO-1 and

NQO-1, but also increases NF-jB p65 nuclear transloca-

tion, confirming the cross talk between NF-jB and Nrf2

(Bellezza et al. 2010).

Similarly, AC metabolites are able to protect HUVECs

against damage induced by moderate hyperoxia (O2 32 %).

In fact, the cytotoxic effect of mild hyperoxia came along

with a significant decrease in Nrf2 nuclear accumulation, as

well as in the expression of Nrf2-regulated antioxidant and

cytoprotective genes. In this experimental model, AC

metabolites have been reported to be able to activate the

Nrf2 pathway not only under hyperoxic but also in norm-

oxic conditions, suggesting the presence of an adaptive,

protective effect of AC in mild hyperoxia (Cimino et al.

2013). The same protective mechanism has been demon-

strated for C3G in ECs exposed to hypoxic condition by

modulating intracellular oxidative stress induced by low-

oxygen tension (Anwar et al. 2014).

However, the effect of AC appears to be different from

that of their glycosides. In HUVECs, aglycon anthocyani-

din forms, such as Cy and Dp, have been observed to

display a major action compared to Cy in inducing a sig-

nificant dose-dependent inhibitory effect on both protein

and mRNA levels of ET-1 (Lazzè et al. 2006). Cy and Dp

both increased the protein level of eNOS, but Dp showed

the major effect raising eNOS protein in a dose-dependent

manner. In the same study HO-1 protein induction by Cy

was apparent only at very high concentrations (100 lM).

The presence of an ortho-dihydroxyphenyl structure on

the B ring seems to be required for most of the AC phar-

macological activities, including their inhibitory effects on

endothelial dysfunction. Yi et al. (2012) have recently

investigated the relationship between AC chemical struc-

ture and their endothelial protective properties. In the

EA.hy926 cell line (frequently considered a good model for

HUVECs), the exposure to ox-LDL-induced decrease of

cell viability, generation of O2
-� and other ROS, p38MAPK

activation, NF-jB nuclear translocation, and transcriptional

activity, and the expression of mRNA of genes, such as

ICAM-1, VCAM-1, E-selectin, MMP-1, MMP-2, and

MMP-9, were inhibited by pretreatment with Dp and Cy.

The number of hydroxyl groups in total, a 30,40-ortho-di-

hydroxyl group on the B ring, and 3-hydroxyl group on the

C ring of flavonoids, were important structure character-

istics for the in vitro inhibitory effects. Thus, Dp exerts

more significant endothelium-protective effects compared

to Cy. These results are consistent with those previously

reported by the same authors who compared the inhibitory

effect of 21 AC against ox-LDL-induced endothelial

damage and their endothelial protective properties, as

measured by cell viability, radical scavenging activity,

production of malondialdehyde as breakdown product of

lipid peroxidation, and NO release (Yi et al. 2010). How-

ever, in vivo, the activity observed after the consumption of

these compounds could be also due to their metabolites

since C3G and D3G have been reported to be rapidly

methylated by catechol-O-methyl transferase (COMT) into

Pn3G and Pt3G (Vanzo et al. 2011).

Conclusions

Prevention and management of vascular diseases are one of

the major public health challenges worldwide. These

pathologies are associated with high risk of cardiovascular

complications such as uncontrolled high blood pressure,

coronary heart disease (which leads to heart attack) and

stroke, congestive heart failure, heart rhythm irregularities,

kidney failure resulting in shortened life expectancy and

higher morbidity.

A proper nutrition, assuring an optimal intake of bio-

active food constituents, may be at the base of new ther-

apeutic approaches for cardiovascular disease prevention

and treatment and contribute to a ‘‘healthy cardiovascular’’

population (Huang et al. 2013). The dietary consumption of

AC has been frequently associated with health-promoting
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benefits, and therefore, components of this class of phy-

topigments have been proposed to be active part of

‘‘functional foods’’ such as red, blue, and purple berries are

the most important ingredient in the formulation of

‘‘nutraceuticals.’’

Early reports suggested that the biological activities of

AC were solely related to their antioxidant power, but

animal and human bioavailability studies indicated that the

concentrations in tissues and biofluids are well below those

required for direct antioxidant action. Many studies are

now available indicating the existence of other multiple

and complex activities that cannot be explained on the

basis of the antioxidant characteristic and point out that the

‘‘playground’’ of AC is in the modulation of critical sig-

naling pathways and genes regulation.

Interestingly, the consumption of AC has not been

associated with adverse health effects. The risk of toxicity

and undesirable side effects from food supply, in spite of a

high dietary consumption of phenolic compounds in certain

countries, is relatively low, largely due to their overall low

absorption (Martin 2010; He and Giusti 2010).

This paper summarized the cardiovascular health-pro-

moting effects of AC and highlighted the current knowl-

edge about the molecular mechanisms involved in such

effects, focusing in particular on the ability to modulate

gene expression and cell signaling pathways at the level of

vessel endothelium.

Overall, AC bioavailability in plasma has been reported

to be less than 2 % of the ingested amount, suggesting that

they either pass through the gastrointestinal tract or are

metabolized in the gut or by the liver. However, a lot of

papers provide evidence that dietary AC, despite their

limited oral bioavailability and very low post-absorption

plasma concentrations, may provide protection against

vessel endothelium damage in several pathological condi-

tions. Probably low plasma concentrations of AC could be

sufficient to justify their biological activity when their

targets are the vessel endothelium cells, which are proven

able to incorporate AC into the membrane and cytosol, and

then to exert significant protective effects against oxidative

and inflammatory stressors. However, it is evident that this

field of knowledge requires further development. In fact

there is insufficient evidence to draw conclusions about AC

efficacy, since available data are frequently inconsistent.

This inconsistency is in large part due to the heterogeneity

of the experimental design, to a frequent lack of controls,

and overall to a low power of several studies. Furthermore,

a confusing factor is represented by the fact that dietary

sources of AC, such as berries, are rich in a wide range of

phenolic compounds, and AC can provide health-promot-

ing effects with synergistic actions in combination with

other compounds, due to interaction between substances.

On the other hand, AC are present in food matrix in

different structures and this heterogeneity leads to different

pharmacological outcomes. We have remarked several

time throughout this review that many in vitro studies,

addressing the understanding of AC mechanisms of action,

have considered concentrations between 10 and 100 lM

which are too high to be achieved in vivo within the target

site in physiological conditions. Quite obviously, the direct

transfer of these data to ‘‘real life’’ condition is very dif-

ficult to be implemented. Finally, the literature suggests

that the metabolites may actually be responsible for much

of the beneficial properties on ECs (Cimino et al. 2013).

Further studies are needed in order to establish the real

implications of AC metabolites and the specific mecha-

nisms through which they can contribute to the observed

AC health-promoting properties. We hope that our review

can contribute to a background to reach an agreement to

build consensus statements describing the set of prerequi-

sites needed to uniform future protocols and studies, in

terms of concentration utilized, ways of administration, and

methodology adopted to assess the outcomes.
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