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Introduction
The public health burden of cardiovascular dis-
eases (CVDs) is substantial. CVD events remain 
the leading cause of mortality and a major cause 
of morbidity and disability in both genders world-
wide [World Health Organization, 2008]. An esti-
mated 83 million US adults suffer from CVDs 
[Roger et al. 2011]. In the 53 member states of the 
World Health Organization European Region, 
CVDs account for over 4.35 million deaths 
[Allender et al. 2008]. CVDs cover a collection of 
various heart and vascular diseases, but the main 
public health problems are hypertension, coro-
nary heart and cerebrovascular diseases.

The evidence that nutritional factors are central 
to the aetiology of cardiovascular disorders is 
compelling [O’Toole et al. 2008]. CVDs have 
multiple causes, but the majority of CVD events 
originate from the complications of atherosclero-
sis, a pathophysiological process that can be pre-
vented by nutrition (Figure 1) [Wheatcroft et al. 
2005]. Atherosclerosis is primarily a disease of the 
innermost layer of arterial wall, the intima, which 
comprises smooth muscle cells lined by a mon-
olayer of endothelial cells. The importance of 
endothelium exceeds its role as a physical barrier 
as endothelial cells also maintain vascular homeo-
stasis by secreting a number of locally acting 
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mediators. The early phase of atherosclerosis is 
characterized by the accumulation of cholesterol 
deposits in macrophages in the intima of the 
arteries. These foam cells can aggregate to form 
fatty streaks that progressively mature into a 
fibrous plaque which is a hallmark of established 
atherosclerosis. Fibrous plaque is covered by a 
connective tissue cap with embedded smooth 
muscle cells. If the plaque continues to grow, it 
gradually restricts the blood flow causing ischae-
mia. The clinically important complications of 
atheroma usually involve rupture of the fibrous 
cap, causing exposure of highly thrombogenic 
collagen and resulting intraluminal thrombus. 
Activated platelets trigger vasoconstriction and 
further propagation of the thrombus, which may 
result in total cease in blood flow, and subsequent 
clinical event.

Evidence from epidemiological studies indicates a 
positive association between reduction in the inci-
dence of CVD and consumption of plant-based 
foods such as fruit and vegetables, nuts, whole 
grains, plant-derived beverages [Dauchet et al. 
2005; Hu and Willett, 2002]. In 2009, Dauchet 
and collaborators offered a review on the evidence 
for a relationship between fruit and vegetable con-
sumption and the occurrence of CVD events 
[Dauchet et al. 2009]. The existing data indicate 
that the role of fruits and their associated nutrients 
in the cardiovascular prevention could be stronger 
than that of vegetables. For years, it has been 
considered that this beneficial effect was largely 
due to vitamins and carotenoids present in plant 
foods and known for their antioxidant properties. 
However, due to the disappointing results of a 
number of large intervention studies performed 

Figure 1.  The majority of cardiovascular disease (CVD) events originate from the complications of 
atherosclerosis, a pathophysiological process that can be prevented by nutrition.
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Table 1.  Backbone structures of the main classes of dietary polyphenols.

Classes of polyphenols Chemical structures

Phenolic acids (C6–C1 and C6–C3)

Flavonoids (C6–C3–C6)

 

Stilbenes (C6–C2–C6)

 	

Lignans (C6–C3–C3–C6)

  

Curcuminoids (C6–C3–C1–C3–C6)

 

with these micronutrients, showing no reduction 
in overall mortality and even an increased cardio-
vascular risk [Bjelakovic et al. 2007; Vivekananthan 
et al. 2003], scientists were led to consider other 
potentially beneficial compounds present in fruits 
and vegetables. During the last 10 years, special 
attention was paid to polyphenols, a large family 
of phytochemicals which are the most abundant 
antioxidants in our diet [Scalbert et al. 2005]. 
Many studies have emphasized their ability to pro-
tect various cellular constituents against oxidation 
[Collins, 2005]. However, the evaluation of their 
effects on human health is complicated parti
cularly by their structural diversity and wide 
distribution in foods as well as by limitations of 
experimental studies, usually conducted at non-
nutritionally achievable doses.

Polyphenols in foods
Polyphenols are a complex group of secondary 
plant metabolites. The most common groups of 
phenolic compounds in our diet are phenolic 
acids and flavonoids (Table 1) [Manach et al. 
2004]. Phenolic acids can be further distinguished 
into two groups, hydroxybenzoic acids (C6–C1) 
and hydroxycinnamic acids (C6–C3) (Table 2). 
The hydroxybenzoic acid content of edible plants 
(gallic, salicylic and vanillic acids) is generally 
very low, with the exception of certain red fruits, 
black radish and onions. The hydroxycinnamic 
acids constitute the most abundant polyphenols 
in our diet because they are present at high levels 
in many foods widely consumed (coffee, cereals, 
fruits). They consist chiefly of p-coumaric, caf-
feic, ferulic and sinapic acids that are rarely found 
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in the free form except in processed food. 
Flavonoids represent the second group of poly-
phenols largely present in the human diet. The 
structure of flavonoids consists of two or more 
aromatic rings connected with three carbons 
(C6–C3–C6) (Table 1). The basic structure of a 
flavonoid allows a wide variety of different substi-
tution in the A, B and C rings, resulting in multi-
ple subclasses. Classification of flavonoids into 
subclasses is based on the functional groups in 
the C ring (Table 3). Subclasses include isofla-
vones (soyabean), anthocyanidins (berries and 
wine), flavones (herbs), flavonols (onion, broc-
coli, tomato, tea), flavanones (citrus fruits and 
juices) and flavan-3-ols (fruits, cocoa, tea, wine) 
[Manach et al. 2004]. Oligomeric or polymeric 
forms of flavanols are referred to as proanthocya-
nidins or condensed tannins. Other polyphenol 
structures occur in plants, such as stilbenes (C6–
C2–C6, e.g. resveratrol in wine and nuts), lignans 
(C6–C3–C3–C6, particularly in flaxseeds) and 
curcuminoids (C6–C3–C1–C3–C6, e.g. cur-
cumin in spices) (Table 1). However, due to both 
the low quantities consumed and the limited food 
sources, the contribution of these latter categories 
to the total polyphenol intake is generally minor.

The diversity of the chemical structures of dietary 
polyphenols makes quite difficult the estimation of 

their total content in foods. Thus, until very 
recently, the composition tables for polyphenols 
were very incomplete. A typical diet rich in fruits, 
vegetables and plant beverages has been estimated 
to provide about 1 g of polyphenols/day, with  
significant variations depending on the extent of 
consumption of drinks rich in polyphenols (tea, 
wine, coffee, fruit juices) [Ovaskainen et al. 2008]. 
Recently, a new database on polyphenol content 
in foods has been developed, and is now available 
online [Neveu et al. 2010]. The Phenol-Explorer 
database (available at http://www.phenol-explorer.
eu) allows retrieval of information on the content 
of 502 polyphenols (including glycosides, esters 
and aglycones) in 452 foods (fruits, vegetables, 
beverages, cereals and spices). In an applied work 
of the Phenol-Explorer database, the richest 
sources of polyphenols were identified as various 
spices and dried herbs, cocoa products, some 
darkly coloured berries, some seeds (flaxseed) and 
nuts (chestnut, hazelnut) and some vegetables, 
including olive and artichoke [Pérez-Jiménez et al. 
2010]. This database has also been used to analyse 
the food frequency questionnaires collected over 
an 8-year period in a French cohort (SUVIMAX2, 
4950 men and women, 50–65 years old) and to 
determine the mean daily intake of polyphenols 
[Pérez-Jiménez et al. 2011]. The estimated total 
daily intake of polyphenols was about 1.2 g/day 

Table 2.  Dietary phenolic acids and major food sources.

Phenolic acids Representative compounds Major food sources

Hydroxybenzoic acids
Protocatechuic acid:
R1=R2=OH, R3=H

Gallic acid: 
R1=R2=R3=OH

Vanillic acid:
R1=OCH3, R2=OH, R3=H

Red fruits: strawberries, raspberries, 
blackberries, blackcurrants

Beverages: tea

Hydroxycinnamic acids

Example of an ester of 
hydroxycinnamic acid:

Coumaric acid:
R1=OH

Caffeic acid: 
R1=R2=OH

Ferulic acid:
R1=OCH3,R2=OH

Chlorogenic acid
(5-caffeoyl quinic acid)

Large variety of fruits: kiwis, blueberries, 
plums, cherries, apples, etc.

Vegetables: artichokes, potatoes, eggplants

Beverages: coffee, cider
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Table 3.  Dietary flavonoids subclasses and major food sources

Flavonoids Representative compounds Major food sources

Flavanols Monomers

Catechin: 
R1=R2=OH; R3=H

Epigallocatechin: 
R1=R2=R3=OH

Polymers 
Proanthocyanidins 
(or condensed tannins)

Cocoa-derived products

Fruits: apples, apricots, cherries, 
grapes, peaches, blackberries

Beverages: green tea, black tea, red 
wine, grape juice, cider

Fruits: grapes, peaches, persimmons, 
apples, pears, berries

Beverages: red wine, cider, tea, beer

Flavonols Quercetin:
R1=R2=OH;R3=H

Kaempferol:
R2=OH; R1=R3=H

Myricetin:
R1=R2=R3=OH

Fruits: apples, apricots, plums, 
cranberries, strawberries, grapes

Vegetables: kale, onions, broccoli, 
tomatoes

Beverages: red wine, green tea, black 
tea, grape juice

Flavanones Hesperetin:
R1=OH; R2=OCH3

Naringenin:
R1=H; R2=OH

Eriodictyol:
R1=R2=OH

Fruit: citrus fruits (orange, grapefruit, 
lemon)

Beverages: citrus juices

Anthocyanidins Pelargonidin:
R1=R2=H

Cyanidin:
R1=OH;R2=H

Delphinidin:
R1=R2=OH

Petunidin:
R1=OCH3;R2=OH

Malvidin:
R1=R2=OCH3

Fruits: black grapes

Beverages: red wine, grape juice

Isoflavones Genistein:
R1=OH

Daidzein:
R1=H

Legumes: soybeans

Processed products: miso, tofu, 
tempeh, soy milk

Flavones Apigenin:
R1=H; R2=OH

Luteolin:
R1=R2=OH

Vegetables: parsley, celery, sweet 
peppers
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(40% of flavonoids, 60% of phenolic acids). The 
main food contributors to the polyphenols intake 
were nonalcoholic beverages and fruits.

Most of the polyphenols rarely occur in fresh 
foods as unconjugated aglycones but rather as 
conjugates with sugars or organic acids or as poly-
mers for flavonoids [Clifford and Brown, 2006]. 
Only a small proportion of the polyphenols 
ingested is absorbed and the rate and extent of 
absorption vary greatly depending on the struc-
ture of the molecule [Manach et al. 2005]. During 
absorption, dietary polyphenols are extensively 
metabolized so that the predominant (and very 
often exclusive) forms that reach the blood and 
tissues beyond the gut are conjugated metabolites, 
chemically distinct from the parent compounds 
found in plant foods. The process of conjugation, 
which occurs both in the small intestine and later 
in the liver, mainly includes methylation, sulfation 
and glucuronidation. Thus, the circulating forms 
of polyphenols are mainly glucuronidated, sul-
fated and methylated derivatives. Maximum con-
centrations of flavonoids in plasma are usually 
reached between 1 and 6 h after consumption. 
Circulating levels range between 0.1 and 7 µM for 
flavonols, flavanones, isoflavones and flavanols, 
and do not exceed 0.15 µM for anthocyanins 
[Manach et al. 2005]. So far, there is no con-
vincing evidence for long-term accumulation of 
water-soluble metabolites even when high doses of 
polyphenols are consumed repeatedly [Clifford 
and Brown, 2006]. Thus, the low bioavailability of 
phenolic compounds and their rapid clearance 
imply that a repeated and regular consumption of 
plant foods is required to sustain the plasma levels 
of potential bioactive molecules.

Polyphenols and cardiovascular protection
Several epidemiological studies that have exam-
ined the relationship between the extent of poly-
phenol-rich food consumption (fruit and fruit 
juices, tea, wine, cocoa) and chronic diseases sup-
port a protective effect of the compounds upon 
CVD [Ghosh and Scheepens, 2009; Kuriyama  
et al. 2006; Mink et al. 2007; Szmitko and Verma, 
2005]. Some observational studies have also 
shown an inverse association between the con-
sumption of some classes of polyphenols and over-
all mortality or risk of CVD [Arts and Hollman, 
2005; Hollman et al. 2010; Mink et al. 2007]. This 
evidence is supported by results from numerous 
studies conducted in animal models with nutri-
tionally realistic levels of isolated flavonoids 

[Auclair et al. 2009; Mauray et al. 2009; Norata  
et al. 2007] and in humans with flavonoid-rich 
foods [Hooper et al. 2008]. For a long time, based 
on the results from experimental studies carried 
out in vitro, the preventive effect of phenolics  
on age-related chronic diseases such as CVD was 
attributed to their antioxidant capacity [Kris-
Etherton and Keen, 2002]. However, substantial 
data indicate that the hypothesis of a direct anti-
oxidant action of polyphenols is unlikely. First, the 
poor bioavailability of phenolic compounds leads 
to relatively low plasma concentrations compared 
with that of other exogenous or endogenous anti-
oxidants [Halliwell, 2008]. Second, data obtained 
from animal experiments and human intervention 
studies offer conflicting results [Mladenka et al. 
2010]. Furthermore, recently, experts from an 
International Life Sciences Institute Europe work-
ing group found limited evidence concerning  
the impact of polyphenol-rich products on bio-
markers of oxidative stress in humans. This group 
concluded that the biological relevance of direct 
antioxidant effects of polyphenols for cardiovascu-
lar health could not be established [Hollman  
et al. 2011]. According to the recent literature,  
the mechanisms by which polyphenols express 
their beneficial properties appear to involve their 
interaction with molecular signalling pathways 
and related machinery that regulate cellular pro-
cesses such as inflammation [Gonzalez-Gallego  
et al. 2010; Gonzalez et al. 2011].

Most of the human clinical studies designed to 
demonstrate the cardiovascular protective effects 
of polyphenols have used polyphenol-rich foods 
and only few of them have used isolated com-
pounds. So far, whether the effect of these food 
sources could be specifically related to polyphe-
nols is largely unknown. For this update on  
the effects of the consumption of flavonoid-rich 
foods on well-identified intermediate markers for 
cardiovascular diseases (namely cholesterolemia, 
blood pressure (BP), endothelial function and 
platelet function), we considered randomized 
controlled trials performed during the latest years. 
Some interesting meta-analyses are also explored 
in this review.

Blood lipids
Lipoproteins are substrates essential to the for-
mation of atherosclerotic plaque as the first step 
begins with the infiltration and accumulation of 
low-density lipoproteins (LDLs) in the intima. 
This phase of lipid infiltration is followed by  
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oxidative modifications of LDL. LDL, recognized 
as the major atherogenic lipoprotein, makes up 
approximately 70% of total serum cholesterol. In 
contrast to this, levels of high-density lipoproteins 
(HDLs), which contain 20–30% of the total 
serum cholesterol, are considered as protective 
against atherosclerosis [Tsompanidi et al. 2010]. 
Abnormalities of the blood lipid profile, particu-
larly an increased plasma concentration of LDL 
cholesterol, are a key risk factor for the develop-
ment of CVD. Reducing LDL levels and improv-
ing LDL/HDL cholesterol ratios, notably by diet, 
are fundamental goals of CVD risk management.

Blood lipoproteins were the most frequently deter-
mined factors in the human intervention trials 
investigating the impact of polyphenols or poly-
phenols-rich foods on CVD risk markers. In the 
meta-analysis published in 2008 by Hooper and 
co-authors, the heterogeneity of the effects on lipo-
proteins between the flavonoid classes was high-
lighted [Hooper et al. 2008]. Only soy protein 
isolates, but not other soy products or compo-
nents, providing isoflavones and green tea, which 
is a major dietary source of flavanols, were found 
to significantly reduce LDL cholesterol (−0.19 
mmol/l and −0.23 mmol/l, respectively). Green tea 
and its content in catechins, particularly (–)-epi-
gallocatechin gallate, are suspected to be effective 
lipid-lowering agents by inhibiting critical steps in 
the intestinal absorption of dietary fat, cholesterol 
and other lipids [Koo and Noh, 2007]. From 
clinical trials considered by Hooper and  
colleagues [Hooper et al. 2008], anthocyanins 
extracts, black tea, chocolate and cocoa, red wine 
or grapes were polyphenols-rich sources which 
had no effect on plasma LDL concentrations. 
Similarly, the global impact on HDL levels was 
also reported to be minimal. Although changes in 
blood lipids induced by the consumption of cocoa 
products remain controversial, another recent 
meta-analysis involving 215 participants from 8 
clinical trials clearly indicates that the short-term 
consumption of flavanols-rich cocoa could signifi-
cantly reduce plasma LDL cholesterol without 
affecting HDL concentrations [Jia et al. 2010]. The 
meta-analysis of Tokede and colleagues, carried 
out to examine the effects of flavanol-rich cocoa 
products on the lipid profile, led to consistent con-
clusions [Tokede et al. 2011]. Although cocoa con-
tains saturated fat and is a source of dietary 
calories, short-term intervention trials (2–12 weeks 
of intervention) with flavonoid-rich cocoa prod-
ucts or dark chocolate provide beneficial effects on 
total and LDL cholesterol and induce no major 

effects on HDL and triglycerides [Tokede et al. 
2011]. Interestingly, it appears that responses to 
blood lipids were dependent on the dose of cocoa 
regularly consumed and could be influenced by 
the individual’s health status. The latter observa-
tion was noted for other classes of polyphenols. 
For example, in middle-aged subjects with cardio-
vascular risk factors, a significant increase in HDL 
cholesterol (+5.2%) was observed after a 8-week 
consumption of a combination of berries (50 g/day 
of bilberries, 25 g/day of lingonberries, 50 g/day of 
blackcurrant and strawberry puree, 35 g/day of 
chokeberry and raspberry juice) [Erlund et al. 
2008]. In this study, the total intake of polyphenols 
from the berry products was estimated at 837 mg/
day and the main classes represented were antho-
cyanidins and procyanidins. Similarly, a daily con-
sumption of a low-calorie cranberry juice (250 ml/
day), a source of flavonols, anthocyanins and 
proanthocyanidins, was shown to be associated 
with an increase in plasma HDL cholesterol con-
centrations (+8.6%) in abdominally obese men 
[Ruel et al. 2006]. However, the consumption of a 
flavonoid-rich sea buckthorn berry (mainly fla-
vonol glycosides and proanthocyanidins) was 
reported to not affect the circulating concentra-
tions of lipids in healthy normolipidaemic adults 
[Larmo et al. 2009]. Citrus flavonoids such as nar-
ingin and hesperidin have been proposed in the 
literature as potential blood cholesterol-lowering 
agents [Benavente-Garcia and Castillo, 2008]. 
However, in a population of healthy middle-aged 
moderately overweight men, our research group 
found that total cholesterol, LDL cholesterol, 
HDL cholesterol were not significantly different in 
groups consuming orange juice (500 ml/day pro-
viding 292 mg of hesperidin) or a control drink 
supplemented with pure hesperidin (equivalent 
dose), compared with placebo group [Morand 
et al. 2011]. In another trial enrolling healthy mod-
erately hypercholesterolemic men and women, a 
4-week supplementation with citrus flavonoids 
also failed to significantly affect blood lipids, even 
with doses as high as 800 mg of hesperidin or 500 
mg of naringin [Demonty et al. 2010].

Blood pressure
High BP is defined as systolic blood pressure 
(SBP) greater than 140 mmHg or diastolic blood 
pressure (DBP) greater than 90 mmHg. Because 
risk of CVD is linear throughout the entire range 
of BP, a large segment of the population, who is 
not classically defined as ‘hypertensive’, may still 
be at risk [MacMahon et al. 1990]. Therefore, low-
ering BP, even in the ‘normal’ range, through 
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dietary means may decrease the rate of end-organ 
damage caused by hypertension [Cook et al. 1995].

There is evidence suggesting that the consump-
tion of specific flavonoid-rich foods could lead to 
lower BP and may provide protection against 
CVD and stroke [Moline et al. 2000]. The main 
food sources of flavonoids studied for their poten-
tial BP-lowering properties are cocoa products. 
Currently, interest in the biological activities of 
cocoa and its content in flavanols is growing.  
In addition to epidemiological evidence, several 
short-term randomized controlled intervention 
studies indicate that the ingestion of flavonoid-
rich cocoa products such as dark chocolate has 
interest in the control of both SBP and DBP not 
only in hypertensive patients [Grassi et al. 2005b, 
2008], but also in healthy individuals [Grassi et al. 
2005a]. More evidence on potential antihyperten-
sive properties of cocoa polyphenols derives from 
an intervention study comparing the medium-
term effect (18 weeks) of dark (6.3 g/day provid-
ing 30 mg of polyphenols) versus white chocolate 
consumption in patients with prehypertension or 
stage I hypertension [Taubert et al. 2007a]. In this 
study, the introduction of a relatively small amount 
of polyphenol-rich dark chocolate as part of a 
usual diet efficiently reduced mean SBP by 2.9 ± 
1.6 mmHg and DBP by 1.9 ± 1.0 mmHg. Further, 
hypertension prevalence declined from 86% to 
68%. These changes were accompanied by a sus-
tained increase in plasma markers of nitric oxide 
(NO), suggesting an improved formation of this 
vasodilative agent as a potential mechanism of the 
reduction in BP following dark chocolate con-
sumption [Taubert et al. 2007a]. The positive 
effect of flavonols-rich cocoa on BP has also 
emerged from the meta-analysis of Hooper and 
colleagues in which a chronic consumption of 
chocolate and cocoa beverages was found to glob-
ally reduced SBP by 5.88 mmHg (95% confidence 
interval [CI] −9.55 to −2.21; 5 studies) and DBP 
by 3.30 mmHg (95% CI −5.77 to −0.83; 4 stud-
ies) [Hooper et al. 2008]. More recently, the meta-
analysis of Desch and colleagues [Desch et al. 
2010] has confirmed the BP-lowering capacity of 
flavanol-rich cocoa products in a large set of trials 
(n = 10), with treatment duration ranging from 
2–18 weeks. The selected randomized controlled 
trials included healthy normotensive or hyperten-
sive patients (n = 297). The mean SBP change in 
the active treatment arms across all the trials was 
−4.5 mmHg (95% CI −5.9 to −3.2, p < 0.001) 
and −2.5 mmHg (95% CI −3.9 to −1.2, p < 
0.001) for DBP.

In addition, a few studies have investigated the 
acute effect of flavonoids-rich cocoa products  
on BP control. Of clinical relevance, the study of 
Davison and colleagues [Davison et al. 2010], 
aiming at evaluating the effect of the intake of dif-
ferent doses of cocoa flavanols (33, 372, 712 or 
1052 mg/day during 6 weeks) on 24-h mean arte-
rial BP in untreated mild hypertensive patients, 
reported significant reductions in 24-h SBP (−5.3 
± 5.1 mmHg; p = 0.001), DBP (−3 ± 3.2 mmHg;  
p = 0.002) and mean arterial BP (−3.8 ± 3.2 
mmHg; p = 0.0004) only at the highest dose stud-
ied. It has been estimated that a 3 mmHg reduc-
tion in SBP would reduce the relative risk of stroke 
mortality by 8%, of coronary artery disease (CAD) 
mortality by 5% and of all-cause mortality by 4% 
[Whelton et al. 2002]. Thus, the BP changes in 
response to the consumption of flavanol-rich 
cocoa in healthy subjects as well as in prehyper-
tensive and hypertensive patients might interest-
ingly suggest the inclusion of moderate amounts 
of flavanol-rich cocoa or chocolate in daily diet to 
potentially delay the onset of hypertension.

Surprisingly, two meta-analyses pointed out the 
absence of effect on BP for alternative rich sources 
of flavanols such as tea [Hooper et al. 2008; 
Taubert et al. 2007b]. However, results of popula-
tion studies suggest that the long-term regular 
ingestion of tea may lower BP [Hodgson and 
Croft, 2010]. With regard to the specific compo-
nents of tea that could be responsible for hypo-
tensive effects, a few data are available. In acute 
studies, both flavonoids (mainly flavanols and fla-
vonols such as quercetin) and caffeine present in 
tea can cause a transient increase of BP [Hodgson 
et al. 2005]. Nagao and colleagues completed a 
study on green tea extract (583 mg of flavanols) 
in volunteers with abdominal obesity [Nagao et al. 
2007]. In the subgroup of participants with base-
line SBP ≥ 130 mmHg, tea extracts significantly 
reduced BP compared with placebo. In a rand-
omized placebo-controlled trial performed in 
overweight or obese men receiving epigallocate-
chine gallate (400 mg administrated twice daily 
for 8 weeks), Brown and colleagues observed a 
2.7 mmHg reduction in DBP [Brown et al. 2009]. 
Nantz and colleagues published the results of a 
double-blind trial in 111 healthy volunteers 
instructed to consume a standardized capsule 
containing 200 mg of decaffeinated catechin 
green tea extract or a placebo [Nantz et al. 2009]. 
They observed a 5 mmHg decrease in SBP in the 
group treated with catechin green tea extract. The 
observed discrepancy between the results of 
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intervention trials conducted with tea and those 
obtained from tea extracts or purified phenolic 
compounds, suggest that other tea constituents 
(in particular caffeine) could mask the effects on 
BP [Deka and Vita, 2011].

Until now, the effects of fruit and vegetable poly-
phenols on BP in human intervention studies 
were less investigated. Some promising results 
were obtained with pomegranate juice [Stowe, 
2011] which constitutes a particular rich source 
of tannins and anthocyanins [Gil et al. 2000]. 
Notably, two studies have reported a significant 
reduction of SBP (5% and 21%) in hypertensive 
subjects and patients with carotid artery stenosis 
consuming pomegranate juice (50 ml/day) for 
respectively 2 weeks and 1 year [Aviram and 
Dornfeld, 2001; Aviram et al. 2004]. In recent 
years, no more clinical research with robust meth-
odologies, large sample sizes and a well-charac-
terized composition of polyphenols in studied 
products have been undertaken to confirm the 
preliminary observations of Aviram and col-
leagues. To date, limited evidence is available con-
cerning a potential hypotensive role of berries. In 
the study of Erlund and colleagues investigating 
the effect of consuming, for 8 weeks, 160 g/day of 
a combination of berries providing 837 mg/day of 
polyphenols of which 60% were anthocyanins, a 
significant decrease in SBP was observed. The 
decrease mostly occurred in subjects with high 
baseline BP (−7.3 mmHg for SBP in the highest 
tertile) [Erlund et al. 2008]. The only other rele-
vant study reporting a significant effect of berries 
on BP was a parallel trial investigating the effect 
of a chokeberry flavonoid extract (Aronia melano-
carpa E; 255 mg/day; about 25% of anthocyanins, 
50% of monomeric and polymeric procyanidins 
and 9% of phenolic acids) or a placebo for a 
period of 6 weeks in CAD patients [Naruszewicz 
et al. 2007]. It was found that SBP and DBP were 
significantly reduced by a mean average of 11 and 
7.2 mmHg, respectively.

In few studies the main goal was to evaluate the 
direct impact of the consumption of isolated poly-
phenols on BP. Quercetin is one of the most ubiq-
uitous flavonoids found in fruits and vegetables 
and probably the best studied molecule because of 
its large spectrum of biological activities. A small 
panel of clinical trials has analyzed the effects of 
pure quercetin on BP. The first investigation was 
carried out in healthy volunteers (1 g/day of 
quercetin for 28 days) in which no significant 
modifications of BP was observed, despite the 

marked increases in quercetin concentrations in 
plasma [Conquer et al. 1998]. More recently it has 
been shown that BP was not altered in prehyper-
tensive patients after quercetin supplementation 
(730 mg/day for 28 days), whereas reductions in 
SBP (−7 ± 2 mmHg) and DBP (−5 ± 2 mmHg) 
were observed in stage 1 hypertensive patients 
after quercetin treatment [Edwards et al. 2007]. 
Similarly, in overweight–obese subjects with meta-
bolic syndrome traits in relation to apoE3 geno-
type who received 150 mg/day of quercetin for 5–6 
weeks, the SBP was significantly reduced by 3.4 
mmHg [Egert et al. 2009, 2010]. Recently, our 
research group showed that hesperidin, the major 
flavonoid in orange products, was highly involved 
in the BP-lowering effect induced by orange juice 
consumption [Morand et al. 2011]. In this rand-
omized crossover study with healthy volunteers, 
we found that 4-week consumption of orange juice 
(500 ml/day) as well as of control drink plus hes-
peridin resulted in a significantly lower DBP (−3.2 
± 1.5 mmHg and -5.5 ± 1.8 mmHg, respectively) 
compared with that measured after consumption 
of control drink plus placebo (p = 0.023) [Morand 
et al. 2011]. A recent clinical trial has also consid-
ered the putative antihypertensive action of die-
tary anthocyanins [Hassellund et al. 2011]. In this 
trial, middle-aged healthy men with screening BP 
>140/90 mmHg, not on antihypertensive or lipid-
lowering medication, were randomized in a dou-
ble-blind crossover study to placebo versus 320 mg 
anthocyanins twice daily during 4 weeks. No dif-
ferences in BP values were observed between the 
two treatment periods. Whereas flavonoids are 
largely studied in the field of CVD prevention, few 
data are available concerning the impact of phe-
nolic acids. An interesting study on chlorogenic 
acid has to be mentioned [Watanabe et al. 2006]. 
In this double-blind placebo-controlled study, 
mild hypertensive subjects treated for 12 weeks 
with 140 mg/day of chlorogenic acid from green 
coffee bean extract experienced a significant low-
ering in systolic BP and diastolic BP by 10 and  
7 mmHg, respectively.

Endothelial function
The endothelium plays an integral role in the  
regulation of vascular tone, leucocytes adhesion, 
platelet activity and thrombosis and it is inti-
mately involved in the development of atheroscle-
rosis [Dharmashankar and Widlansky, 2010]. A 
variety of risk factors (including age, smoking, 
hypercholesterolemia, hypertension and diabetes) 
are recognized to adversely affect endothelial 
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function resulting in reduced vasodilation as well 
as proinflammatory and prothrombotic states 
[Balakumar et al. 2008]. Increasing evidence indi-
cates that these alterations in the functional prop-
erties of the vascular endothelium are highly 
involved in the initiation, progression and clinical 
complications of atherosclerotic vascular diseases 
[Vanhoutte, 2009]. Endothelial function has been 
largely assessed as endothelium-dependent vaso-
motion, based on the assumption that impaired 
endothelium-dependent vasodilation also reflects 
the alteration of the other important functions of 
endothelium [Landmesser et al. 2004]. The most 
straightforward, valid, noninvasive and reliable 
measure of endothelial function is flow-mediated 
dilation (FMD). FMD corresponds to a physio-
logical response measured as the increase in vas-
cular diameter subsequent to resumed blood flow 
after transient ischaemia, generally applied on the 
brachial artery. FMD, which reflects endothe-
lium-dependent and largely NO-mediated arte-
rial function, has been validated as a prognostic 
parameter of CVD events; therefore this parame-
ter is used as a clinical surrogate marker of vascu-
lar health [Thijssen et al. 2011].

Several intervention studies have suggested that 
the consumption of flavonoid-rich foods such  
as tea, red wine, cocoa and soya can improve 
endothelial function in patients with manifest car-
diovascular and cerebrovascular disease as well as 
in healthy volunteers with or without cardiovas-
cular risk factors [Vita, 2005; Zuchi et al. 2010]. 
Teragawa and colleagues offered an overview  
of the studies investigating the effect of isoflavone 
supplementation, using soy protein isolates and 
isoflavone extract, on endothelial function, as 
determined by assessing brachial FMD [Teragawa 
et al. 2008]. Owing to the oestrogen-like nature of 
isoflavones, the subjects involved in most of these 
studies were menopausal women, known to have 
FMD values ranging from ‘severely reduced’ to 
‘normal’ [Corretti et al. 2002]. As underlined by 
Teragawa and colleagues [Teragawa et al. 2008], 
an improved endothelial function in response to 
isoflavones or isoflavones-rich products intake 
was only found in subjects with a baseline reduced 
FMD [Cuevas et al. 2003]. Furthermore, in a 
randomized, double-blind, placebo-controlled 
trial, Chan and colleagues demonstrated that oral 
isoflavone supplements (80 mg/day), taken over 
12 weeks, moderately but significantly restored 
FMD levels in patients with prior ischaemic 
stroke [Chan et al. 2008]. This result suggests that 
isoflavones could ameliorate vascular function 

especially in individuals with a severe impaired 
endothelial function.

Although there are several epidemiological stud-
ies investigating the short-term effects of red wine 
and its main constituents (notably resveratrol) on 
cardiovascular health, there are very few clinical 
studies [Opie and Lecour, 2007]. In their meta-
analysis, Hooper and colleagues also suggest a 
minimal vascular action for the chronic consump-
tion of red wine or grape [Hooper et al. 2008]. 
Recently, Karatzi and colleagues have reviewed 
the studies investigating acute and short-term 
effects of red wine on endothelial function 
[Karatzi et al. 2009]. Except two studies demon-
strating a positive effect of the consumption of 
purple grape juice (containing phenolic com-
pounds also found in red wine) on endothelial 
function in patients with CAD [Chou et al. 2001; 
Stein et al. 1999], the majority of other short-term 
clinical studies with red wine or dealcoholized  
red wine showed conflicting results [Cuevas et al. 
2000; Guarda et al. 2005; Zilkens et al. 2005]. 
From Karatzi and colleagues the analysis of all 
clinical data about the acute effects of red wine 
constituents on endothelial function is inconclu-
sive [Karatzi et al. 2009]. Pending further studies, 
the authors concluded that physicians and nutri-
tionists should be very careful in suggesting red 
wine consumption in high-risk populations, as its 
acute postprandial effect is not yet clear.

The consumption of tea has been shown to 
improve endothelial function. Indeed, in their 
meta-analysis, Hooper and colleagues [Hooper  
et al. 2008] suggested a beneficial effect of black 
tea on FMD of +3.40% (95% CI 1.85–4.95%) 
after chronic consumption, and +1.70% (95%  
CI −0.17–3.57%) after acute intake. However, 
these data were based on the analysis of a limited 
number of studies (n = 5), and several other trials 
on black and green tea and FMD have been pub-
lished since. Recently, Ras and colleagues have 
analyzed nine intervention studies on the effect of 
tea consumption on FMD [Ras et al. 2011]. Seven 
of these trials had a crossover design [Alexopoulos 
et al. 2008; Ardalan et al. 2007; Duffy et al. 2001a; 
Grassi et al. 2009; Hodgson et al. 2005; Jochmann 
et al. 2008; Lorenz et al. 2007] and two had a par-
allel design [Hodgson et al. 2002; Park et al. 
2010]. In five out of nine studies, subjects were 
healthy or mildly hypercholesterolemic; the other 
studies included renal transplant recipients, 
chronic kidney disease patients or CAD patients. 
The majority of the studies investigated the effect 
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of black tea; only three trials interested in the con-
sumption of green tea [Alexopoulos et al. 2008; 
Jochmann et al. 2008; Park et al. 2010]. From the 
trials analysed by Ras and colleagues a median 
daily intake of 500 ml of tea (2–3 cups) induced 
approximately a 40% increased of FMD when 
compared with the average basal FMD (6.3%) 
measured under placebo or baseline conditions 
[Ras et al. 2011].

Undoubtedly, cocoa and dark chocolate, rich in 
flavanols, represent the only flavonoid-rich 
sources (especially flavanols) that show consistent 
significant effects on FMD, both acutely and 
chronically [Galleano et al. 2009]. Hooper and 
colleagues reported that chocolate or cocoa 
increased FMD after both acute (3.99%; 95% CI: 
2.86, 5.12; six studies) and chronic (1.45%; 0.62, 
2.28; two studies) intakes [Hooper et al. 2008]. 
Consumption of a flavanol-rich cocoa drink (con-
taining 176 to 185 mg/dl of flavanols) by patients 
with cardiovascular risk factors was shown to 
increase the bioavailability of NO and enhance 
FMD [Heiss et al. 2003, 2005, 2007]. These par-
allel effects were reversed by the infusion of a NO 
synthesis inhibitor. In addition, Wang-Polagruto 
and colleagues published the first study identify-
ing beneficial vascular effects of flavanol-rich 
cocoa consumption in hypercholesterolemic post-
menopausal women [Wang-Polagruto et al. 2006]. 
In this study, brachial artery hyperaemic blood 
flow increased significantly after a 6-week inter-
vention with a high-flavanol cocoa beverage (pro-
viding 446 mg of total flavanols) compared with  
a low-flavanol cocoa beverage (providing only  
43 mg of total flavanols). In healthy humans, the 
consumption of flavanol-rich cocoa (821 mg of 
flavanols/day during 5 days) also induced an 
improved vasodilation via activation of the NO 
system [Fisher et al. 2003]. Similarly, dark choco-
late (46 to 100 g/day) has been described to have 
an acute and short-term beneficial effect on 
endothelial function [Engler et al. 2004; Grassi  
et al. 2005b; Vlachopoulos et al. 2005].

Because these clinical trials have been performed 
with complex foods or beverages, it cannot be 
completely excluded that the observed effects on 
endothelial function may involved compounds 
other than flavonoids contained in these foods/
extracts [Heiss et al. 2006]. Information ensuing 
from investigations in humans using specific, 
chemically pure flavonoids is rare. Schroeter 
and colleagues demonstrated improved FMD up 
to four hours after administration of pure 

(–)-epicatechin (a monomeric flavanol found in 
cocoa-derived products and in tea) [Schroeter et 
al. 2006]. In this study, the effects of pure epicat-
echin mimicked the effects of flavanol-rich cocoa 
or tea and the circulating epicatechin metabolites 
levels correlated with the degree of improvement 
in endothelial function. The authors concluded 
that the intake of the flavanol epicatechin 
accounts, at least in part, for the reported vascular 
effects observed after the consumption of fla-
vanol-rich cocoa or tea in humans. Moreover, in 
patients with CAD, Widlansky and colleagues 
observed an improvement in brachial artery FMD 
from 7.1 ± 4.1% to 8.6 ± 4.7% 2 hours after the 
administration of a dose of 300 mg of epigallocat-
echine gallate (EGCG), a flavonoid abundant in 
green tea [Widlansky et al. 2007]. Furthermore, 
Loke and colleagues investigated, in 12 healthy 
men, the acute effects of the oral administration 
of 200 mg of quercetin, (–)-epicatechin or EGCG 
on NO status and on endothelin-1 (ET-1) pro-
duction, which have ultimate implications for 
endothelial function [Loke et al. 2008]. They 
found that that acute treatment with quercetin 
and (–)-epicatechin, but not EGCG, augmented 
endogenous NO. Quercetin was also shown to 
reduce ET-1 production.

Recently, we and others have demonstrated a pos-
itive effect of other isolated phenolic compounds 
on endothelial function. First, citrus hesperidin 
when administered to healthy subjects (292 mg) 
or to patients with metabolic syndrome (500 mg) 
for 3–4 weeks significantly improved vascular 
reactivity [Morand et al. 2011; Rizza et al. 2011]. 
Our study also showed that the improved post-
prandial microvascular endothelial reactivity 
induced by hesperidin positively correlates to its 
plasma concentrations and that this flavonoid 
directly contributes to the vascular protective 
effect of orange juice [Morand et al. 2011]. 
Another recent trial has assessed the acute effect 
of resveratrol (30, 90 and 270 mg) in overweight/
obese individuals with mildly elevated BP [Wong 
et al. 2010]. This study showed a significant dose 
effect of resveratrol on plasma resveratrol concen-
tration and on FMD, which increased from 4.1 ± 
0.8% (placebo) to 7.7 ± 1.5% after 270 mg 
resveratrol.

Finally, the importance of the complexity of the 
phenolic composition of food sources regarding 
the impact on the vascular health was illustrated 
by the work of Clifton on the effect of grape seed 
extract (GSE) and quercetin on cardiovascular 
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and endothelial parameters [Clifton, 2004]. 
Individually, GSE and quercetin were reported to 
cause an endothelium-dependent relaxation of 
blood vessels both in animals [Edirisinghe et al. 
2008; Khoo et al. 2010] and in humans [Clifton, 
2004; Loke et al. 2008]. However, when com-
bined, quercetin appeared to nullify the positive 
effect of GSE on endothelial function in high-risk 
subjects [Clifton, 2004].

Platelet function
It is well established that platelet activation in 
response to endothelial injury leads to thrombus 
formation in damaged arteries [Linden and 
Jackson, 2010]. However, growing evidence sug-
gests that platelets are also important mediators 
of inflammation and play a central role in athero-
genesis itself. The development of drugs interfer-
ing with platelet–vessel wall interaction at various 
stages of thrombus formation is crucial to manage 
cardiovascular risk. In parallel, the promotion of 
dietary therapies providing consistent inhibition 
of platelet function could be of interest. Based on 
epidemiological studies suggesting that diets rich 
in flavonoids can reduce the risk of arterial throm-
bosis [Arts and Hollman, 2005], it seems interest-
ing to investigate the ability of these bioactives to 
inhibit platelet activation.

Considering the impact of polyphenols-rich diets 
on human platelet function, a recent critical 
review has to be considered with attention 
[Ostertag et al. 2010]. This review summarized 25 
well-controlled human intervention trials and 
revealed a wide heterogeneity between studies as 
for levels of polyphenol intake (18.6 mg to 2.20 g/
day), study population (healthy, increased risk 
factors and/or clinical disease), study size 
(between 6 and 1535 subjects), length of sup-
plementation (acute intake for 1 day to chronic 
intake for over 90 days) and variety of tests  
used to assess platelet function. Therefore, the 
authors of this review concluded that it remains 
difficult to deduce from a relatively small number 
of well-designed studies if and how polyphenols 
have preventive effects on platelet aggregation 
and activation. However, one consistent finding is 
that the moderate consumption of cocoa-derived 
products, especially dark chocolate, significantly 
improves platelet function [Bordeaux et al. 2007; 
Flammer et al. 2007; Hermann et al. 2006; Innes 
et al. 2003]. Other studies also found a significant 
inhibition of platelet aggregation and activation 
upon acute or chronic intake of dietary flavanols 

from cocoa [Heptinstall et al. 2006; Murphy et al. 
2003; Wang-Polagruto et al. 2006]. From these 
studies, it seems that the intake of 100 mg of fla-
vanols induced a 3–11% reduction in platelet 
aggregation. The physiological relevance of the 
beneficial effects on platelets of an exposure to 
flavanols from cocoa consumption (equivalent to 
100 g of dark chocolate with 70% cocoa solids) 
has been estimated to be comparable to standard 
doses of aspirin (~80 mg) clinically used as anti-
aggregant therapy [Pearson et al. 2002].

The few human studies examining the effects on 
platelet function of polyphenols-rich beverages 
such as tea, coffee and alcoholic beverages do not 
provide consensual results. Consumption of one 
litre per day of black tea rich in gallic acid, fla-
vanols, tannins, theaflavins and thearubigins was 
shown to inhibit platelet activation by 4–10% 
[Steptoe et al. 2007]. Two older studies on tea 
consumption did not find significant effects on 
platelet function [Duffy et al. 2001b; Hodgson  
et al. 2001]. In 2008, Natella and colleagues dem-
onstrated that the acute intake of 200 ml of coffee 
mainly providing chlorogenic acid as phenolic 
compound also had significant anti-aggregatory 
effects [Natella et al. 2008]. Consumption of red 
wine has led to conflicting results on platelet 
function [Saleem and Basha, 2010].

The effects of fruit polyphenols on platelet aggrega-
tion was recently reviewed by Chong and colleagues 
[Chong et al. 2010]. Globally, a few studies sup-
ported the hypothesis that purple, but not red, 
grape juice is effective in inhibiting platelet aggrega-
tion [Freedman et al. 2001; Keevil et al. 2000]. 
Other polyphenols-rich fruits which have been 
reported to have significant inhibitory effects on 
platelet aggregation included pomegranate juice 
(50 ml/day for 14 days) [Aviram et al. 2000], GSE 
(acute study) [Polagruto et al. 2007] and a combi-
nation of various berries [Erlund et al. 2008]. 
However, chronic intake of polyphenols from ber-
ries (whole fruits or juices) may result in only a rela-
tively low inhibition of platelet aggregation under 
shear stress [Ostertag et al. 2010]. Other fruit juices 
such as orange juice, grapefruit juice and sea buck-
thorn juice taken daily for 7–10 days in healthy vol-
unteers failed to reduce ex vivo platelet activity 
[Eccleston et al. 2002; Keevil et al. 2000].

Conclusion
There is supportive clinical evidence for the ben-
eficial effects of some flavonoids-rich foods or 
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supplements on multiple endpoints of cardiovas-
cular risk, the more convincing being reduction in 
BP and improvement in endothelial function. 
Based on current data with flavanol-containing 
foods and plant extracts, a general consensus has 
been achieved to sustain the hypothesis that die-
tary flavanol intake may play a meaningful role in 
the prevention of CVD in humans [Schroeter  
et al. 2010]. The lack of clinical data on other 
polyphenols, especially those abundant in fruits 
and vegetables [Chong et al. 2010; Terao et al. 
2008], does not allow us to conclude as to their 
effectiveness in preventing CVD. The aforemen-
tioned knowledge gaps partly reflect a delay in 
resources invested to value fruit and vegetables 
and their derived phenolic compounds beyond 
highly consumed flavonoids-rich beverages such 
as cocoa drinks and tea.

In addition to their identified beneficial impact on 
BP and endothelial function, flavonoid-rich die-
tary sources might also favourably modulate arte-
rial stiffness, another important clinical marker  
of the cardiovascular health [Adji et al. 2011]. 
Indeed, some promising preliminary data suggest 
that lifetime fruit and vegetable consumption 
[Aatola et al. 2010] but also dietary intervention 
with polyphenols-rich sources [Dohadwala et al. 
2011; Grassi et al. 2009; Naissides et al. 2006; 
Pase et al. 2011; Vlachopoulos et al. 2005] may 
provide an effective means of reducing arterial 
stiffness. However, long-term standardized stud-
ies dedicated to examine the role of polyphenols 
in the management of arterial stiffness, assessed 
by the noninvasive measure of pulse wave velocity 
(PWV), are highly recommended [Laurent et al. 
2006].

The question of whether isolated polyphenols are 
the biologically active compounds responsible for 
the modulation of vascular health biomarkers is 
still unresolved. This is partly due to key limita-
tions with regard to the experimental design gen-
erally proposed in the studies performed until 
now. The lack of a proper control, i.e. the absence 
of a standardized control product regarding the 
polyphenols content, is notably an issue that 
should be addressed in future trials. In addition, 
the studies displayed an inconsistent spectrum of 
designs in terms of the duration of study periods 
(from weeks to several months) but also regard-
ing the dose of polyphenols investigated. Another 
barrier is the question of the specific populations 
studied. Studies that recruited subjects at risk of 
CVD or patients with diagnosed CVD brought 

results that are not expected to apply to the gen-
eral population. To establish the effects of oral 
exposure to the most promising polyphenols, 
large-scale, long-term, well-controlled trials pref-
erably with clinical endpoints including cardio-
vascular morbidity/mortality seem warranted. 
Moreover, further specific clinical studies are 
needed to determine the optimal dose of the  
long-term ingestion of flavonoids-rich sources or 
isolated phenolic compounds to ensure safe car-
diovascular benefits. An excessive intake of poly-
phenols, made possible by marketed fortified 
foods or nutritional supplements, could lead to 
unknown adverse effects. To ensure the safety of 
consuming dietary polyphenols and until suffi-
cient data are collected to establish a dietary ref-
erence intake for each class of compounds, the 
development of sustainable functional foods 
should only consider the same level of polyphe-
nols as the best dietary source can deliver at die-
tary doses [Holst and Williamson, 2008].

Once a compound or food is proven to exert bio-
efficacy in vivo, then mechanisms have to be 
tested in vitro. Until now, there are few reported 
in vitro studies using nutritionally achievable 
concentrations of conjugated forms of poly
phenols found in plasma after consumption of 
polyphenol-containing foods. Some emerging 
arguments show the importance to promote 
such physiological and nutritional approaches to 
elucidate the mechanisms sustaining the in vivo 
observations [Holst and Williamson, 2008]. The 
recent study of Kawai and colleagues is parti
cularly relevant as it has identified activated 
macrophages as a specific target of a conjugated 
metabolite of quercetin (quercetin-3-O-β-D-
glucuronide) during the development of athero-
sclerotic lesions [Kawai et al. 2008]. In the same 
way, in their position paper on the role of dietary 
flavanols in the vascular function, Schewe and 
colleagues addressed the question about the 
relationships between the fate and the mode of 
action of polyphenols [Schewe et al. 2008]. 
Briefly, they reported that exposure of human 
endothelial cells to the methylated metabolite of 
(-)-epicatechin increased the production of NO 
leading to an improvement of the endothelial 
vasomotricity. In the future, it is essential for the 
scientific community to strictly consider lite
rature offering well-designed experiments (in 
terms of nature and concentrations of metabo-
lites used) in order to definitively identify the 
compounds (parent compounds, mammalian 
metabolites or colonic metabolites) biologically 
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active in target tissues as well as the molecular 
mechanisms involved.

In conclusion, this summary of current scientific 
evidence indicates that dietary flavonoids may 
show promising potential to reduce the risk of 
CVD, but much remains to be done to produce 
conclusive data on the value of these compounds 
in the context of public health or clinical practice. 
Challenges for future research in the field of car-
diovascular health effects of polyphenols will be 
to consider the multifaceted bioactivity of these 
compounds.
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