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consequently in the development of biomarkers of (poly)
phenol intake to use in epidemiological studies. efforts to 
create adequate standardised materials and well-matched 
controls to use in randomised controlled trials have also 
improved the quality of the available data. In vitro inves-
tigations using physiologically achievable concentrations 
of (poly)phenol metabolites and catabolites with appropri-
ate model test systems have provided new and interesting 
insights on potential mechanisms of actions. This article 
will summarise recent findings on the bioavailability and 
biological activity of (poly)phenols, focusing on the epide-
miological and clinical evidence of beneficial effects of fla-
vonoids and related compounds on urinary tract infections, 
cognitive function and age-related cognitive decline, cancer 
and cardiovascular disease.

Keywords Dietary flavonoids · Related compounds · 
Absorption · Metabolism · colonic catabolism · 
Bioactivity · Urinary tract infections · Neurogenerative 
disorders · cancer · cardiovascular disease

Introduction

The plant kingdom produces an overwhelming array of 
structurally diverse secondary metabolites, which can 
be divided into three major groups (1) the flavonoids and 
related phenolic and polyphenolic compounds, (2) terpe-
noids and (3) nitrogen-containing alkaloids and sulphur-
containing compounds. Some accumulate in high concen-
trations and are distributed among a very limited number 
of species. In planta, secondary metabolites have a range of 
roles including attractants for pollinators and seed-dispers-
ing animals, protection against herbivores and microbial 
infection, as allelopathic agents, Uv protectants and signal 

Abstract There is substantial interest in the role of 
plant secondary metabolites as protective dietary agents. 
In particular, the involvement of flavonoids and related 
compounds has become a major topic in human nutrition 
research. evidence from epidemiological and human inter-
vention studies is emerging regarding the protective effects 
of various (poly)phenol-rich foods against several chronic 
diseases, including neurodegeneration, cancer and cardio-
vascular diseases. In recent years, the use of HPlc–MS 
for the analysis of flavonoids and related compounds in 
foods and biological samples has significantly enhanced 
our understanding of (poly)phenol bioavailability. These 
advancements have also led to improvements in the avail-
able food composition and metabolomic databases, and 
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molecules in the formation of nitrogen-fixing root nod-
ules in legumes. Secondary metabolites are also of inter-
est because of their use as dyes, fibres, glues, oils, waxes, 
flavouring agents, drugs and perfumes and their potential 
development as new natural drugs, antibiotics, insecti-
cides and herbicides (Harborne 1993; croteaux et al. 2000; 
Dewick 2009).

There is now substantial interest in the role of plant sec-
ondary metabolites as protective dietary agents. In particu-
lar, the involvement of flavonoids and related compounds1 
has become a major research area in human nutrition 
research. Unlike traditional vitamins, they are not essential 
for short-term well-being but there is growing evidence 
suggesting that modest long-term intakes, through the con-
sumption of fruits and vegetables, can reduce the incidence 
of several chronic diseases that are occurring in western 
populations with increasing frequency as longevity 
increases. This article will summarise recent findings 

1 Flavonoids and related compounds are also referred to as polyphe-
nols; however, a number of compounds, including hydroxycinna-
mates and phenolic acids, have only one phenolic ring. In this review, 
therefore, the term (poly)phenolic compounds will be used.

linking these compounds to beneficial effects on health by 
considering (1) the absorption, distribution, metabolism 
and excretion (ADMe) of (poly)phenols following inges-
tion; (2) the bioactivity and mode of action of their metabo-
lites derived from the gastrointestinal (GI) tract, as well as 
those of potential hepatic origin, when tested in in vitro and 
ex vivo cell models and (3) the most recent evidence of 
protective effects obtained from recent epidemiological and 
clinical intervention studies.

Dietary (poly)phenols: an overview

Flavonoids have a c6–c3–c6 structure and the subgroups of 
dietary significance are anthocyanins, flavonols, flavones, 
isoflavones, flavan-3-ols, flavanones and anthocyanidins, 
while minor flavonoids include dihydroflavanols, flavan-
3,4-diols, coumarins, chalcones, dihydrochalcones and 
aurones (Fig. 1). compounds of interest related to flavan-
3-ols (Fig. 2) include oligomeric and polymeric proan-
thocyanidins, which are also known as condensed tannins 
(Haslam and cai 1994). Oxidative coupling of (−)-epicat-
echin and/or (+)-catechin occurring between the c-4 of the 
heterocycle and the c-6 or c-8 positions of the adjacent 

Fig. 1  Generic flavonoid 
structures
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unit creates type B proanthocyanidins. Type A proanthocy-
anidins have an additional c2-O-c-7 ether linkage (crozier 
et al. 2006a). Proanthocyanidins can occur as polymers of 
up to 50 units in length and those consisting exclusively of 
(epi)catechin units are called procyanidins. However, most 
food proanthocyanidins are hetero-oligomers with mono-
meric units that vary in the number and pattern of hydroxy-
lation (Reed et al. 2005). Dark chocolate is a rich source of 
proanthocyanidins derived from the roasted seeds of cocoa 

(Theobroma cacao) and sizable amounts can also found in 
red wine and berries such as cranberries (Vaccinium mac‑
rocarpum). Not all proanthocyanidins are made up exclu-
sively of flavan-3-ol subunits. For instance, linkages with 
anthocyanins (Ferreira et al. 2010) and flavonols occur (li 
et al. 2010).

Green tea contains substantial amounts of flavan-3-ols, 
mainly (−)-epigallocatechin, (+)-gallocatechin, (−)-epi-
catechin-3-O-gallate and (−)-epigallocatechin-3-O-gallate 
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(Fig. 2). The levels of these monomers decline markedly 
during fermentation of the tea leaves and the main compo-
nents in black tea are theaflavin-3-O-gallate, theaflavin-3′-
O-gallate and theaflavin-3,3′-O-digallate (Fig. 2) and more 
substantial quantities of the high molecular weight thearub-
igins. elegant analytical research has established that black 
teas contain 5,000 thearubigin components in their molecu-
lar weights ranging from 1,000 to 2,100 Daltons (Kuhnert 
et al. 2010a, b).

ellagitannins, such as sanguiin H-6 and punicalagin, 
which are also of dietary significance, are known as hydro-
lysable tannins because they are readily broken down by 
dilute acid releasing gallic acid and/or ellagic acid (Fig. 3). 
Other phenolics of potential nutritional relevance also illus-
trated in Fig. 3 include the hydroxycinnamates caffeic acid 
and ferulic acid, which often accumulate as their respective 
tartrate esters, coutaric acid, caftaric acid and fertaric acid. 
Quinic acid conjugates of caffeic acid, such as 3-, 4- and 
5-O-caffeoylquinic acid (cQA) (Fig. 3), occur widely in 
fruits and vegetables with massive amounts being found 
in green coffee beans, and although some is lost during 
roasting, substantial but varying amounts are found in cof-
fee beverage (ludwig et al. 2014b). 5-cQA is frequently 
referred to as chlorogenic acid, although strictly the term is 
more appropriate for a whole group of hydroxycinnamate 
quinic acid conjugates (Stalmach et al. 2012).

Other non-flavonoids include the stilbenes, which have 
a c6–c2–c6 structure and as such are polyphenolic com-
pounds. The principal member of the stilbene family is res-
veratrol, which occurs as cis and trans isomers, which are 
found in red grapes and red wines primarily as trans-res-
veratrol-3-O-glucoside (aka piceid and polydatin) (Fig. 4). 
In reality, resveratrol and related stilbenes are extremely 
minor dietary components, as even in grapes and wines 
they occur in no more than trace quantities (Burns et al. 
2002).

For further details of the structures and occurrence of 
these compounds, readers should consult crozier et al. 
(2006a, b) and Spencer and crozier (2012) along with the 
ever expanding Phenol-explorer database which includes 
comprehensive information of the polyphenol content of 
foods (Neveu et al. 2010).

Absorption and metabolism of (poly)phenols 
and related compounds in the gastrointestinal tract

After ingestion, (poly)phenol glycosides can be modi-
fied in the oral cavity by the hydrolysing activity of saliva, 
although after passing through the stomach most reach the 
small intestine and thereafter the colon. within the GI tract, 
their absorption is associated with the hydrolysing activity 
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of a cascade of enzymes. In the small intestine, cleavage 
of the sugar unit is mediated through the action of lactase 
phloridzin hydrolase (lPH), located in the brush bor-
der of epithelial cells. lPH exhibits broad specificity for 
flavonoid-O-β-d-glucosides, and the released aglycones can 
enter the epithelial cells by passive diffusion due to their 
increased lipophilicity (Day et al. 2000). An alternative 
hydrolytic step is mediated by a cytosolic β-glucosidase 
(cBG). In this case, the active sodium-dependent glucose 
transporter, SGlT-1, is thought to be involved in the trans-
port of flavonoid glycosides into epithelial cells, a neces-
sary step to facilitate the action of cBG (Gee et al. 2000). 
Once absorbed, flavonoids and related phenolics follow 
the common metabolic pathway of exogenous organic 
substances and, like drugs and most xenobiotics, undergo 
phase II enzymatic metabolism. They can be conjugated 
with glucuronic acid, sulphate and methyl groups, in reac-
tions catalysed by UDP-glucuronosyltransferases (UGTs), 
sulphotransferases (SUlTs) and catechol-O-methyltrans-
ferases (cOMT), respectively (Del Rio et al. 2013b). Phase 
II metabolism first occurs in the wall of the small intestine, 
after which metabolites pass through the portal vein to the 
liver, where they may undergo further conversions before 
entering the systemic circulation and eventually undergoing 
renal excretion. It is possible that some recycling of phase 
II metabolites from the liver back to the small intestine 
may occur via enterohepatic recirculation in the bile. There 
is much speculation about this in the literature but, as yet, 
there is an absence of unequivocal data and the available 
evidence obtained with humans suggests it may be a minor 
event (Actis-Goretta et al. 2013; crozier 2013).

Beside being absorbed into the bloodstream, phase II 
metabolites also efflux back into the lumen of the small 
intestine mediated via members of the adenosine-binding 
cassette (ABc) family of transporters (van de wetering 
et al. 2009; Manzano and williamson 2010). Analysis of 
ileal fluid collected in feeding studies with ileostomists 
indicates that substantial amounts of metabolites and 

their parent compounds travel down the GI tract, reach-
ing the large intestine where they are exposed to the resi-
dent microflora (Jaganath et al. 2006; Stalmach et al. 2009, 
2010; Borges et al. 2013; erk et al. 2014). Gut bacteria 
can hydrolyse glycosides, glucuronides, sulphates, amides, 
esters and lactones, and the flavonoid skeleton undergoes 
ring fission, the products of which can then be subjected 
to reduction, decarboxylation, demethylation and dehy-
droxylation reactions (Selma et al. 2009). These complex 
modifications generate low molecular weight catabolites 
that can be efficiently absorbed in situ, with some undergo-
ing further phase II metabolism locally and/or in the liver 
before entering the circulation and being excreted in urine 
in substantial amounts that typically exceed the excretion 
of (poly)phenol metabolites absorbed in the upper GI tract 
(crozier et al. 2010). In addition, more than half the carbon 
of glycosides and the flavonoid A ring may be metabolised 
to short chain fatty acids and, therefore, be available for 
energy metabolism by the host and ultimately be exhaled as 
cO2 (czank et al. 2013).

Flavonoid metabolites are difficult to quantify because 
only a few are commercially available as reference com-
pounds and they are very complicated to synthesise (Barron 
et al. 2012; Zhang et al. 2013a). The analytical approach 
used in the past almost invariably involved treating sam-
ples with hydrolytic enzymes—namely glucuronidases and 
sulphatases—followed by quantification of the released 
aglycones by HPlc using either absorbance, fluorescence 
or electrochemical detection (lee et al. 2002; chow et al. 
2005; Henning et al. 2005). However, this approach does 
not yield information about the specific conjugated metab-
olites, leaving the putative bioactive forms unknown. Fur-
thermore, the glucuronidase/sulphatase sources used in 
these studies have inconsistent enzyme titre and activity, 
and there can be substantial batch-to-batch variations in 
their specificity (Donovan et al. 2006; Saha et al. 2012). 
HPlc–MS2, without recourse to enzyme hydrolysis, is now 
the method of choice when studying flavonoid metabolism.

Fig. 4  Structures of the stil-
benes trans- and cis-resveratrol 
and their 3-O-glucosides
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Perhaps the subclasses of flavonoids where more 
advances in the understanding of their ADMe have been 
achieved in the last couple of years are the flavan-3-ols and 
the anthocyanins. In this section, we will summarise the 
most recent studies that have given new insights into the 
ADMe of flavan-3-ols, procyanidins, anthocyanins, stil-
benes, lignans and hydroxycinnamates. It is also becoming 
increasingly evident from recent ADMe studies that once 
metabolites entering the bloodstream from the small intes-
tine are considered along with colonic catabolites, dietary 
(poly)phenols are much more bioavailable than previously 
envisaged. Readers interested in a more comprehensive 
view of (poly)phenol ADMe are referred to reviews and 
earlier publications (Scheline 1991; Urpi-Sarda et al. 2009; 
González-Barrio et al. 2011b; Redeuil et al. 2011; Actis-
Goretta et al. 2012; landete 2012; Del Rio et al. 2013b; 
van der Hooft et al. 2012; lang et al. 2013; cottart et al. 
2014; Marmet et al. 2014) and papers in Spencer and cro-
zier (2012).

Flavan-3-ols

Dietary flavan-3-ols, unlike other flavonoids, exist in plants 
mainly as aglycones rather than glycosides. They are found 
in especially high levels in green tea and, because of losses 
encountered during processing in some, but not all, com-
mercial cocoas. These are the main products that have been 
used to study flavan-3-ol absorption and metabolism in 
humans.

An important factor that may have influenced the 
results of flavan-3-ol bioavailability studies with cocoa and 
green tea is the varying proportions of the different enan-
tiomeric forms of monomeric flavan-3-ols (Fig. 2). In a 
study where similar amounts of the individual enantiom-
ers were ingested separately by male volunteers, the bio-
availability of the stereoisomers was ranked as (−)-epi-
catechin > (+)-epicatechin > (+)-catechin > (−)-catechin 

(Ottaviani et al. 2011). There were also differences in the 
ratios of 3′- and 4′-O-methylated metabolites as well as the 
levels of unmethylated metabolites of (−)- and (+)-epicat-
echin in plasma and urine implying that flavan-3-ol ste-
reochemistry also affects metabolic pathways other than 
O-methylation (Ottaviani et al. 2011). As the individual 
flavan-3-ol stereoisomers in cocoa products and green 
tea used in feeding studies are rarely determined by chi-
ral chromatography, this raises the possibility that varying 
stereochemical ratios could be a contributing factor in the 
different (epi)catechin metabolite profiles reported in the 
literature with the stereochemical variation reflecting dif-
ference in product processing. This may also be of impor-
tance when considering the bioavailability of flavan-3-ols 
from other food sources such as berries, nuts and apples.

A more detailed understanding of the absorption and 
metabolic fate of (−)-epicatechin in the small intestine 
was obtained in a recent feeding study with a cocoa-
based product using authentic, synthesised flavan-3-ol 
metabolites as reference compounds. The main metabo-
lites identified in plasma with a Tmax of around 2 h were 
(−)-epicatechin-3′-O-glucuronide, (−)-epicatechin-3′-O-
sulphate, 3′-O-methyl-(−)-epicatechin-5-O-sulphate and 
3′‑O-methyl-(−)-epicatechin-7-O-sulphate. Other minor 
metabolites were (−)-epicatechin-5-O-sulphate, (−)-epi-
catechin-7-O-sulphate, 4′-O-methyl-(−)-epicatechin-5-O-
sulphate, 4′-O-methyl-(−)-epicatechin-7-O-sulphate and 
4′‑O-methyl-(−)-epicatechin-7-O-glucuronide (Fig. 5) 
(Ottaviani et al. 2012b).

Jejunal absorption of (−)-epicatechin in humans 
assessed by using an intestinal perfusion technique revealed 
an average of ~46 % (−)-epicatechin absorption based on 
recovery in the perfusion fluid, but with high inter-individ-
ual variability among the eight volunteers, ranging from 31 
to 90 % (Actis-Goretta et al. 2013). Intestinal metabolism 
and the appearance of (−)-epicatechin metabolites in the 
bloodstream were further evaluated in addition to biliary 
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and urinary excretion. (−)-epicatechin-3′-O-sulphate was 
the main metabolite to efflux back into the lumen of the 
small intestine, accounting for about half of the overall epi-
catechin metabolites recovered in the intestinal fluid. A dif-
ferent profile was obtained for the relatively small amount 
of metabolites associated with the enterohepatic recircula-
tion in the bile where (−)-epicatechin-3′-O-glucuronide, 
(−)-epicatechin-3′-O-sulphate, and 3′-O-methyl-(−)-
epicatechin-5-O-sulphate were significantly higher than the 
other conjugates and reach their recirculation peaks 90 min 
after commencing perfusion (Actis-Goretta et al. 2013).

cocoa products contain not only monomeric flavan-
3-ols, mainly (−)-epicatechin, but also oligomeric procya-
nidins. controversy exists regarding procyanidins. Firstly, 
whether they breakdown in the stomach to form monomers 
that can then be absorbed and, secondly, whether intact 
procyanidins are absorbed from the GI tract. In a recent 
study, specifically designed cocoa-based drinks containing 
(i) only (epi)catechins, (ii) procyanidins with a degree of 
polymerisation that ranged from 2 to 10, or (iii) (epi)cat-
echins and procyanidins with a degree of polymerisation 
that ranged from 2 to 10 were tested. circulating (epi)cate-
chin metabolites increased after ingestion of all test drinks, 
reaching maximal concentrations 2 h after intake. The 
consumption of test drinks containing only (epi)catechins, 
or (epi)catechins and procyanidins, led to similar plasma 
Cmax values for (epi)catechin metabolites. In contrast, con-
sumption of the cocoa drink containing only procyanidins 
resulted in a tenfold lower concentration of plasma (epi)
catechin metabolites, consistent with the residual amounts 
of (epi)catechin in the drink. The 24 h urinary excretion 
was also significantly lower than that excreted after intake 
of the other two drinks containing (epi)catechins and pro-
cyanidins or only (epi)catechins. This suggests that procya-
nidins do not contribute to the total circulating pool of (epi)
catechin metabolites in humans (Ottaviani et al. 2012a). In 
addition to (epi)catechin metabolites, hydroxyphenyl-γ-
valerolactone metabolites (see Fig. 5) were detected. These 
ring fission products were excreted in higher amounts after 
ingestion of the test drink containing (epi)catechins and 
procyanidins than occurred following the consumption of 
the other two cocoa drinks. However, urinary valerolac-
tones in the group that consumed only cocoa procyanidins 
were comparable to the amount excreted after ingestion of 
the (epi)catechin drink. This indicates that procyanidins as 
well as (epi)catechin monomers act as precursors of valero-
lactones in humans (Ottaviani et al. 2012a). The metabolic 
fate of chocolate procyanidins in humans and the appear-
ance of the resulting catabolites are illustrated in Fig. 6.

Two recent studies investigating the gut microbial 
metabolism after green tea consumption have identi-
fied up to 138 urinary metabolites, including 48 valero-
lactone and valeric acid conjugates (calani et al. 2012; 

van der Hooft et al. 2012). Ring-fission metabolites of 
flavan-3-ols, produced by colon microbiota were recov-
ered in urine, namely 5-(3′,4′,5′-trihydroxyphenyl)-γ-
valerolactone, 5-(3′,5′-dihydroxyphenyl)-γ-valerolactone, 
5-(3′,4′-dihydroxyphenyl)-γ-valerolactone and a 
5-(hydroxyphenyl)-γ-valerolactone and the glucuronides 
of 3′,4′-di- and 3′,4′,5′-trihydroxyphenyl-γ-valerolactone. 
These ring fission products, as well as phenylvaleric acid 
conjugates, were excreted primarily 5–10 h after inges-
tion of green tea. The average relative 48 h bioavailability 
assessed by urinary excretion was ~62 %, the major con-
tributors being microbial metabolites. It is interesting to 
note the high inter-subject variability, as 100 % absorption/
excretion occurred with some volunteers, whereas others 
did not efficiently absorb/excrete the valerolactone metabo-
lites (calani et al. 2012; van der Hooft et al. 2012).

Anthocyanins

Traditionally, anthocyanins and anthocyanidin glycosides 
have been thought to have low bioavailability, with typi-
cal urinary recoveries of <2 % of the intake (Kay et al. 
2005; Manach et al. 2005; McGhie and walton 2007). How-
ever, new insights into the complex metabolism of antho-
cyanins have been obtained in a stable isotope-labelled 
feeding study with human volunteers. Subjects ingested 
0.5 g (1,114 μmol) of 13c5-labelled cyanidin-3-O-gluco-
side and after 48 h, relative bioavailability was assessed to 
be as 12 % of the 13c dose with 5.4 % excreted in urine 
and 6.9 % in breath, while faeces accounted for a further 
32 % of the administered 13c-label (czank et al. 2013). The 
Cmax of the anthocyanin-derived circulating metabolites 
varied between 11 nmol/l for 4-hydroxybenzoic acid-3-O-
glucuronide (protocatechuic acid-3-O-glucuronide) and 
1,962 nmol/l for hippuric acid, with Tmax ranging from 
1.8 h for cyanidin-3-O-glucuronide to 30.1 h for a sulphate 
of vanillic acid (3-methoxy-4-hydroxybenzoic acid) (de 
Ferrars et al. 2014) (see Fig. 7 for structures). These stud-
ies confirmed the extensive metabolism and catabolism of 
anthocyanins.

Unlike other classes of (poly)phenolic compounds 
where gut microbiota plays a key role in their catabolism, 
anthocyanins are also subject to pH-dependent transfor-
mations (clifford 2000), before reaching the large bowel. 
Protocatechuic acid (3,4-dihydroxybenzoic acid), the main 
catabolite of cyanidin-3-O-glucoside, reached Cmax 2 h 
after consumption of blood orange juice, accounted for by 
extensive anthocyanin degradation in the upper GI tract 
(vitaglione et al. 2007). The early presence of anthocya-
nin catabolites in the bloodstream could be associated with 
chemical decomposition at neutral pH (woodward et al. 
2009) as well as with first-pass metabolism in the intestinal 
wall or liver (Fang 2014). Nonetheless, direct evidence of 
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likely enzymatic phenomena involved in the absorption and 
metabolism of anthocyanins in the upper GI tract has yet to 
be obtained.

A portion of an ingested dose of anthocyanins reaches 
the large intestine and is further metabolised by gut micro-
biota (González-Barrio et al. 2011a; czank et al. 2013; 
de Ferrars et al. 2014). Raspberry, blueberry and grape 
consumption by ileostomists showed that 5–40 % of the 
ingested anthocyanins remained in the ileal fluid (Kahle 
et al. 2006; González-Barrio et al. 2010; Stalmach et al. 
2012). Once in the colon, anthocyanins are deglycosylated, 
and the resulting aglycones are broken down by fission of 
the c-ring with the resultant A- and B-ring fragments being 
further converted to a wide array of phenolic and aldehyde 
constituents. Gallic acid, vanillic acid, protocatechuic acid, 
4-hydroxybenzoic acid and syringic acid (3,5-dimethoxy-
4-hydroxybenzoic acid) have been identified as major 

degradation products of delphinidin-3-O-glucoside, peo-
nidin-3-O-glucoside, cyanidin-3-O-glucoside, pelargoni-
din-3-O-glucoside and malvidin-3-O-glucoside, respec-
tively (Fleschhut et al. 2006; vitaglione et al. 2007; Forester 
and waterhouse 2008; Azzini et al. 2010). Other catabolites 
occurring after partial degradation of anthocyanins are cat-
echol (1,2-dihydroxybenzene), resorcinol (1,3-dihydroxy-
benzene), pyrogallol (1,2,3-trihydroxybenzene), tyrosol 
(4-hydroxyphenyl-ethanol,), 3-(3′-hydroxyphenyl)propi-
onic acid, dihydrocaffeic acid (3-[3′,4′-dihydroxyphenyl]
propionic acid) and 3-(4′-hydroxyphenyl)lactic acid. Addi-
tional catabolites detected after anthocyanin intake include 
ferulic acid, 4′-hydroxymandelic acid, homovanillic acid 
(3′-methoxy-4′-hydroxyphenylacetic acid), hippuric acid 
and 4′-hydroxyhippuric acid (see Fig. 7 for structures) 
(González-Barrio et al. 2011a; czank et al. 2013; Rodri-
guez-Mateos et al. 2013; de Ferrars et al. 2014).

Fig. 6  Metabolic fate of chocolate procyanidin trimer c1 as it passes along the GI tract
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considering the 32 % faecal recovery of 13c-label from 
ingested [13c5]cyanidin-3-O-glucoside (czank et al. 2013), 
microbial anthocyanin catabolites might not be absorbed 
extensively into the bloodstream. consequently, the upper 
part of the GI tract could be a more important site of 
absorption of anthocyanins and their catabolites than is cur-
rently realised (Fang 2014).

lignans

Structures of key lignans and their metabolites are pre-
sented in Fig. 8. Secoisolariciresinol diglucoside, the most 
abundant flaxseed lignan, is metabolised by the colonic 
microflora to the enterolignans enterodiol and enterolac-
tone. Matairesinol, another plant lignan, is also metabolised 
to enterolactone. Other dietary lignans such as laricires-
inol, pinoresinol, medioresinol, syringaresinol, arctigenin 
and sesamin are likewise precursors of enterolignans (lan-
dete 2012). enterodiol and enterolactone were recovered 
in human faecal fermentation after incubation of milled 
flaxseeds (Dall’Asta et al. 2012) and wheat aleurone (Rosa 
et al. 2013). Several investigations have been carried out 
to identify the enterolignan-producing bacteria. Jin et al. 
(2007) isolated two anaerobes, Ruminococcus sp. eND-1 

and eND-2. The former selectively converted (−)-entero-
diol to (−)-enterolactone, while the latter converted 
(+)-enterodiol to (+)-enterolactone, indicating enantiose-
lective oxidation by intestinal bacteria. Subsequently, it 
was reported that Ruminococcus sp. eND-1 has demeth-
ylation and deglucosylation activities for plant lignans, and 
functions in combination with Eggerthella sp. SDG-2 to 
produce enterolignans (Jin and Hattori 2009). In the con-
version of pinoresinol diglucoside to (−)-enterolactone, 
Ruminococcus sp. eND-1 was involved in the deglucosyla-
tion, demethylation and oxidation reactions, while Egg‑
erthella sp. SDG-2 was responsible for the ring cleavage 
and dehydroxylation. In the same way, secoisolariciresinol 
diglucoside underwent deglucosylation and demethyla-
tion by Ruminococcus sp. eND-1 and dehydroxylation by 
Eggerthella sp. SDG-2 to produce (+)-enterodiol (Jin and 
Hattori 2009). After a volunteer consumed 100 g of flax-
seed, enterodiol- and enterolactone-O-glucuronides were 
recovered in urine reaching their maximum concentrations 
46 h after ingestion (Knust et al. 2006). NMR analyses 
identified the two glucuronides as (−)-enterodiol-3′-O-
glucuronide and (−)-enterolactone-3′-O-glucuronide. In 
the same study, incubation of (−)-secoisolariciresinol-
diglucoside with human faecal bacteria led to the formation 
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Fig. 7  Structures of anthocyanins and their related colonic catabolites
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of (+)-secoisolariciresinol and its enterolignans (+)-enter-
odiol and (+)-enterolatone. This finding suggests glucuro-
nidation of (+)-enterolignans reverts their stereochemistry 
back to the (−)-configuration (Knust et al. 2006).

Stilbenes

Despite stilbenes being extremely minor dietary compo-
nents, because of the wide ranging effects of resveratrol 
in cell culture and animal models (Ungvari et al. 2010; 
vetterli et al. 2011; Delucchi et al. 2012; Bresciani et al. 
2014), there is much interest in its absorption and metabo-
lism in humans but usually this is from a pharmacological 
rather than a dietary perspective.

A study has been carried out using subjects with cardio-
vascular risk who consumed on a daily basis for 4 weeks 
272 ml/day of red wine or dealcoholised red wine con-
taining in total 23 mg/l of trans- and cis-resveratrol and 
piceid (Fig. 4). Twenty-one resveratrol metabolites, includ-
ing those formed by gut and microbial metabolism, were 
identified in 0–24-h urine samples (see Fig. 9 for selected 
structures). No free cis- or trans-resveratrol were detected 
(Rotches-Ribalta et al. 2012b). The trans forms of resver-
atrol-3-O-glucuronide, 4′-O-glucuronide, 3-O-sulphate and 
4′-O-sulphate increased after intake, as did their cis iso-
mers, as well as trans-resveratrol-3,4′-O-disulphate and a 
resveratrol O-sulphate-O-glucuronide. The most abundant 
excreted metabolites were cis-resveratrol-3-O-glucuronide 

and cis-resveratrol-4′-O-sulphate in both the wine and 
dealcoholised wine interventions. Summing the resvera-
trol metabolites formed in the small intestine, their 0–24 h 
urinary excretion was 6.3 and 7.1 µmol after the respective 
consumption of red wine and dealcoholised red wine. In 
addition to these metabolites formed in the upper GI tract, 
a small amount of the microbial metabolite dihydrores-
veratrol was detected, although conjugated forms were 
also identified, including two glucuronides, two sulphates 
and a sulphate glucuronide (Rotches-Ribalta et al. 2012b). 
One of the sulphate isomers was by far the most abundant 
urinary metabolite. The sum of dihydroresveratrol metabo-
lites excreted in 0–24 h urine was 4.3 µmol after red wine 
intake and 5.1 µmol after consuming dealcoholised red 
wine. Piceid-O-sulphates and piceid-O-glucuronides were 
excreted in lower amounts.

Plasma pharmacokinetics of free resveratrol, piceid and 
their metabolites detected after moderate red wine con-
sumption were compared with those obtained after inges-
tion of grape extract tablets (Rotches-Ribalta et al. 2012a). 
Seventeen metabolites, including conjugates of resvera-
trol, piceid and dihydroresveratrol, were identified. cis- 
and trans-Piceid peaked in plasma 1 h after intake, but at 
much lower concentrations than the phase II metabolites 
of resveratrol. The Tmax of resveratrol-O-glucuronides was 
reached 2–2.5 h after red wine consumption, while absorp-
tion seemed to be slower after consuming tablets, with the 
same metabolites reaching Tmax 4–7 h after intake. Since 
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dihydroresveratrol is produced by the colonic microflora, 
the resulting two glucuronides had slightly later plasma 
Tmax times of 4–6 h for red wine and 7–8 h for grape tablets. 
These trends were also observed in 0–24 h urine, where 
increased excretion of resveratrol phase II metabolites was 
not achieved until 8 h, while dihydroresveratrol conjugates 
were excreted mainly 4–12 h after red wine consumption 
and up to 24 h after grape extract intake (Rotches-Ribalta 
et al. 2012a).

As noted above, colonic microbiota are able to convert 
resveratrol to dihydroresveratrol, which is then absorbed 
and, prior to urinary excretion, is further metabolised by 
phase II enzymes. It has recently been shown that resvera-
trol is converted by human faecal microbiota to 3,4′-dihy-
droxy-trans-stilbene and lunularin (Fig. 9) (Bode et al. 
2013). Despite the ability of faecal samples from all seven 
donors to metabolise trans-resveratrol, differences among 
the volunteers emerged concerning rate, extent of metab-
olism and metabolic routes. Six of the seven donors pro-
duced dihydroresveratrol, but with great variability in its 
rate of formation. Indeed, the maximum concentration in 
faecal slurries was 2 h in three volunteers, but 6, 8 and 24 h 
in incubations with samples from the other three donors. It 
is interesting to note that the only non-producer of dihy-
droresveratrol was the sole producer of 3,4′-dihydroxy-
trans-stilbene, reaching its maximum concentration at 
8 h. lunularin was recovered in samples from six donors, 
reaching maximum concentration 24–48 h after incuba-
tion, except for one donor where the metabolite peaked at 
8 h (Bode et al. 2013). This led to speculation that there 
are three metabolic routes leading to i) dihydroresveratrol, 
ii) lunularin and iii) mixed production of dihydroresveratrol 
and lunularin.

Hydroxycinnamates

coffee, in particular, is an extremely rich source of hydrox-
ycinnamates, mainly in the form of 3-, 4- and 5-cQAs 
(Fig. 3) (crozier et al. 2006b). The metabolic pathways, 
rate and extent of absorption of coffee cQAs in humans 
were recently reviewed by Del Rio et al. (2013a) focusing 
on studies with healthy humans and ileostomy volunteers 
by Stalmach et al. (2009, 2010). Briefly, these investiga-
tions revealed that coffee cQAs were extensively metabo-
lised and well absorbed in healthy subjects, with 29 % 
of intake recovered in 0–24 h urine, most produced by 
colon microbiota. The key role of colon microbiota in the 
metabolism and absorption of coffee-derived cQAs was 
clearly evident from data obtained in the study involving 
ileostomists when after ingestion of coffee overall 0–24 h 
urinary excretion of cQA metabolites fell to 8 % of the 
ingested cQAs, being derived entirely from compounds 
absorbed in the small intestine due to the volunteers’ inabil-
ity to generate colon metabolites (Stalmach et al. 2010).

Recent studies on in vivo and in vitro chlorogenic acid 
metabolism have provided additional information about 
the bioavailability of the dietary hydroxycinnamates. Fol-
lowing in vitro incubations of espresso coffee with human 
faecal samples, HPlc–MS and Gc–MS were used to 
monitor the breakdown of chlorogenic acids and iden-
tify and quantify the catabolites produced (ludwig et al. 
2013). 5-O-Feruloylquinic acid (5-FQA) and 5-cQA were 
rapidly degraded by the faecal microflora and, over the 
6-h incubation period, eleven catabolites were identified 
and quantified. caffeic and ferulic acids, produced by the 
activity of microbial esterases towards cQAs and FQAs, 
were transient, peaking at 1 h. 3-(3′,4′-Dihydroxyphenyl)
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propionic acid (dihydrocaffeic acid) and 3-(3′-methoxy-
4′-hydroxyphenyl)propionic acid (dihydroferulic acid) 
and 3-(3′-hydroxyphenyl)propionic acid were the major 
end products, accounting for 75–83 % of the total cat-
abolites. Other minor catabolites detected in quantifi-
able amounts included 3-(4′-hydroxyphenyl)propionic 
acid, 3-(phenyl)propionic acid, 3′,4′-dihydroxypheny-
lacetic acid (homoprotocatechuic acid), phenylacetic acid, 
3,4-dihydroxybenzoic acid (protocatechuic acid), ben-
zoic acid and 1,2-dihydroxybenzene (catechol). Differ-
ences emerged in the study in the rate and extent of the 
degradation, presumably influenced by differences in the 
composition of the gut microbiota in samples provided by 
the individual volunteers (ludwig et al. 2013). The pro-
posed routes for the microbial degradation of 5-cQA and 
5-FQA in the colon after ingestion of espresso coffee are 
illustrated in Fig. 10.

Redeuil et al. (2011) reported an investigation of the cir-
culating metabolite profile of coffee hydroxycinnamates in 
humans (see Fig. 11 for structures). A total of 34 metabo-
lites, mainly reduced, sulphated and methylated forms of 
caffeic acid, coumaric acid, cQAs and a cQA lactone, 
were identified, 19 of which were novel metabolites, such 
as a FQA lactone and its glucuronide and sulphate forms, 

and sulphated derivatives of coumaric acid. compounds 
derived from the chlorogenic acids absorbed in the upper 
GI tract, such as caffeic acid-3′-O-sulphate, 3′,4′-dimeth-
oxycinnamic acid and ferulic acid-4′-O-sulphate, were the 
most abundant metabolites, reaching Cmax values ranging 
from ~200 to 300 nmol/l with Tmax times of 0.5–2 h. In 
contrast, the metabolites generated by colon microbiota 
had Tmax values of 8–12 h. The main microbial metabolites 
were dihydroferulic acid, dihydroferulic acid-4′-O-sulphate 
and dihydrocaffeic acid which reached Cmax values of 
~800, 300 and 150 nM, respectively (Redeuil et al. 2011). 
This study also highlighted the importance of having ade-
quate reference standards in order to accurately quantify 
phase II metabolites to avoid misleading results, which can 
occur when quantifying metabolites using their aglycone 
equivalents. Indeed, the sulphated conjugates ionise much 
more easily than their corresponding aglycones. For exam-
ple, looking at the relative sensitivity factors of Redeuil 
et al. (2011), quantifying ferulic acid-4′-O-sulphate using 
free ferulic acid as the standard would lead to a 44-fold 
overestimate compared to the value obtained using the 
4′-O-sulphate.

Feruloylglycine has a dual Cmax, peaking in the blood 
stream 45 min and 6 h after ingestion of coffee by healthy 
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volunteers (lang et al. 2013) indicating that it is prob-
ably formed from compounds absorbed in both the proxi-
mal and distal GI tract. It is excreted in urine in amounts 
corresponding to ~4 % of chlorogenic acid intake 0–24 h 
after the ingestion of coffee (Stalmach et al. 2014) and 
has been suggested as urinary biomarker for even small 
intakes of coffee cQAs along with dihydrocaffeic acid-
3′-O-sulphate (Stalmach et al. 2009). These compounds 
can also be derived from other dietary constituents that 
contain cQAs but typically in amounts much lower than 
those found in coffee beverage. Although not major 
metabolites, it has been suggested that FQAs and cQA 
lactone-O-sulphates in plasma and urine are good bio-
markers of coffee consumption and their levels increase 
significantly and correlate positively with the ingested 
dose of chlorogenic acids (Stalmach et al. 2014). Other 
compounds which, together with these components, may 
provide a more specific fingerprint of coffee consump-
tion are the diketopiperazine cyclo(isoleucyl-prolyl), 
a glucuronide of the diterpernoid atractyligen, and the 
pyrimidine alkaloid trigonelline (Fig. 11) (Rothwell 
et al. 2014). even if these biomarkers prove to be reliable 
guide of coffee intake, they need not necessarily accu-
rately reflect actual coffee consumption for epidemio-
logical studies because of marked variations in the levels 
of cQAs, trigonelline, atractyligen and cyclo-(isoleucyl-
proline) in coffee as a consequence of the extent to which 
the beans have been roasted (crozier et al. 2012; ludwig 
et al. 2014a, b).

An interesting human biotransformation process involv-
ing coffee phenolics is the esterification of ferulic acid with 
cholesterol (Nagy et al. 2013). This could be considered an 
unusual metabolic process for the hydroxycinnamate, as it 
confers a more lipophilic property to the molecule than the 
usual sulphate and glucuronide conjugations that provide 
increased hydrophilic characteristics compared to the par-
ent compound.

In vitro bioactivity of (poly)phenol metabolites 
and catabolites

Bioactivity investigations using human or animal cell lines 
have made extensive use of both (poly)phenol aglycones 
and their sugar conjugates, the latter being the typical form 
in which they exist in planta, at levels not coherent with 
what could be possibly found in vivo in humans (Del Rio 
et al. 2013b). This section will extend this earlier report and 
focus mainly on papers published after early 2012 in which 
“the right molecules”, namely (poly)phenol human and 
microbial metabolites, have been tested. In some instances, 
“the right molecules” were assayed at the concentrations in 
excess of those likely to occur in the vascular system. This 
raises the question—“what is the right concentration?”—
and the answer is not straight forward.

From the data discussed in the previous section, it is 
evident that after normal dietary intakes, as opposed to 
enriched extracts and supplements, (poly)phenol metabo-
lites and catabolites appear in the circulatory system with 
transient Cmax values at nmol/l and occasionally at very 
low μmol/l concentrations. Despite their limited accu-
mulation in the bloodstream, the levels of (poly)phenol 
metabolites and catabolites excreted in urine indicate that 
substantial amounts must pass through the circulatory sys-
tem in a state of flux being removed by renal excretion 
and replenished by further absorption from the GI tract. 
Mimicking this dynamic system with in vitro cell-based 
test system would be extremely difficult and to our knowl-
edge has never been attempted. In the circumstances, the 
most appropriate compromise for the “right dose” is the 
nmol/l to very low μmol/l Cmax values. concentrations of 
(poly)phenolics and their metabolites and catabolites in the 
GI tract may well be substantially higher, and this should 
be taken into account when using in vitro cell systems to 
investigate the impact of these compounds on colonic 
health.
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It is also important when using in vitro cell models 
to use human metabolites with human cells and animal 
metabolites with animal test cell systems. For instance, a 
recent study by Martín et al. (2014) showed that in vitro 
rat pancreatic β-cells treated with 5–20 μmol/l (−)-epi-
catechin recover viability and insulin secretion damaged 
by treatment with t-butylhydroperoxide. This demonstrates 
that (−)-epicatechin may have a protective role on insu-
lin secretion in rats. Had the study been carried out with 
human pancreatic cells its relevance would have been ques-
tionable as humans unlike rats when fed (−)-epicatechin 
do not accumulate the unmodified flavan-3-ol in plasma 
(Okushio et al. 1999).

Anthocyanins

Although there are no reports that methylated derivatives 
are the principal hepatic metabolites of anthocyanins, Fer-
nandes et al. (2013) have shown that methylated metabo-
lites of delphinidin-3-O-glucoside, cyanidin-3-O-glucoside 
and petunidin-3-O-glucoside retain both significant radical 
scavenging and reducing activity. The methylated metabo-
lites also had broadly similar anti-proliferative activity as 
their parent anthocyanins when tested with three cancer 
cell lines. However, as discussed earlier, anthocyanins 
per se appear to be very poorly absorbed into the circula-
tory system from the small intestine and so pass into the 
large intestine where they are readily catabolised by the 
colonic microbiota. Among their microbial catabolites, 
protocatechuic acid (3,4-dihydroxybenzoic acid), syringic 
acid (3,5-dimethoxy-4-hydroxybenzoic acid), gallic acid 
(3,4,5-trihydroxybenzoic acid) and vanillic acid (3-meth-
oxy-4-hydroxybenzoic acid) (see Fig. 12 for structures) 
have been evaluated for their ability to perturb different 
parameters involved in atherosclerosis, including inflam-
mation, cell adhesion, chemotaxis, endothelial function, 
estrogenic/anti-estrogenic activity and angiotensin-convert-
ing enzyme (Ace) inhibitory activity. Only protocatechuic 

acid exhibited a slight inhibitory effect on nitric oxide 
(NO) production and tumour necrosis factor alpha (TNF-
α) secretion in lipopolysaccharide (lPS)-induced mac-
rophages, whereas gallic acid caused a decrease in the 
secretion of monocyte chemotactic protein 1 (McP-1), 
inter-cellular adhesion molecule 1 (IcAM-1) and vascu-
lar cell adhesion protein 1 (vcAM-1) in endothelial cells 
(Hidalgo et al. 2012). It must be pointed out that the applied 
concentrations were always higher than 10 µmol/l, making 
these findings of limited physiological relevance. However, 
in another study protocatechuic acid, at concentrations 
of 0.25–1 µmol/l, promoted both cholesterol efflux from 
macrophages and expression of macrophage ATP-binding 
cassette transporters A1 and G1 (ABcA1 and ABcG1). 
The mechanism behind this effect may involve a reduc-
tion of miRNA-10b expression which has been reported to 
repress ABcA1 and ABcG1 (wang et al. 2012b) (Fig. 13).

ellagitannins

Urolithins (see Fig. 12) are the main colonic metabo-
lites of ellagitannins, and their physiological effects have 
been studied extensively. In an investigation by Giménez-
Bastida et al. (2012a), human aortic endothelial cells were 
exposed to TNF-α and to urolithin-A and urolithin-B and 
their glucuronidated metabolites. Urolithin-A-3-O-glu-
curonide, at concentrations of ~10 µmol/l, significantly 
inhibited monocyte adhesion and endothelial cell migra-
tion. These effects were associated with a moderate but 
significant down-regulation of the levels of chemokine 
(c–c motif) ligand 2 (ccl2) and plasminogen activator 
inhibitor-1 (PAI-1). It was hypothesised that urolithin-
A might be partly responsible for the beneficial effects 
against cardiovascular diseases (cvD) attributed to the 
consumption of ellagitannin-containing foods (larrosa 
et al. 2010). The same research team also demonstrated 
that a mixture of ellagitannin metabolites (40 μmol/l 
urolithin-A, 5 μmol/l urolithin-B, 1 μmol/l ellagic acid) 
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significantly inhibited colon fibroblast migration and 
monocyte adhesion to fibroblasts. These effects were asso-
ciated with a significant down-regulation of the levels of 
several key regulators of cell migration and adhesion. Uro-
lithin-A, when tested on its own, exhibited the most sig-
nificant anti-inflammatory effects (Giménez-Bastida et al. 
2012b). Kiss et al. (2012) studied the effects of urolithins 
on histone acetyltransferase (HAT) and histone deacety-
lase (HDAc) activity, which are part of a monocyte cell 
system related to inflammation. Only urolithins B and c 
were active with 5 µmol/l concentrations reducing HAT 
activity by more than 50 %.

Dellafiora et al. (2013) used an in silico approach, to 
evaluate the effects of phase II metabolism, in the form 
of glucuronide, sulphate, and methylated derivatives, on 
the estrogenicity of urolithins on α- and β-estrogen recep-
tor isoforms. Aglycone and methylated urolithins exerted 
different predicted xenoestrogenic activity depending on 
chemical structures, but urolithin glucuronides and sul-
phates, which are reported to be the main circulating 
metabolites (Nuñez-Sánchez et al. 2014), were devoid of 
agonistic activity. Moreover, the approach demonstrates 
how in silico techniques are accessible and fast tools to 
analyse wide sets of chemicals and, in particular, food-
related compounds in order to understand their potential 

biological activities and to guide further, more expensive 
experimental evaluations.

In the context of cancer prevention and counteraction, 
urolithin-A, urolithin-B and 8-O-methyl-urolithin-A were 
evaluated for their anti-proliferative activity against human 
bladder cancer cell lines T24 (Qiu et al. 2013). The mech-
anisms observed included an increase in mRNA and pro-
tein expression of Phospho-p38 mitogen-activated protein 
kinase (MAPK), a decrease mRNA and protein expres-
sion of mitogen-activated protein kinase kinase kinase 1 
(MeKK1) and Phospho-c-Jun in T24 cells. The antioxidant 
activity of the urolithins in cancer cell model was also eval-
uated, and it was concluded that they are able to reduce the 
oxidative stress status in bladder cancer, highlighting the 
possibility of a concomitant, specific and radical-scaveng-
ing action in the inhibition of T24 cell proliferation. The 
applied concentrations were, in this instance, higher than 
what could be achieved by dietary intake of ellagitannins.

Prostate cancer was the target of research by Stolarc-
zyk et al. (2013), who demonstrated that urolithin-c 
strongly inhibited lNcaP cell proliferation, prostate-
specific antigen secretion and arginase activity but 
at concentrations in excess of 10 µmol/l. Urolithins 
have also been screened for their effects on cell prolif-
eration, cell cycle and apoptosis in DU-145 and Pc-3 

Fig. 13  Protocatechuic acid (3,4-dihydroxybenzoic acid), at physi-
ological concentrations (0.25–1 μmol/l), enhances the stability of 
Abca1 and Abcg1 mRNA through downregulation of miRNA10b 
expression, consequently increasing ABcA1 and ABcG1 protein 

expression and cholesterol efflux from macrophages to both apoA1 
and mature HDl, respectively. Up arrow up-regulation; down arrow 
down-regulation (after wang et al. 2012b)
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androgen-independent prostate cancer cells by vicinanza 
et al. (2013). Urolithin-A was able to induce a G2/M 
arrest and increased cyclin B1 and cell division cycle 
protein 2 (cdc2) phosphorylation at tyrosine-15, implying 
inactivation of the cyclin B1/cdc2 kinase complex. while 
this is in keeping with the putative preventive effects of 
ellagitannin-containing foods against prostate cancer 
recurrence (Heber 2008), the concentrations tested in 
vivo were well in excess of what would be found in vivo 
in a physiological situation.

 Finally, González-Sarrías et al. (2013) have reported 
that urolithin-A and its 3-O-sulphate are breast cancer 
resistance protein ABcG2/BcRP substrates and able to 
modulate, at physiologically relevant concentrations, the 
ABcG2/BcRP-mediated transport processes, potentially 
affecting chemotherapeutic treatments by modulating the 
pharmacokinetic behaviour of anti-cancer drugs.

Flavan-3-ols

Despite the growing information on the metabolites of 
monomeric and oligomeric flavan-3-ols, the compounds 
responsible for the beneficial effects of this flavonoid 
subclass, there remains a paucity of well-conducted stud-
ies investigating their putative mechanisms of action. This 
is no doubt due, in part, to the fact that the most relevant 
metabolites are not commercially available and are com-
plicated to synthesise (see Barron et al. 2012; Zhang et al. 
2013a).

claude et al. (2014) have recently reported that 
4′-O-methyl-(−)-epicatechin, 4′-O-methyl-(−)-epicatechin-
7-O-glucuronide and (−)-epicatechin-4′-sulphate (see Fig. 5 
for structures) decreased the adhesion of monocytes to 
endothelial cells at physiologically relevant concentrations 
(0.2 to 1 μmol/l). Transcriptomic analysis showed that each 
of the flavan-3-ol metabolites affected the expression of dif-
ferent genes involved in the cellular processes that control 
adhesion and migration of monocytes to vascular endothe-
lium, most notably those regulating cell adhesion, cell–cell 
junctions, focal adhesion and cytoskeleton remodelling. 
Gene expression profiles obtained suggest lower monocyte 
recruitment, in agreement with results from cell adhesion 
assays. The nutrigenomic effect of metabolites seemed to be 
mediated through their capacity to modulate phosphorylation 
of p65 and p38 cell-signalling proteins (claude et al. 2014).

Uhlenhut and Högger (2012) reported that low-
µmol/l concentrations of 5-(3′,4′-dihydroxyphenyl)-γ-
valerolactone (see Fig. 5), a colonic flavan-3-ol catabolite, 
inhibited nitrite production and inducible nitric oxide syn-
thase (iNOS) expression in RAw 264.7 cells. They also 
demonstrated that the valerolactone binds with a high affin-
ity to macrophages, monocytes and endothelial cells. It was 
hypothesised that this intracellular accumulation was the 

reason why in vivo bioactivity was observed with nmol/l 
plasma concentrations that typically fail to exhibit measur-
able activity in vitro.

In a study by Guerrero et al. (2013), the serum of rats 
fed with a grape seed procyanidin-rich extract was able 
in vitro to reduce the total percentage of cholesterol, cho-
lesterol ester and triglycerides in HepG2 cells. Analysis 
by HPlc–MS2 revealed that the serum contained several 
phase II metabolites of monomeric flavan-3-ols, the main 
ones being catechin and epicatechin glucuronides and their 
methylated counterparts. Tests with a serum extract con-
taining these metabolites, obtained 2 h after feeding rats the 
grape seed extract, revealed higher in vitro bioactivity than 
a serum extract obtained by adding the grape seed extract 
directly to plasma. Thus, metabolism of the procyanidin-
rich grape seed extract in the GI tract en route to the cir-
culatory system seemingly enhances the bioactivity of the 
ingested parent compounds.

Flavanones

Despite their putative association to vascular benefits 
(Takumi et al. 2012), only a few studies have applied “the 
right compounds at the right dose” to decipher the under-
lying molecular mechanisms of action of flavanones which 
in the diet are derived principally from citrus fruit. chanet 
et al. (2013) investigated the impact of naringenin and hes-
peretin metabolites (see Fig. 14 for structures) on monocyte 
adhesion to TNF-α-activated HUvecs and on gene expres-
sion. At a concentration of 2 µmol/l, hesperetin-3′-O-
sulphate, hesperetin-3′-O-glucuronide and naringenin-4′-
O-glucuronide significantly attenuated monocyte adhesion. 
These effects could be a consequence of the modulation 
of genes involved in atherogenesis, such as those involved 
in inflammation, cell adhesion and cytoskeletal organisa-
tion, and could be one of the mechanisms through which 
flavanone-rich diets might protect the human vascular sys-
tem. Another gene expression study demonstrated how nar-
ingenin-7-O-glucuronide and naringenin-4′-O-glucuronide 
differed in their effect on specific genes in activated human 
primary macrophages (Dall’Asta et al. 2013). The investi-
gators concluded that testing flavanone phase II metabolites 
within in vitro experimental models is of paramount impor-
tance and that single metabolite integrators might exert 
very different biological effects, sometimes even the oppo-
site to what might be anticipated, than exposure to a mix-
ture of several in vivo metabolites which is more in keeping 
with what occurs in vivo after a typical dietary intake.

Flavonols

Flavonols, of which quercetin is the most ubiquitous and 
studied representative, are among the most investigated 
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subclasses of flavonoids. The effects of quercetin metab-
olites (see Fig. 14 for structures) on vascular function 
have been monitored by several groups. The effects of 
5–10 µmol/l concentrations of quercetin and its methylated 
and glucuronidated conjugates were evaluated on activa-
tion of adenosine monophosphate-activated protein kinase 
(AMPK) and endothelial nitric oxide synthase (eNOS) in 
human aortic endothelial cells (HAecs) and endothelial 
function in isolated aortic rings from c57Bl mice by Shen 
et al. (2012). It was found that at these concentrations, 
quercetin and its metabolites, as well as the pre-treatment 
of arteries with the same compounds, can protect vessels 
against hypochlorous acid-induced endothelial dysfunction 
and that this protection was mediated by AMPK. The same 
concentrations of quercetin metabolites were able to acti-
vate AMPK and eNOS in human aortic endothelial cells, 
leading to an increase in the concentrations of S-nitroso-
thiols and nitrite in cell culture media. These results may 
partly explain the vascular protective effects attributed to 
fruits and vegetables containing quercetin glycosides.

lodi et al. (2012) demonstrated that the flavonol metab-
olites, quercetin-3-O-glucuronide, quercetin-3′-O-sulphate 
and isorhamnetin-3-O-glucuronide were able to reduce 
endothelin 1 (eT-1) and gene expression and to increase 
accumulation of cyclic guanosine monophosphate (cGMP) 
in TNF-α-induced human umbilical artery smooth muscle 
cells (HUASMcs) co-cultured with HUvecs. This effect 
was consistent at a physiologically achievable concentra-
tion of 2 µmol/l. Nevertheless, the same group obtained 
contradictory results in a subsequent study. while the agly-
cone quercetin significantly reduced both eNOS protein 
and gene expression in HUvec cells, and in the presence 
of TNF-α caused further reductions in eNOS, its phase II 
metabolites had no effect. In addition, while eT-1 expres-
sion was reduced significantly by quercetin in both TNF-α-
stimulated and unstimulated HUvecs, the sole metabolite 
able to exert a similar effect was quercetin-3′-O-sulphate, 

which induced a moderate increase of eT-1 in TNF-α-
stimulated cells (Tribolo et al. 2013). cho et al. (2012) 
investigated the effects of quercetin-3′-O-sulphate, querce-
tin-3-O-glucuronide and isorhamnetin-3-O-glucuronide 
on iNOS gene expression in interleukin-1 beta (Il-1β)-
stimulated RINm5F β-cells and confirmed the lack of activ-
ity of the phase II metabolites.

These observations, which contrast with in vivo results 
showing positive effects of quercetin-containing foods 
(Nakayama et al. 2013), have led to proposals that an in 
situ deconjugation of metabolites such as quercetin-3-O-
glucuronide result in the in vivo release of the bioactive 
aglycone. In vitro experiments showed that the glucuron-
ide is able to bind to cell surface proteins of macrophages 
through anion binding and that inflammatory status trig-
gered cleavage of glucuronic acid and the release of querce-
tin (Ishisaka et al. 2013). The aglycone quercetin was able 
to act as an anti-inflammatory agent in the stimulated mac-
rophages by inhibiting the c-Jun N-terminal kinase activa-
tion, whereas quercetin-3-O-glucuronide was active only 
in the presence of extracellular β-glucuronidase activity 
(Fig. 15). These observations are in keeping with the data 
of Galindo et al. (2012) who demonstrated with both ani-
mal and cell experiments that conjugated phase II metabo-
lites are involved in the in vivo anti-hypertensive effect of 
quercetin, acting as molecules for the plasmatic transport 
of quercetin to the target tissues. Quercetin released from 
its glucuronidated metabolites could then be responsible 
for the observed vasorelaxant and hypotensive effects.

Despite these observations, several biological activities 
have been attributed to phase II metabolites, circulating in 
vivo after consumption of flavonol-rich food, independent 
of deconjugation steps. For example, quercetin-3-O-glucu-
ronide enhanced ABcA1 expression via liver X receptor-α 
(lXRa) in RAw264.7 macrophages, but at a non-physio-
logical 50 µmol/l concentration (Ohara et al. 2013). How-
ever, at the much lower 500 nmol/l, the glucuronide was 
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able to exert potential anti-atherogenic effects, enhancing 
the anti-inflammatory properties of M2a primary human 
macrophages and modulating immune response effects in 
the presence of pro-inflammatory stimuli (Derlindati et al. 
2012). Moreover, quercetin-3-O-glucuronide was equally 
effective as its aglycone in ameliorating endothelial insulin 
resistance through inhibition of reactive oxygen species-
associated inflammation (Guo et al. 2013).

Ho et al. (2013) reported that quercetin-3-O-glucuronide 
at 0.1–5 µmol/l significantly reduced the generation of 
β-amyloid (Aβ) peptides by primary neuron cultures gener-
ated from the Tg2576 AD mouse model, possibly through 
a mechanism involving an interference with the initial 
protein–protein interaction of Aβ1–40 and Aβ1–42 that is nec-
essary for the formation of neurotoxic oligomeric Aβ spe-
cies. Obviously, it remains to be demonstrated that querce-
tin-3-O-glucuronide reaches brain tissues in appropriate 
amounts, and this appears unlikely, at least in rats, as fol-
lowing acute ingestion of [2-14c]quercetin-4′-O-glucoside, 
only miniscule amounts of radioactivity were subsequently 
detected in the brain (Mullen et al. 2008).

Isoflavones and lignans

Isoflavones are known for their phytoestrogenic activ-
ity (Siow and Mann 2010), although only one study has 
taken into consideration the isoflavone phase II metabo-
lites, which in vivo, are the compounds that occur in the 
circulatory system. For structures referred to in this sec-
tion, see Fig. 16. Schrader et al. (2012) demonstrated 

that, in contrast to genistein, genistein-7-O-glucuronide, 
genistein-7-O-sulphate and genistein-7,4′-O-disulphate 
were only weak inducers of paraoxonase 1 (PON1) trans-
activation and are, therefore, unlikely to be involved in this 
potential anti-atherogenic activity in vivo.

Despite this paucity of experiments with phase II iso-
flavone metabolites, there are a number of reports dealing 
with the effects of the main colonic metabolite of isofla-
vones, namely equol. In the context of cardiovascular pro-
tection, the co-administration of 10 µmol/l (−)-equol and 
resveratrol increased mitochondrial mass and mitochon-
drial DNA content, enhanced sirtuin 1 (SIRT1) enzymatic 
activity and induced mitochondrial biogenesis factors, such 
as peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGc1-α), mitochondrial transcription fac-
tor A (TFAM) and nuclear respiratory factor 1 (NRF-1) in 
HUvec cells, with possible implications for maintaining 
endothelial function (Davinelli et al. 2013). Independently, 
Kelly et al. (2014) incubated 50 nmol/l 17β-estradiol and 
(−)-equol for 24 h with HepG2 cells and Hep89 cells 
expressing estrogen receptor alpha (eRα) and measured tis-
sue plasminogen activator (tPA), PAI-1, Factor vII, fibrino-
gen γ, protein c and protein S mRNA expression. equol 
increased tPA and PAI-1 expression in Hep89 cells with 
changes twofold greater than those observed for estradiol. 
In HepG2 cells, which do not express eRα, PAI-1 and 
tPA expression were unchanged. Factor vII was increased 
by (−)-equol in Hep89 cells but not in similarly treated 
HepG2 cells. Prothrombin gene expression was increased 
by (−)-equol exposure in HepG2 cells in the absence of the 

Fig. 15  Proposed mechanism of the deconjugation of quercetin glucuronides by macrophages. DIDS—4,4′-diisothiocyanatostilbene-2,2′-
disulfonic acid; QUE quercetin, GlCUA glucuronide, COMT catechol-O-methyltransferase (adapted from Ishisaka et al. 2013)
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classical estrogen receptors. Taken together, these results 
suggest that physiological levels of (−)-equol can modulate 
coagulation and fibrinolytic processes in a human hepato-
cyte cell line.

Zhang et al. (2013b) demonstrated beneficial effects of 
(−)-equol with respect to cytoprotective antioxidant gene 
activation, potentially defining a novel strategy to prevent 
and treat cvD. They reported that (−)-equol, at physio-
logical concentrations ranging from 10 to 250 nmol/l, was 
able to increase nuclear factor-erythroid 2-related factor 2 
(Nrf2) as well as gene products of Nrf2 target genes haeme 
oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreduc-
tase 1 (NQO1). They also performed a wide array of con-
firmatory experiments, clarifying that (−)-equol estrogenic 
activity was involved in the process. Interestingly, pre-incu-
bation of cells with (−)-equol improved cell survival sig-
nificantly in response to either H2O2 or tert-butyl hydroper-
oxide (tBHP) and this effect was reduced in cells exposed 
to siRNA against Nrf2.

equol has also been widely studied in the context of 
hormone-dependent cancer prevention. Both (−)- and (+)-
equol enantiomers have been reported to inhibit the inva-
sion of MDA-MB-231 human breast cancer cells partly 
through the down-regulation of matrix metallopeptidase 2 
(MMP-2) expression (Magee et al. 2014). The concentra-
tion used in this cell model, 50 µmol/l, is, however, well 
in excess of those that occur in vivo. MMP-2, MMP-9 
and urokinase-type plasminogen activator (uPA), the cru-
cial members in metastasis, were also down-regulated in a 
study in which Zheng et al. (2012) exposed human prostate 
cancer DU145 cells to increasingly high non-physiological 
concentrations of 5–50 µmol/l of a racemic equol mixture, 
implying a potential anti-invasive effect of the isoflavone 
metabolite. The protective effects of equol in breast cancer 
are still under debate, but Bosviel et al. (2012) reported on 

the effects of (−)-equol on DNA methylation of breast can-
cer susceptibility genes (BRcA1 and BRcA2) and onco-
suppressors in breast cancer cell lines (MDA-MB-231 and 
McF-7) and in a dystrophic breast cell line (McF-10a). 
They demonstrated a significant decrease in the methyla-
tion of the cytosine phosphate guanine (cpG) islands in 
the promoters of BRcA1 and BRcA2 after 2 µmol/l 
(−)-equol treatment in McF-7 and MDA-MB-231 cells. 
Furthermore, (−)-equol was able to increase BRcA1 and 
BRcA2 protein expression in the nucleus and the cyto-
plasm of McF-7, MDA-MB-231 and McF-10a cell lines. 
These results indicate that equol is able to elicit an increase 
in the expression of oncosuppressors in breast cancer cell 
lines.

As noted earlier in this article, lignans are known to 
be transformed in the gut into their microbial metabolites 
enterolactone and enterodiol (Fig. 8). Two recent stud-
ies have evaluated the effects of these metabolites in cell 
models. The effects of 0.1–1 µmol/l enterolactone on three 
markers of viability and proliferation were assessed by 
(Mccann et al. 2013) in several prostate cancer model cell 
lines. A total of 12 genes involved in the control of DNA 
replication initiation were monitored. enterolactone signifi-
cantly inhibited the abnormal proliferation of the wPe1-
NB14 and wPe1-NB11 cell lines and the mechanism 
involved appeared to be linked to decreased expression of 
abnormal chromatin licensing and DNA replication factor 
1 (cdt1). enterolactone and enterodiol also inhibited cell 
growth in McF 7 and BT 20 breast cancer cells (Abarzua 
et al. 2012), but at concentrations >10 µmol/l.

Stilbenes

Research on stilbenes has focussed almost exclusively on 
trans-resveratrol. The literature is dominated by reports on 
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the bioactivity of this aglycone at pharmacological rather 
than physiological concentrations. However, there are some 
recent in vitro investigations in which use has been made 
of phase II metabolites of resveratrol (see Figs. 4 and 9 for 
structures) and it is this research that will be discussed.

In a study by lasa et al. (2012), 3T3-l1 maturing pre-
adipocytes and mature adipocytes were treated with 1, 10 
or 25 µmol/l of trans-resveratrol or its phase II metabo-
lites trans-resveratrol-4′-O-glucuronide and trans-res-
veratrol-3-O-sulphate. A lipid reduction effect, including 
decreased level of triacylglycerols, ccAAT-enhancer-bind-
ing protein beta (c/eBPβ), peroxisome proliferator-acti-
vated receptor gamma (PPARγ) and lipoprotein lipase 
(lPl) expression, of both the resveratrol metabolites was 
evident in maturing pre-adipocytes, whereas only glucuro-
nide metabolite was active in mature adipocytes. Although 
activity was detected at the higher non-physiological con-
centrations, these results imply that resveratrol metabolites 
may be involved in the anti-obesity effect of the stilbene. 
The same two resveratrol metabolites may exert a regula-
tory effect on adipokine expression and secretion, includ-
ing leptin, adiponectin, apelin and visfatin (eseberri et al. 
2013). Once again, despite the 25 μmol/l concentration, 
this might contribute to the ability of resveratrol to reduce 
body-fat accumulation and to improve insulin sensitivity.

with regard to inflammation, cytokine release and gene 
expression in human peripheral blood mononuclear cells 
(PBMc) and/or monocytes have been assessed after treat-
ment with resveratrol and its metabolites and stimulation 
with several toll-like receptor (TlR)-agonists (Gualdoni 
et al. 2014). In contrast to the strong TNF-α potentiating 
effect associated with resveratrol, the metabolites, resver-
atrol-3-O-sulphate and resveratrol-3-O-glucuronide failed 
to induce significant changes in TNF-α secretion, and that 
of other cytokines, upon lPS-stimulation in monocytes. 
walker et al. (2014) stimulated U-937 macrophages with 
lipopolysaccharides from Escherichia coli (E. coli-lPS) to 
evoke an inflammatory reaction, and pre- or co-incubated it 
with µmol/l levels of resveratrol, resveratrol-3-O-sulphate, 
resveratrol-O-disulphates, resveratrol-3-O-glucuronide or 
resveratrol-4′-O-glucuronide. In contrast to the absence 
of activity reported by Gualdoni et al. (2014), resvera-
trol-3-O-sulphate and resveratrol-O-disulphates were able 
to decrease the release of interleukin 6 (Il-6) and TNF-
α, showing anti-inflammatory potential. This activity of 
the sulphated derivatives of resveratrol is in keeping with 
the findings of Ruotolo et al. (2013) who demonstrated 
that among various resveratrol metabolites, only resvera-
trol-3-O-sulphate displayed significant estrogen receptor 
α-preferential antagonistic activity.

In the context of cancer, Storniolo and Moreno (2012) 
studied the effects of resveratrol-3-O-sulphate, resvera-
trol-3-O-glucuronide and resveratrol-4′-O-glucuronide 

on cell growth inhibition, cell cycle and apoptosis, in cul-
tures of the human caco-2 adenocarcinoma cell line. At 
1–50 µmol/l, all the metabolites were able to inhibit cell 
growth and [3H]thymidine incorporation in a concentration-
dependent manner. An increased percentage of cells in G0/
G1 phase and the induction of apoptosis were also noted. 
These observations were partially confirmed by Aires et al. 
(2013) who reported the ability of resveratrol-3-O-sulphate 
to inhibit colon cancer cells proliferation and an accumu-
lation of cells in S phase. Interestingly, a mixture of res-
veratrol-3-O-sulphate, resveratrol-3-O-glucuronide and 
resveratrol-4′-O-glucuronide induced a synergistic effect. 
Polycarpou et al. (2013) have also shown that resveratrol 
glucuronides are able to inhibit colon cancer cell growth at 
µmol/l concentrations by G1 arrest and cyclin D1 deple-
tion, with a possible role for adenosine A3 receptors in this 
inhibition.

It should be pointed out that dietary resveratrol is a 
scarce commodity with only trace amounts occurring in 
black grapes and peanuts. Despite being routinely pin-
pointed as the active ingredient in red wine in the media 
and scientific papers, the amount of resveratrol present 
is very low indeed, at 0.1–10 µmol/100 ml (Burns et al. 
2002). The potential health benefits of resveratrol are there 
unlikely to be obtained as a consequence of normal diet—
even for regular red wine drinkers (corder et al. 2003).

Phenolic catabolites

As described previously in this review, most (poly)phenols 
undergo degradation in the proximal GI tract to give rise to 
a plethora of smaller aromatic catabolites. like flavonoids, 
they can undergo an intensive phase II metabolism, and 
it is these metabolites which appear in circulatory system 
although in some instances the aglycones appear to pre-
dominate. There are very few in vitro experimental studies 
considering phase II metabolites so in the main the ensu-
ing discussion will focus on the biological effects of the 
more representative free hydroxycinnamate and phenolic 
catabolites. One notable exception is a study by Piazzon 
et al. (2012) which showed that ferulic acid-4′-O-sulphate 
and ferulic acid-4′-O-glucuronide exhibit very low antioxi-
dant activity compared to ferulic acid. likewise, the 3′- and 
4′-O-sulphates of caffeic acid were fourfold less active than 
caffeic acid (see Fig. 17).

Protocatechuic acid (3,4-dihydroxybenzoic acid) 
(Fig. 17) is a colonic catabolite of cyanidin-based anthocy-
anins (vitaglione et al. 2007). In isolated human platelets, 
protocatechuic acid decreased shear stress-induced platelet 
aggregation, a crucial phenomenon in the development of 
arterial thrombotic diseases, and attenuated accompanying 
platelet activation, including intracellular calcium mobili-
sation, granule secretion and adhesion receptor expression 
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(Kim et al. 2012). Despite the 1–25 µmol/l concentrations 
used in this study, the results indicate that protocatechuic 
acid may represent a novel antiplatelet agent that can pre-
vent thrombosis without increasing bleeding risks. Inter-
estingly, Kang et al. (2013) evaluated the role of protocat-
echuic acid on proliferation, invasion and tube formation in 
human brain microvascular endothelial cell line (HBMec). 
They conclude that protocatechuic acid may become a 
candidate therapeutic compound for stroke recovery by 
promoting angiogenesis at low µmol/l concentrations via 
a programmed phosphoinositide 3 kinase (PI3K)/protein 
kinase B (Akt)/eNOS/vascular endothelial growth factor 
(veGF) signalling axis.

Gallic acid (3,4,5-trihydroxybenzoic acid) (Fig. 17) is 
probably the most studied phenolic acid as it is widely pre-
sent in plant foods, most notably red wines, and can also 
be derived from galloylated flavan-3-ols and hydrolysable 
tannins as a consequence of colonic degradation. The puta-
tive cardio-protective effect of gallic acid against advanced 
glycation end products (AGe) in H9c2 (2-1) cardiac 
myofibroblasts was investigated by Umadevi et al. (2012). 
Pre-exposure to 10 µmol/l gallic acid significantly attenu-
ated the expression of NOX, receptor for AGe (RAGe), 
and other cytokines and decrease abnormal expressions of 
matrix proteins. The protective effect of gallic acid was also 
investigated against cytotoxicity, apoptosis and microparti-
cle release in homocysteine, adenosine and TNF-stressed 
vascular endothelial cells (eAhy926 and HBec-5i cells) 

(Kam et al. 2014). It showed anti-apoptotic effects through 
a mechanism possibly involving reversed DNA (cytosine-
5)-methyltransferase 1 (DNMT1) depletions at the protein 
level.

Su et al. (2013) evaluated the effects of gallic acid on 
the in vitro activation of melanogenesis signalling path-
ways in B16F10 melanoma cells and demonstrated that 
it reduced melanin synthesis via down-regulation of 
microphthalmia-associated transcription factor (MITF) 
and its signalling pathway, making the phenolic acid and 
its metabolites good candidates for reducing skin hyper-
pigmentation. The concentrations in this study, ranging 
from 10 to 400 µmol/l are, however, much higher than 
is achievable by oral intake, although topical application 
of gallic acid as a skin lightening and whitening cosmetic 
may be effective in humans.

Evidence of protective effects in humans obtained 
from recent epidemiological and clinical intervention 
studies

In this section, we will discuss the most recent evidence 
concerning the beneficial effects of (poly)phenols on neu-
rodegenerative disorders, cancer, urinary tract infections 
and cardiovascular health, with a focus on epidemiologi-
cal studies and randomised, double-blind controlled human 
intervention studies.
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(Poly)phenols and neurodegenerative disorders

As people get older, their cognitive function is threatened 
by the normal ageing process, as well as increasing risk for 
dementia, most notably Alzheimer’s disease (Hy and Kel-
ler 2000; Nussbaum and ellis 2003). The precise cause of 
the neuronal degeneration and indeed normal brain ageing 
remain elusive although it is thought that several cellular 
and molecular events are involved, including neuroinflam-
mation, increases in oxidative stress, iron and/or depletion 
of endogenous antioxidants (Jellinger 2001; Barzilai and 
Melamed 2003; Spires and Hannan 2005). To date, the 
existing drug treatments for neurodegenerative disorders 
do not prevent the underlying degeneration of neurons and, 
consequently, there is a desire to develop alternative strate-
gies capable of preventing the progressive loss of specific 
neuronal populations (legos et al. 2002; Narayan et al. 
2002). Over the last decade, a vast and growing research 
literature has indicated that (poly)phenols may exert par-
ticularly powerful actions on mammalian cognition and 
may reverse age-related declines in memory and learning. 
In addition, growing evidence also indicates that (poly)
phenols may inhibit the development of Alzheimer’s dis-
ease-like pathology and counteract age-related cognitive 
declines possibly via their ability to interact with the cel-
lular and molecular architecture of the brain responsible for 
memory (vauzour 2012).

The neuroprotective actions of dietary (poly)phenols 
involve a number of effects within the brain, including an 

ability to suppress neuroinflammation and the potential to 
promote memory, learning and cognitive function. This 
multiplicity of effects appears to be underpinned by two 
processes. Firstly, they interact with important signalling 
cascades in the brain leading to an improved neuronal com-
munication and promotion of neuronal survival and differ-
entiation. These include selective actions on a number of 
protein kinase and lipid kinase signalling cascades, most 
notably the PI3K/Akt and MAPK pathways which regulate 
pro-survival transcription factors and gene expression such 
as cReB, Forkhead box (FOXO) and brain-derived neuro-
trophic factor (BDNF). For example, wang et al. (2012a) 
showed that following oral administration, (−)-epicatechin 
was able to improve cognitive function in female Tg2576 
Alzheimer’s disease transgenic mice through mechanisms 
associated with cAMP response element-binding protein 
(cReB) signalling. Secondly, (poly)phenols induce benefi-
cial effects on the peripheral and cerebral vascular system 
which lead to changes in cerebrovascular blood flow. Such 
changes are likely to induce angiogenesis, new nerve cell 
growth in the hippocampus and changes in neuronal mor-
phology, all processes known to be important in maintain-
ing optimal neuronal function and neuro-cognitive perfor-
mance (Fig. 18).

Despite the increasing evidence for the bioavailability of 
(poly)phenols in the circulatory system summarised earlier 
in this review, information related to their ability to reach 
the central nervous system remains inconsistent. Indeed, 
in order for (poly)phenols to access the brain, they must 

Fig. 18  Signalling pathways involved in the cognitive benefit of 
(poly)phenols. Polyphenols activate eRK-cReB pathway and Akt-
FOXO cascade leading to changes in synaptic strength and commu-
nication, and in angiogenesis through the activation of eNOS. On 

the other hand, (poly)phenols are known to inhibit neuroinflamma-
tion through modulation of iNOS and cOX-2, leading to a decrease 
in inflammatory markers. Altogether these effects enhance cognition 
and prevent neurodegeneration
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first cross the blood–brain barrier, a tightly regulated and 
selectively permeable cell layer which actively excludes 
many substances (Abbott et al. 2010). For example, an 
early report indicated the presence of anthocyanins in the 
brains of rats following chronic consumption of a blue-
berry extract (Andres-lacueva et al. 2005). However, the 
amounts were extremely low and varied substantially from 
animal to animal. In addition, naringenin (Peng et al. 1998), 
(−)-epigallocatechin-3-O-gallate (Suganuma et al. 1998) 
and (−)-epicatechin (Abd el Mohsen et al. 2002) have 
been detected in brain tissue following oral administration 
or intravenous injection. Furthermore, 3′-O-methyl-(−)-
epicatechin-5-O-glucuronide (see Fig. 19 for structures) 
was detected in Alzheimer’s disease transgenic mouse 
brains following (−)-epicatechin consumption. This metab-
olite was able to promote basal synaptic transmission and 
long-term potentiation in hippocampus slices, at the physi-
ological concentration of 300 nmol/l (wang et al. 2012a). 
However, acute feeding studies in which rats were fed 
either [2-14c]quercetin-4′-O-glucoside (Mullen et al. 2008) 
or [3-14c]caffeic acid (Omar et al. 2012) did not result in 
the accumulation of radioactivity in the brain. Discrepan-
cies in these findings mainly stem from the fact that studies 
reporting (poly)phenol uptake by the brain often disregard 
residual blood as a confounder. Studies using exsangui-
nated or perfused animals may therefore be more suitable 
for investigating (poly)phenol uptake and metabolism in 
the brain. An additional complication is that investigations 
employing transgenic animal models of Alzheimer’s dis-
ease might present blood–brain barrier integrity problems 
as reported previously for Alzheimer’s disease patients 

(Bowman et al. 2007), and as a consequence may also over-
estimate the uptake of such substances within the cerebral 
tissue. without the upmost caution, trace-level contamina-
tion is also feasible. Some of these factors could have come 
into play in a study where anthocyanins were detected 
in the brains of pigs that were both on a control diet and 
subjected to chronic supplementation with high doses of a 
blueberry powder (Milbury and Kalt 2010). Finally, limited 
but conflicting evidence from human studies also raises the 
question as to whether or not (poly)phenols reach the brain. 
Indeed, while recent information indicates that querce-
tin-3-O-glucuronide may pass through the blood–brain bar-
rier and reach the choroid plexus (a structural basis of the 
blood–cerebrospinal fluid barrier) (Ishisaka et al. 2014), no 
flavan-3-ol metabolites were detected in cerebrospinal fluid 
collected 3 h after green tea intake (Zini et al. 2006). col-
lectively, the currently available evidence remains incon-
clusive and further research is necessary before solid con-
clusions can be drawn.

epidemiological evidence

Accumulating evidence suggests that diet and lifestyle can 
play an important role in delaying the onset or halting the 
progression of neurodegenerative diseases and improving 
cognitive function (Spencer 2008a, b; Nurk et al. 2009). 
In particular, epidemiological studies have suggested that 
moderate wine consumption may reduce the incidence of 
certain age-related neurological disorders including Alzhei-
mer’s disease (Orgogozo et al. 1997; lindsay et al. 2002; 
Truelsen et al. 2002). Furthermore, regular dietary intake 
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of (poly)phenol-rich foods and/or beverages has been asso-
ciated with 50 % reduction in the risk of dementia (com-
menges et al. 2000), a preservation of cognitive perfor-
mance with ageing (Morris et al. 2006), a delay in the onset 
of Alzheimer’s disease (Dai et al. 2006) and a reduction 
in the risk of developing Parkinson’s disease (checkoway 
et al. 2002). In addition, increased consumption of total 
(poly)phenols was positively associated with better lan-
guage and episodic memory in healthy adults 45–60 years 
of age (Kesse-Guyot et al. 2012) as well as with a greater 
cognitive performance at baseline and less decline across 
the follow-up assessments in non-demented adults aged 70 
and over (letenneur et al. 2007). Among (poly)phenols, 
intake of flavan-3-ols, theaflavins, flavonols and hydroxy-
benzoic acids was positively associated with language 
and verbal memory, especially with episodic memory as 
assessed by the RI-48 test (Kesse-Guyot et al. 2012). Simi-
larly, greater intakes of blueberry and strawberry, but also 
anthocyanidins and total flavonoids, were associated with 
slower rates of cognitive decline in non-demented adults 
aged 70 and over (Devore et al. 2012).

There is evidence suggesting that the carrier of the 
APOE4 genotype may influence the beneficial effect of 
(poly)phenols in relation to dementia and AD. For exam-
ple, in the Three-city cohort study, frequent consumption 
of fruits and vegetables was associated with a decreased 
risk of all cause dementia [hazard ratio (HR) 0.72, 95 % cI 
0.53–0.97] especially among the APOE4 non-carriers (Bar-
berger-Gateau et al. 2007). On the other hand, in the Kame 
Project cohort it has been reported that the consumption of 
fruit and vegetable juices may delay the onset of Alzhei-
mer’s disease, particularly in APOE4 carriers (Dai et al. 
2006). Further work is therefore necessary to gain a better 
understanding of the physiological and molecular mecha-
nisms underlying these seemingly contradictory findings.

clinical evidence

Modulation of cognitive functions in aged‑related cognitive 
decline and dementia

Despite seemingly strong evidence from epidemiologi-
cal and pre-clinical studies (Rendeiro et al. 2009; vau-
zour 2014), intervention studies investigating age-related 
declines in neuro-cognitive performance have, as yet, not 
provided strong data in support of a causal relationship 
between the consumption of (poly)phenols and behavioural 
outcomes. For example, acute intervention studies using 
cocoa flavan-3-ols have been shown to improve working 
memory and attention in healthy participants (Scholey et al. 
2010; Field et al. 2011). In addition, studies on chronic 
intervention studies examining the effects of soy isofla-
vones (Duffy et al. 2003; casini et al. 2006; Henderson 

et al. 2012), procyanidin-rich pine bark extracts (Pipingas 
et al. 2008; Ryan et al. 2008) and (poly)phenol-rich extracts 
of Ginkgo biloba in older adults without dementia (Mix 
and crews 2000, 2002) have all shown significant improve-
ment in cognitive performances. However, no study has 
found cognitive benefits in healthy volunteers using chronic 
administration of either cocoa flavan-3-ols (crews et al. 
2005; Francis et al. 2006; camfield et al. 2012; Pase et al. 
2013) or resveratrol (Kennedy et al. 2010). On the other 
hand, cocoa flavan-3-ol consumption in elderly participants 
with mild cognitive impairment, a subset of individuals 
with increased risk for dementia, improved verbal fluency 
after only 8-week supplementation (Desideri et al. 2012). 
In agreement with these findings, two previous RcTs also 
reported significant improvement in a measure of verbal 
learning when older adults with mild cognitive impairment 
were given concord grape juice (Krikorian et al. 2010a) or 
blueberry juice (Krikorian et al. 2010b) for 12 weeks. In 
addition, a Ginkgo biloba extract improved cognitive per-
formance and social functioning regardless of the stage of 
dementia (le Bars et al. 2002) and provided some added 
benefits to Alzheimer’s disease patients already under cho-
linesterase inhibitors (canevelli et al. 2014). However, such 
clinical results remain to be confirmed and clarified.

In contrast, clinical trials on the effects of curcumin 
(Fig. 20), a yellow-coloured (poly)phenol, found in Cur‑
cuma longa (aka turmeric), in patients with mild-to-moder-
ate Alzheimer’s disease, failed to provide positive findings 
(Baum et al. 2008; Ringman et al. 2012). It is, however, 
premature to conclude a lack of effect of curcumin for Alz-
heimer’s disease in these clinical studies, and additional 
analyses using data from a larger number of patients over 
a longer duration of treatment are needed. To this extent, 
phase II trials in patients with moderate to severe Alzhei-
mer’s disease [clinicaltrials.gov NcT01001637] and in 
subjects with mild cognitive impairment treated with and 
without curcumin [clinicaltrials.gov NcT01383161] are 
currently under way. In addition to curcumin, phase II/III 
RcTs in patients with early Alzheimer’s disease treated 
with (−)-epigallocatechin-3-O-gallate (Fig. 2) [clinicaltri-
als.gov NcT00951834] or resveratrol [clinicaltrials.gov 
NcT00678431 and NcT01219244] are also in progress. It 
is expected that outcomes of such clinical trials will shed 
some light on the impact of (poly)phenols on neuro-cogni-
tive performances under clinical conditions.
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Modulation of (neuro)inflammation

while inflammation may remain subclinical in many 
elderly individuals, a low-grade chronic up-regulation of 
certain inflammatory responses, as evidenced by increased 
serum levels of pro-inflammatory cytokines and other 
inflammatory biomarkers, may contribute to the cascade 
of events culminating in the progressive neuronal damage 
(Pratico and Trojanowski 2000; Agostinho et al. 2010). For 
example, increased levels of TNF-α have been observed in 
mild cognitive impairment patients compared to healthy 
age-matched individuals (Trollor et al. 2010), and TNF-α 
is over-expressed in the affected region of the Alzheimer’s 
disease brain (Akiyama et al. 2000). Increased plasma lev-
els of the acute phase protein, serum c-reactive protein, 
have also been reproducibly measured in subjects with 
Alzheimer’s disease (Zaciragic et al. 2007) and mild cogni-
tive impairment patients (Roberts et al. 2009), while high 
circulating levels of c-reactive protein are also associated 
with an increased risk of dementia (engelhart et al. 2004; 
Kravitz et al. 2009). collectively, these data emphasise the 
pathophysiological role of inflammation in the development 
of neurological disorders and highlight potential targets for 
dietary strategies aiming at modulating inflammation. To 
this extent, it has been reported that a higher consumption 
of fruits, vegetables and legumes is inversely associated 
with blood inflammation markers such as c-reactive pro-
tein, Il-6 and adhesion factors (Nanri et al. 2008; Salas-
Salvado et al. 2008). In addition, data from a cross-sec-
tional study with 8,335 subjects indicated that total (poly)
phenols, but also individual flavonol, anthocyanin and 
isoflavone intakes, were inversely associated with plasma 
c-reactive protein concentrations (chun et al. 2008).

Despite the seemingly strong epidemiological evidence, 
only a few studies have investigated the anti-inflammatory 
effects of physiologically attainable (poly)phenol concen-
trations in vivo. Although rather complex, the main anti-
inflammatory properties of (poly)phenols include (1) an 
inhibitory role on the release of cytokines, such as Il-1β 
and TNF-α, from activated glia; (2) an inhibitory action 
against iNOS induction and subsequent NO production 
in response to glial activation; (3) an ability to inhibit the 
activation of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase and subsequent reactive oxygen species 
(ROS) generation in activated glia; and (4) a capacity to 
down-regulate the activity of pro-inflammatory transcrip-
tion factors such as nuclear factor κB (NF-κB) through 
their influences of a number of glial and neuronal signal-
ling pathways, such as MAPK cascade (Fig. 22) (González-
Gallego et al. 2010; Spencer et al. 2012). For example, 
an intervention trial with an anthocyanin extract from blue-
berries (300 mg/day for 3 weeks) significantly reduced the 
plasma concentration of NF-κB related pro-inflammatory 

cytokines and chemokines (Il-4, Il-13, Il-8, and inter-
feron-alfa, IFN-α) in a group of 120 men and women aged 
40–74 years (Karlsen et al. 2007). In contrast, short-term 
consumption of black tea (900 ml/day, for 4 weeks) did 
not improve plasma c-reactive protein levels in a group of 
66 patients with cAD (widlansky et al. 2005). No signifi-
cant effect was observed in plasma levels of c-reactive pro-
tein or IcAM-1 among healthy volunteers consuming diets 
rich or low in berries and apple for 6 weeks (Freese et al. 
2004). Similarly, a 4-week administration of quercetin sig-
nificantly increased plasma levels of quercetin metabolites, 
but did not alter ex vivo lPS-induced TNF-α levels (Boots 
et al. 2008). The inconsistent outcome of various trials on 
the preventive anti-inflammatory effect of (poly)phenol 
supplementation reinforces the necessity for more prospec-
tive randomised trials with larger sample sizes and longer 
follow-up in both healthy and demented volunteers.

Changes in vascular function and angiogenesis

There are a number of risk factors associated with both 
Alzheimer’s disease and vascular dementia, including age, 
hypertension, arteriosclerosis, diabetes mellitus, smok-
ing, arterial fibrillation and the APOE4 genotype (Breteler 
2000). Several reports have described a decrease in cer-
ebral blood flow in patients with dementia, demonstrating 
the clinical value of low cerebral blood flow in predicting 
cognitive decline (Nagahama et al. 2003; Ruitenberg et al. 
2005). As well as their actions on neuronal signalling, 
(poly)phenols are also able to induce beneficial effects on 
the peripheral (Heiss et al. 2003, 2007; Schroeter et al. 
2006) and cerebral vascular system, which lead to changes 
in cerebral blood flow (Francis et al. 2006; Sorond et al. 
2008; Kennedy et al. 2010). In particular, (poly)phenols are 
able to induce NO production in the endothelium through 
their ability to activate eNOS. In response to eNOS acti-
vation, many downstream effectors including the mamma-
lian target of rapamycin (mTOR), the vascular endothelial 
growth factor beta (veGF-β) and the transforming growth 
factor beta (TGF-β) are recruited (Fig. 18). Such modula-
tions are likely to induce angiogenesis, new nerve cell 
growth in the hippocampus and changes in neuronal mor-
phology, all processes known to be important in main-
taining optimal neuronal function and neuro-cognitive 
performance.

Flavonoid consumption has been shown to lead to sig-
nificant improvements in both acute and sustained vascu-
lar reactivity as assessed by flow-mediated dilation (FMD), 
diastolic blood pressure (DBP) and systolic blood pressure 
(SBP), as will be discussed in detail in the next section. In 
addition, central nervous system imaging studies in humans 
have demonstrated that the consumption of flavan-3-ol-rich 
cocoa may improve cerebral blood flow in healthy older 
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adults (Sorond et al. 2008) and in young adults in response 
to a cognitive task (Francis et al. 2006). More recently, a 
greater hemodynamic response as assessed by increased 
regional functional magnetic resonance imaging (fMRI) 
activation has also been reported in older adult subjects 
with mild cognitive impairment following consumption of 
concord grape juice (Krikorian et al. 2012). In addition 
to fMRI, near infrared spectroscopy has also been used to 
demonstrate a dose-related increase in cerebral blood flow. 
For example, total haemoglobin and deoxy-haemoglobin 
levels were increased in the frontal cortex during task per-
formance following the administration of a single dose of 
resveratrol (Kennedy et al. 2010). These effects are par-
ticularly significant as increased cerebrovascular func-
tion is known to facilitate adult neurogenesis (Gage 2000) 
and to enhance vascularisation (Palmer et al. 2000; Zhao 
et al. 2008), two events important in the maintenance of 
cognitive performance. endothelial cells lining the blood 
vessels of the brain are critical components of the neural 
stem cell niche, releasing soluble factors that regulate neu-
ral stem cell proliferation and differentiation (Gage 2000). 
Furthermore, ageing is known to impair vascularisation, 
endothelial function and decreases endothelial progenitor 
cell recruitment, which could adversely affect neurogene-
sis. Therefore, the influence of dietary agents on angiogen-
esis and the production of vascular derived factors are also 
likely to influence neurogenesis.

The consumption of (poly)phenol-rich foods, such as 
berries or cocoa, throughout life may have the potential 
to limit or even reverse age-dependent deteriorations in 
memory and cognition. However, at this time, it is not pos-
sible to conclude on cause-and-effect relationships between 
these components and their biological effects. Future inter-
vention studies will be therefore required to utilise better 
characterised intervention materials, more appropriate con-
trols and more rigorous clinical outcomes.

(Poly)phenols and cancer

cancer refers to a group of diseases that are associated with 
a disturbance in the control of cell growth and metabo-
lism (Hanahan and weinberg 2000) and currently affects 
approximately 13 million people every year and annually 
causes 7.6 million annual deaths worldwide (Ferlay et al. 
2012). The unbalanced control of cellular proliferation is 
a primary characteristic of cancer cells and, as such, any 
molecule capable of inhibiting cancer cell proliferation 
may also be useful as a potential chemopreventive agent 
(Stoner and Mukhtar 1995; Kampa et al. 2007; D’Archivio 
et al. 2008; Guo et al. 2009). There are many different 
types of cancer, although breast, lung, colorectal and pros-
tate cancer account for over half of all new cases. extensive 

evidence indicates that only 5–10 % of cancers are geneti-
cally determined with the remaining cases being linked to 
environmental risk factors, which include several aspects of 
food and nutrition. The world cancer Research Fund and 
the American Institute for cancer Research (1997, 2009) 
assessed that 30–40 % of all cancers could be prevented by 
the appropriate diet, and it is widely believed that a high 
daily intake of fruit and vegetables helps to prevent the 
onset and progression of cancer.

epidemiological evidence

Over the past 20 years, case–control studies have indicated 
an inverse correlation between regular fruit and vegetable 
consumption and the development of various types of can-
cer (Franceschi et al. 1998; la vecchia et al. 1999). More 
recently, data from large cohort investigations have gone 
some way to confirm these epidemiological associations 
(Favero et al. 1998; Feskanich et al. 2000; Zhang et al. 
2000; González et al. 2006; Benetou et al. 2008). However, 
there is a degree of controversy, in that some studies have 
reported no reduction in the incidences of bladder, pancre-
atic and stomach cancer due to fruit and vegetables intake 
(Botterweck et al. 1998; larsson et al. 2006, 2008), and a 
recent epidemiological study has provided little or no evi-
dence for an association between fruit and vegetable intake 
and overall cancer risk (Benetou et al. 2008; Boffetta et al. 
2010). Despite this, it remains a possibility that (poly)phe-
nol-rich fruits or vegetables may exert protective effects 
against cancer development, particularly in the GI tract 
where they will be at highest concentration (Brown et al. 
2014). In fact, many studies have shown that various (poly)
phenol-rich fruits and vegetables are particularly effective 
in protecting against colon cancer development (Martinez 
2005; González et al. 2012). In addition, observational data 
have indicated that flavan-3-ol (Arts et al. 2002), isofla-
vone, flavonol, anthocyanin (Rossi et al. 2006), procyanidin 
(Theodoratou et al. 2007) and flavanone (Kyle et al. 2010) 
intake are associated with a reduction in colorectal cancer. 
Furthermore, a significant reduction in cancer recurrence 
in resected colon cancer patients has been observed after 
consumption of a mixture of apigenin and (−)-epigallocat-
echin (Hoensch et al. 2008). Altogether, these studies high-
light that (poly)phenols and (poly)phenol-rich food may act 
as effective anti-cancer agent to reduce the adenomas and 
the recurrence of cancer.

clinical evidence

while a number of in vitro experiments have suggested that 
(poly)phenols may influence carcinogenesis and tumour 
development, only a few inconclusive clinical trials have 
been conducted regarding the role of (poly)phenols in 
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cancer prevention, incidence or recurrence. Among (poly)
phenols, green tea (poly)phenols have received a lot of 
attention in recent years for the treatment of cancer. For 
example, daily consumption of 600 mg of green tea flavan-
3-ols for 1 year reduced progression to prostate cancer from 
30 to 3 % in men with high-grade prostate intra-epithelial 
neoplasia (Bettuzzi et al. 2006). In addition, consumption 
of five cups of green tea per day (400–500 mg of flavan-
3-ols per cup) for 4 weeks decreased cell proliferation and 
induced apoptosis in the oral cells of smokers (Schwartz 
et al. 2005). Furthermore, (−)-epigallocatechin-3-O-gallate 
(Fig. 2), the most abundant flavan-3-ol in tea, administered 
in the form of a 200 mg capsule for 12 weeks was effec-
tive in the treatment of human papilloma virus-infected 
cervical lesions (Ahn et al. 2003). However, treatment 
with 800 mg/day Polyphenon e, a commercial extract of 
green tea flavan-3-ols, for 3 to 6 weeks had no significant 
effects on markers related to prostate cancer (Nguyen et al. 
2012). Arguably, this indicates that pre-treatment time 
may play an important role in prostate cancer prevention 
by flavan-3-ols. Positive results of pre-clinical and clinical 
phase II and III studies provide the basis for further inten-
sive analysis of (−)-epigallocatechin-3-O-gallate and other 
green tea compounds in order to better understand their 
mechanism of action (Singh et al. 2011). However, it has 
been reported that high doses of (−)-epigallocatechin-3-O-
gallate induce hepatotoxicity in vivo, and one clinical study 
found that some subjects who ingested a 250 mg green tea 
extract twice daily had GI irritation (choan et al. 2005). 
Such results should therefore be considered carefully when 
designing future clinical investigations and when select-
ing the dose to be administered.

In addition to green tea (poly)phenols, dietary supple-
mentation with isoflavones (60 mg/day) in patients with 
early stage of prostate cancer resulted in a reduction in 
free testosterone and prostate-specific antigen. The level of 
free testosterone was reduced or remained stable in 61 % 
of patients in the isoflavone group (Kumar et al. 2004). 
However, in a double-blind phase II clinical trial conducted 
among Japanese men aged 50–75 years receiving oral iso-
flavones in a dose of 60 mg/day for 12 months, no statisti-
cally significant changes in prostate-specific antigen levels 
before and after treatment with isoflavones were observed, 
although the incidence of prostate cancer was lower in the 
isoflavone group (Miyanaga et al. 2012). Such an observa-
tion is in agreement with a previous study where no change 
in the content of sex hormone-binding globulin, estradiol 
or total testosterone was observed following consumption 
of 80 mg of isoflavone per day for 12 weeks (Kumar et al. 
2007). The clinical relevance of these findings requires fur-
ther investigation.

curcumin (Fig. 20) has also been investigated exten-
sively for its chemopreventative properties. For example, 

oral administration of curcumin (0–12 mg/day) resulted 
in histological improvement of precancerous lesions in 
a group of 25 individuals with a predisposition to cancer 
(cheng et al. 2001). In addition, curcumin (2 or 4 g per day 
for 30 days) resulted in a 40 % reduction in the number of 
aberrant crypt foci (carroll et al. 2011) and an inhibition of 
carcinogenic prostaglandin e2 in individuals with advanced 
colorectal cancer (Sharma et al. 2004). clinical studies of 
curcumin are still in the early stage; however, the results 
obtained to date indicate it has chemopreventive potential.

Other clinical studies have focused on how (poly)phe-
nol interventions influence chronic inflammation which has 
been linked to the development of 30 % of all cancers (de 
visser et al. 2006; Albini et al. 2012). (Poly)phenols have 
been reported to modulate the associated biological states 
of chronic inflammation that contribute to the aetiology of 
some cancers (Guo et al. 2009; lee et al. 2011) and may 
exert their anti-cancer effects through multiple mechanisms 
including anti-inflammatory activity such as inhibiting 
cOX-2, lipooxygenase and iNOS enzymes (Fig. 21).

evidence relating to the anti-cancer effects of (poly)
phenols is limited, and the majority of clinical evidence 
has been with green tea (poly)phenols or curcumin. Future 
studies need to be designed in collaboration with cancer 
biologists and clinicians in order to address the impact of 
(poly)phenols on cancer progression and recurrence, along 
with strong mechanistic insight.

Suppression of urinary tract infections by cranberry 
procyanidins

Urinary tract infections (UTIs) are the most pervasive of 
bacterial infections and a large economic and medical bur-
den worldwide. In the USA alone, they account for over 7 
million outpatient hospital visits and 1 million emergency 
room visits, with an annual direct cost >$2 billion (Fox-
man 2003). cranberry products are used and promoted for 
prevention and treatment of UTIs (Jepson and craig 2007, 
2008). evidence from a meta-analysis of clinical stud-
ies indicates that cranberry juice and dietary supplements 
decrease the number of symptomatic UTIs over a 12-month 
period in women with recurrent UTIs (Jepson and craig 
2008). However, the effectiveness of cranberry products in 
these clinical studies varies greatly, contributing to the con-
troversy of the usefulness of these products in the health-
care setting. It is challenging to systematically understand 
the differential outcomes of the clinical studies because the 
investigations used different cranberry products and doses, 
lacked compositional analysis of bioactive components 
and lacked mechanistic guidance for selection of subjects 
and study design. Perhaps the greatest hindrance to the 
advancement of the field is the paradox that exists between 
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the putative bioactive component of cranberry products and 
the mechanism of action that has been proposed over the 
last decade or so.

It is now widely accepted that cranberry proanthocya-
nidins, specifically those that contain “A-type” inter-flavan 
bonds, are the putative bioactive component responsible 
for the effect of cranberry products on UTI. In vitro stud-
ies demonstrate that A-type cranberry proanthocyanidins 
(Howell et al. 2005) inhibit the adherence uropathogenic 
p-fimbriated E. coli (UPec) to uroepithelial cells (Foo et al. 
2000; Howell 2007; Guay 2009). cranberry proanthocya-
nidins with higher degree of polymerisation (DP) produce 
notably greater inhibition. Ironically, cranberry proantho-
cyanidins, especially those with a DP >2, are not absorbed 
to any extent and do not reach the urinary tract (Pappas and 
Schaich 2009). This paradox is not readily acknowledged 
by researchers, and in vitro mechanistic studies continue 
to explore the effects of cranberry proanthocyanidins on 
the interaction between pathogens and uroepithelial cells 
(Tufenkji et al. 2010).

A new paradigm is needed to advance the mechanistic 
and structure–function understanding of how cranberry 
proanthocyanidins affect UTIs (Feliciano et al. 2013). This 

structure–function understanding is critical for the imple-
mentation of clinically effective and reproducible dietary 
therapies, and the development of therapies that utilise 
standardised cranberry dietary supplements. Before the 
new paradigm can be discussed, it is important to under-
stand the structural complexity and properties of cranberry 
proanthocyanidins and the mechanistic behaviour of the 
pathogen that causes most forms of UTI.

Proanthocyanidins

cranberry proanthocyanidin oligomers with a degree of 
polymerisation >2 incorporate both “A-type” and “B-type” 
inter-flavan linkages (Krueger et al. 2013). cranberries also 
contain series of compounds corresponding to anthocya-
nins linked to proanthocyanidins through a cH3-cH bridge 
(Fig. 22) that are similar to structures found in wine (Krue-
ger et al. 2004).

Proanthocyanidins have low bioavailability not just 
because of their size but also because they irreversibly 
bind to macromolecules in the digestive tract (Jimenez-
Ramsey et al. 1994; Terrill et al. 1994; Donovan et al. 
2002). Feeding experiments with rats and chickens that 

Fig. 21  Schematic diagram showing steps at which (poly)phenols 
exhibit their biological effects and defence mechanisms. (Poly)phe-
nols may exert their anti-cancer effects through multiple mechanisms 

including anti-inflammatory activity, cell cycle and reactive oxygen 
species modulation
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received radiolabelled proanthocyanidins in their diet indi-
cated that no intact proanthocyanidins could be detected in 
the plasma or urine (Jimenez-Ramsey et al. 1994; Dono-
van et al. 2002). Proanthocyanidin oligomers that are not 
absorbed may be catabolised by gut microorganisms to 
simpler phenolic compounds that are absorbed from the 
colon (Deprez et al. 2000), but these low molecular weight 
catabolites would not directly affect the interaction of E. 
coli with epithelial cells. Research on the effects of proan-
thocyanidins on protein digestion and metabolism indicates 
that they lower digestion and increase faecal excretion of 
protein, suggesting that proanthocyanidins that interact 
with macromolecules in the food matrix and digestive tract 
are not absorbed. Animal feeds that contain proanthocya-
nidins increase excretion of acid detergent lignin and acid 
detergent insoluble N, leading to negative digestion coef-
ficients for these food fractions (Reed 1995). This research 
indicates that proanthocyanidins form insoluble complexes 
with proteins and polysaccharides in the gut (Bravo et al. 
1992; Reed 1995).

extra-intestinal pathogenic Escherichia coli and cranberry 
proanthocyanidins

extra-intestinal pathogenic E. coli (exPec) is a major 
cause of many varieties of extra-intestinal infection, includ-
ing (1) UTIs, (2) bacteremia or septicaemia, (3) surgical 
wound infections and (4) neonatal meningitis (Russo and 

Johnson 2003). In the context of morbidity and mortality, 
exPec has a great impact on public health (Russo and 
Johnson 2003). exPec strains have not commanded a level 
of attention proportionate to their impact because they were 
highly susceptible to antibiotics. However, studies across 
europe, North and South America during the last 10 years 
show that 20–45 % of exPec are resistant to first-line anti-
biotics including the cephalosporins, fluoroquinolones and 
trimethoprim–sulphamethoxazole (Foxman 2010; Pitout 
2012).

exPec are part of the gut microbiota in healthy individ-
uals but once they get access to niches outside of the gut, 
they efficiently colonise these niches and cause diseases 
such as UTI. Ninety-five per cent of UTIs are caused by 
uropathogenic E. coli (UPec) (Ronald 2003) that colonise 
and persist in the GI tract of the host, serving as a reservoir 
for subsequent entry into the urinary tract (Stamey et al. 
1971; cooke 1974; caugant et al. 1983; Yamamoto et al. 
1997; Johnson et al. 1998). Research carried out to under-
stand the similarities in genotypic profiles of E. coli strains 
found both in the GI and urinary tracts (Donnenberg and 
welch 1996; Johnson 1991; Johnson and Russo 2002) indi-
cates that the development of mechanisms that provide sur-
vival advantages in the GI tract is important for subsequent 
ability to cause UTI. This assertion is further supported by 
a study of 42 women with uncomplicated cystitis, in which 
90 % of the urine clones of E. coli were also present in fae-
ces, and, in 42 % of the women, the urinary E. coli clone 
was also the dominant faecal clone (Moreno et al. 2008).

Given the importance of the GI tract in extra-intestinal 
infections, Reed and colleagues at the University of wis-
consin believe that the interaction between extra-intestinal 
pathogens and cranberry proanthocyanidins in the GI tract 
is critical for understanding the effect of cranberry proan-
thocyanidins on UTI. They hypothesise that cranberry 
proanthocyanidins decrease transient intestinal coloni-
sation by UPec and increase their intestinal clearance, 
consequently lowering the risk of subsequent UTI. This 
hypothesis does not require the absorption of cranberry 
proanthocyanidins into the blood circulation or indeed 
their appearance in the urine. To begin to test this hypoth-
esis, the investigators utilised a strain of exPec (strain 
5011) that was isolated from a woman with recurrent UTI 
at the University of wisconsin Hospital and clinics. The 
selected strain was found in both GI and urinary tracts and 
expressed fimH and papA, the adhesins of type 1 and P 
fimbriae, respectively, that are important to its virulence. 
The exposure of exPec 5011 to cranberry proanthocya-
nidins significantly inhibits its ability to invade intestinal 
epithelial cells, a mechanism important for colonisation of 
the GI tract, and results in the agglutination of the bacte-
rial cells, a mechanism thought to increase intestinal clear-
ance (Feliciano et al. 2013). The effects were observed at 
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concentrations of cranberry proanthocyanidins that can 
theoretically be achieved in the GI tract after the consump-
tion of a single serving of cranberry juice. Furthermore, the 
presence and the number of A-type linkages in the proan-
thocyanidins were found to be linked to efficiency at which 
proanthocyanidins affected the invasiveness and aggluti-
nation of exPec (Feliciano et al. 2013). Further research, 
particularly those that utilise relevant in vivo models of 
transient gut colonisation by exPec, is needed to explore 
the novel paradigm proposed by Reed and colleagues. This 
new understanding of proanthocyanidin structure/bioactiv-
ity relationships can be applied to develop a clinically rele-
vant hypothesis of how proanthocyanidin-containing fruits, 
juices, botanicals and dietary supplements can be used to 
develop therapeutic strategies against exPec and the infec-
tions that the pathogens cause.

(Poly)phenols and cardiovascular disease risk

This section mostly discusses the more recent evidence 
concerning the beneficial effects of (poly)phenols on car-
diovascular health, with a focus on epidemiological stud-
ies and randomised, double-blind controlled human inter-
vention studies examining the effects of (poly)phenol-rich 
foods/beverages against cardiovascular disease (cvD), 
and/or clinically significant risk factors associated with 
such disease.

epidemiological evidence

epidemiological studies are useful for investigations on the 
potential health benefits of long-term exposure to (poly)
phenols at dietary achievable amounts. However, the lack of 
reliable databases on the (poly)phenol content of foods and 
the use of dietary self-report tools such as food frequency 
questionnaires for estimation of dietary intakes, which are 
subject to a great degree of error and bias, raise questions 
about the validity of such studies. These limitations are 
slowly starting to be overcome due to advances in analytical 
techniques aiming to identify and quantify more accurately 
(poly)phenol levels in foods and biological samples. This 
has led to the development of two databases on the (poly)
phenol content of foods, the Phenol-explorer (Neveu et al. 
2010) and the USDA database for the flavonoid content of 
foods (USDA 2007). In addition, more sophisticated dietary 
assessment methods are available, and the use of biomark-
ers of intake is a growing area of research, as discussed in 
next section. early epidemiological studies, investigating 
associations between flavonoid intake and risk of cvD, 
were mainly focussed on flavonols and flavones, while more 
recent studies have also investigated other type of flavonoids 
as well as some non-flavonoid (poly)phenols.

Peterson et al. (2012) have reviewed the major prospec-
tive studies that have investigated associations between 
flavonoid intakes and incidence or mortality from cvD 
among adults in europe and the USA. Twenty publications 
from twelve cohorts conducted between 1993 and 2008 
were included in the review. The incidence and mortality 
of coronary heart disease (cHD), stroke and cvD were 
the main outcomes evaluated. An association between 
lower cvD incidence and mortality and intake of flavo-
noids was found in six of the twelve cohorts reviewed, 
with flavonol intake having the strongest association with 
cHD mortality (Peterson et al. 2012). Some associations 
were also found for flavanones and anthocyanins in one of 
the studies reviewed which used the USDA database for 
the assessment of flavonoid content of foods (Mink et al. 
2007). Regarding cHD incidence, the only significant 
association to be found was a single study with the flavone 
luteolin (Marniemi et al. 2005). None of the two cohorts 
reporting stroke mortality showed any correlation with fla-
vonoid intake (Yochum et al. 1999; Arts et al. 2001; Mink 
et al. 2007), and only a third of the studies that investigated 
stroke incidence correlated significantly with flavonol, fla-
vone and/or flavanone intake (Keli et al. 1996; Knekt et al. 
2002; Mursu et al. 2008). Only one of four cohorts reported 
inverse associations between flavanones and anthocyanins 
and total cardiovascular disease, including cHD and stroke 
(Mink et al. 2007).

In a more recent meta-analysis including 14 prospective 
studies published up to 2012, it was concluded that the die-
tary intakes of flavonols, anthocyanins, proanthocyanidins, 
flavones, flavan-3-ols and flavanones were inversely asso-
ciated with the risk of cvD when comparing the highest 
and lowest categories of intake, with a decrease in the risk 
of cvD of 11, 11, 10, 12, 13 and 12 %, respectively. In 
addition, a dose–response relationship was found for the 
intake of flavonols, with a 5 % decrease in the risk of cvD 
for every 10 mg/day increase in flavonol intake in the diet 
(wang et al. 2014).

Two 2013 studies that are not included in the two meta-
analyses merit mention. An association between higher 
anthocyanin intake and a 32 % decrease in the risk of 
myocardial infarction (MI) was reported in a big cohort 
of nearly 100,000 women of 25–45 years of age, after 
a follow-up period of 18 years (cassidy et al. 2013). For 
every 15 mg increase of anthocyanins in their diet, a 17 % 
decrease in the risk of MI was observed. No significant 
associations between MI and other flavonoid subclasses 
were found. In the same cohort, a higher flavanone intake 
in the diet was associated with a 19 % decrease in the risk 
of ischaemic stroke, with no associations reported for the 
other subclasses (cassidy et al. 2012).

The Spanish branch of the european Prospective Investi-
gation into cancer and Nutrition (ePIc) reported that with 
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more than 40,000 individuals aged 29–69 years followed 
up for 13 years, a higher flavonoid intake in the diet was 
associated with a 29 % reduction in cvD mortality, in par-
ticular for the subclasses flavanones and flavonols which 
decreased cvD by 40 and 41 %, respectively (Zamora-Ros 
et al. 2013). lignans were also investigated in this study, 
but their intake was not associated with all-cause mortality.

clinical evidence

To date, the effects of (poly)phenol-rich foods on hard clini-
cal end points such as cvD incidence or mortality have not 
been investigated in randomised controlled trials (RcTs). 
However, in recent years, evidence from human interven-
tion studies using prognostically validated surrogate mark-
ers of cvD risk has accumulated. The most relevant stud-
ies on the effects of (poly)phenols on carotid-intima-media 
thickness (cIMT), blood pressure, endothelial function, 
arterial stiffness and blood lipids will be discussed. In par-
ticular, the focus will be on evidence emerging from dou-
ble-blind RcTs published within the last 2 years.

Carotid‑intima‑media thickness

Increased common carotid artery intima-media thickness 
(ccA-IMT) has been associated with an enhanced risk of 
cHD and stroke (Nambi et al. 2010; Polak et al. 2011), 
and it has been used as a marker of cvD risk (Hodis et al. 
1998; Kitagawa et al. 2007; Zielinski et al. 2007). very few 
studies have investigated whether (poly)phenol-rich foods 
can improve ccA-IMT, as studies longer than 6 months are 
usually needed in order to see any changes. Until recently, 
only one study reported an improvement in ccA-IMT after 
daily intake of 240 ml of pomegranate juice for 18 months 
in at risk individuals relative to a control drink with similar 
characteristics, colour and energy, although only in those 
with the most adverse tertiles for blood lipids (Davidson 
et al. 2009). In contrast, isoflavone supplementation for 
2.7 years did not have any effect in ccA-IMT in post-men-
opausal women (Hodis et al. 2011). Three recent studies 
have shown no improvement in cIMT after supplementa-
tion with flavonoids (curtis et al. 2013; liu et al. 2014; de 
Bock et al. 2013). A one-year supplementation with a 27-g 
flavonoid-enriched chocolate, containing 850 mg flavan-
3-ols [90 mg (−)-epicatechin] and 100 mg isoflavones, did 
not change ccA-IMT in post-menopausal women with 
type 2 diabetes mellitus (curtis et al. 2013). Six month sup-
plementation with 63 mg of daidzein or whole soy flour did 
not impact on cIMT in a group of post-menopausal, equol-
producing, pre-hypertensive women (liu et al. 2014). In 
addition, a recent study has also shown that supplementa-
tion with olive leaf polyphenols (51 mg oleuropein, 9.7 mg 
of hydroxytyrosol per day) in middle-aged overweight men 

did not have any effect on cIMT; however, the study dura-
tion was only 12 weeks, which may not been sufficient to 
produce changes in cIMT (de Bock et al. 2013).

Systolic and diastolic blood pressure

A recent meta-analysis comprising twenty studies with a 
minimum of 2-week duration concluded that flavan-3-ol-
rich cocoa products had a significant effect in lowering 
both systolic (SBP) and diastolic blood pressure (SBP) by 
2–3 mmHg (Ried et al. 2012). Tea is also a rich source of 
flavan-3-ols, although unlike those found in cocoa, they 
are predominantly gallated derivatives. It has been shown 
that consuming three cups of black tea per day for a period 
of 6 months can decrease SBP and DBP by 2–3 mmHg 
(Hodgson et al. 2012). Three month supplementation 
with green tea capsules also decreased SBP and DBP by 
4 mmHg in obese hypertensive (Bogdanski et al. 2012) but 
not obese subjects (Suliburska et al. 2012). A recent meta-
analysis which included eleven trials concluded that short-
term consumption (>6 months) of black tea can decrease 
SBP and DBP by 1–2 mmHg and green tea by 3 mmHg 
(Hartley et al. 2013).

A meta-analysis on 11 trials investigating the effects 
of isoflavones on blood pressure concluded that soy iso-
flavones are effective in reducing both SBP and DBP in 
hypertensive subjects, but not in normotensive individu-
als (liu et al. 2012b). Not included in this meta-analysis, 
a 1-year RcT in post-menopausal women with the meta-
bolic syndrome showed reductions in SBP and DBP after 
supplementation with genistein (54 mg/day) (Squadrito 
et al. 2013), and another trial in post-menopausal women 
with mild hyperglycaemia reported decreases in SBP after 
ingestion of 15 g soy protein and 100 mg isoflavones for 
6 months, but only in a subgroup of women with hyperten-
sion and pre-hypertension (liu et al. 2013).

Several studies have investigated changes in blood pres-
sure after intake of anthocyanin-rich foods such as berries 
or purified anthocyanins (Rodriguez-Mateos et al. 2014a). 
From these, only two double-blind RcTs, conducted 
with MI survivors and hypercholesterolaemics for 6 and 
12 weeks, respectively, have shown improvements in blood 
pressure after berry consumption (Naruszewicz et al. 2007; 
Zhu et al. 2011). Studies have failed to show any improve-
ment in blood pressure after consumption of purified antho-
cyanins or anthocyanin-rich foods by overweight or pre-
hypertensive men (Hassellund et al. 2012, 2013; wright 
et al. 2013).

The evidence on grape (poly)phenols and red wine is 
inconsistent. A study conducted with hypertensive male 
patients with type 2 diabetes mellitus showed no effect 
on blood pressure after 1 year of supplementation with 
either a grape extract or a resveratrol-rich grape extract 
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(Tome-carneiro et al. 2013). Another study on hyperten-
sive subjects reported that consumption of red wine (poly)
phenols (280 and 560 mg) for 4 weeks did not significantly 
affect 24 h blood pressure (Botden et al. 2012). In contrast 
to these findings, in subjects at high cardiovascular risk, 
dealcoholised red wine [733 mg of total (poly)phenols, 
TPs] decreased SBP and DBP, whereas red wine did not 
have any effect (chiva-Blanch et al. 2012). In men with 
the metabolic syndrome, supplementation with 267 mg of 
a grape extract for 1 month decreased SBP by 6 mmHg 
(Barona et al. 2012).

Although there is extensive evidence on the blood pres-
sure lowering effects of quercetin in animal models, in 
humans the evidence is less clear (larson et al. 2012b). 
consumption of 150 mg of quercetin for 8 weeks signifi-
cantly decreased SBP in healthy volunteers and in over-
weight subjects (egert et al. 2009; Pfeuffer et al. 2013). 
However, 735/1,095 mg of quercetin decreased blood pres-
sure in hypertensives after acute and 4 weeks daily con-
sumption, but not in normotensive or pre-hypertensive sub-
jects (edwards et al. 2007; larson et al. 2012a). In women 
with type 2 diabetes, a daily intake of 500 mg of quercetin 
decreased SBP after supplementation for 10 weeks (Zahedi 
et al. 2013). More studies are needed in order to clarify 
whether quercetin can decrease blood pressure in healthy 
individuals, and if so, what are the optimal amounts to 
exert beneficial effects.

very few double-blind RcTs have been conducted with 
non-flavonoid (poly)phenols. 5-O-caffeoylquinic acid is 
one of the most abundant (poly)phenols in our diet, princi-
pally due to its high levels in coffee. A meta-analysis on the 
effects of coffee consumption on blood pressure, including 
ten RcTs, reported no effect on blood pressure (Steffen 
et al. 2012). However, a recent double-blind RcT investi-
gating the effects of 5-cQA2 intake on healthy individuals 
showed acute reductions of −2.4 and −1.4 mmHg in SBP 
and DBP, respectively (Mubarak et al. 2012). Olive oil is a 
rich source of oleuropein and hydroxytyrosol. consump-
tion of a diet containing olive oil for 2 months lowered 
blood pressure in young women with high-normal pressure 
or stage 1 essential hypertension (Moreno-luna et al. 
2012). More longer-term studies are needed in order to 
confirm the blood pressure lowering potential of (poly)phe-
nol-rich foods.

2 Mubarak et al. (2012) state they used 3-O-caffeoylquinic acid 
whereas in fact they used 5-O-caffeoyquinic acid. There is much 
confusion over caffeoylquinic acids with many suppliers, including 
Sigma, using non-IUPAc nomenclature. They refer to chlorogenic 
acid as 3-O-caffeoylquinic acid when it is 5-O-caffeoyquinic acid 
while their neochorogenic acid, marketed as 5-O-caffeoylquinic acid, 
is the 3-O-isomer. See Fig. 3.

Endothelial function

The strongest evidence regarding the effect of (poly)phe-
nols on endothelial function comes again for cocoa and tea 
(poly)phenols. A meta-analysis of 42 RcTs reported an 
improvement on endothelial function measured as FMD of 
3.18 % and 1.34 % after acute and chronic consumption, 
respectively, of cocoa flavan-3-ols (Hooper et al. 2012). In 
a meta-analysis on the effects of tea consumption on FMD, 
the overall increase in FMD was 2.6 % for a median daily 
dose of 500 ml of tea (2–3 cups) (Ras et al. 2011). How-
ever, questions still remain regarding the effectiveness of 
flavan-3-ols in improving endothelial function in specific 
populations, such as pregnant women (Mogollon et al. 
2013). In addition, it is not yet clear whether the effects 
observed in endothelial function after cocoa and tea sup-
plementation are only due to the flavan-3-ol monomers, or 
whether the procyanidins present in cocoa and theaflavins 
and thearubigins in black tea also contribute to the effects 
observed. Pycnogenol, a French maritime pine bark extract, 
rich in procyanidins, has also been shown to improve 
endothelial function in coronary arterial disease (cAD) 
patients after an 8-week daily intake (enseleit et al. 2012). 
However, in pre-hypertensive and nil hypertensive subjects, 
supplementation with a procyanidin-rich hawthorn extract 
containing 200, 300 and 500 mg of procyanidins failed to 
improve FMD (Asher et al. 2012).

The evidence for other (poly)phenol subtypes is not 
that strong. A study conducted with healthy young men 
has shown significant improvements in FMD at 1, 2 and 
6 h post-consumption of a wild blueberry drink containing 
766–1,791 mg of TPs (Rodriguez-Mateos et al. 2013). The 
effects observed at 1–2 h were correlated with increases in 
plasma metabolites possibly derived from the metabolism 
and/or breakdown of anthocyanins and 5-cQA, whereas 
the effects observed at 6 h were linked to gut microbial 
metabolites. FMD increased with increasing intake from 
319 up to 766 mg of TPs, after which it plateaued (Rod-
riguez-Mateos et al. 2013). Similar effects on FMD were 
observed after consumption of processed, baked blueberry 
products, despite significant changes in the individual blue-
berry (poly)phenol content and plasma metabolite profile 
in comparison with a blueberry drink (Rodriguez-Mateos 
et al. 2014b). In contrast, two other studies with blue-
berry and one with cranberry juice as interventions failed 
to show acute or short-term effects on endothelial func-
tion (Del Bo et al. 2013; Flammer et al. 2013; Riso et al. 
2013). However, these studies measured endothelial func-
tion with peripheral arterial tonometry (endoPAT), which 
is a different technique that measures mainly microcircula-
tion, and gives different information than FMD (Hamburg 
et al. 2011), and this could be a reason for the discrepancies 
between studies.
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Regarding the effect of red wine and grapes on endothe-
lial function, although the available studies have so far pro-
duced mixed results (Del Rio et al. 2013b), recent studies 
support a beneficial effect. Supplementation with a grape 
extract (267 mg TPs) for 1 month improved endothelial 
function in men with the metabolic syndrome (Barona 
et al. 2012), and a 2-week treatment with concord grape 
juice (736 mg TP) improved FMD in healthy smokers (Sia-
sos et al. 2014). Daily supplementation with 10 mg of res-
veratrol for 3 months also improved endothelial function in 
cAD patients after MI (Magyar et al. 2012).

It is as yet unclear whether quercetin consumption can 
improve endothelial function as a daily intake of 150 mg of 
quercetin for 8 weeks did not improve FMD in healthy vol-
unteers (Pfeuffer et al. 2013). Acute supplementation with 
5-cQA by healthy individuals also failed to show improve-
ments in FMD (Mubarak et al. 2012).

As recently pointed out in an assessment of vascular and 
endothelial dysfunction in nutritional studies, paucity of 
available data, scarcity of information on compound bio-
availability and metabolism, strong heterogeneity among 
experimental methodologies and a number of limitations 
to study designs still restrict the interpretation of results 
obtained through these measures (Ray et al. 2014).

Arterial stiffness

Arterial stiffness has been associated with the risk of cvD, 
and increased arterial stiffness is a recognised cardiovas-
cular risk factor (laurent et al. 2006; Nurnberger et al. 
2002; vlachopoulos et al. 2010). carotid-femoral pulse 
wave velocity (Pwv) is considered a robust and reproduc-
ible method for measuring arterial stiffness (laurent et al. 
2006). Augmentation Index (AI), another marker of arterial 
stiffness, has also been correlated with cardiovascular risk 
(laurent et al. 2006; Nurnberger et al. 2002).

At present, little evidence exists regarding the effects of 
(poly)phenols on arterial stiffness. The strongest evidence 
comes from studies conducted on isoflavones in women, 
with a few studies showing an improvement in Pwv after 
supplementation Nestel et al. 1997, 2007; Teede et al. 
2001, 2003). One-year supplementation with isoflavones 
and flavan-3-ol also improved Pwv in post-menopausal 
women with type 2 diabetes (curtis et al. 2013). Two stud-
ies have shown improvements in Pwv or AI in cAD or 
cHD patients after red wine and cranberry juice consump-
tion (Dohadwala et al. 2011; Karatzi et al. 2005). con-
cord grape juice was also able to improve Pwv in healthy 
smokers after supplementation for 2 weeks (Siasos et al. 
2014), while dark chocolate and cocoa consumption for 
4 weeks were reported to lower AI, but only in women 
(west et al. 2014). However, neither cranberry juice, 
pomegranate juice nor a blueberry drink improved arterial 

stiffness in obese, healthy or at risk subjects (lynn et al. 
2012; Riso et al. 2013; Rodriguez-Mateos et al. 2013; Ruel 
et al. 2013).

Blood lipids

Hypercholesterolaemia is one of the major risk factors for 
the development of cvD. In particular, lDl-cholesterol 
(lDl-c), HDl-cholesterol HDl-c) and total serum cho-
lesterol (Tc) levels have been related to cardiovascular risk 
(Sharrett et al. 2001; cai et al. 2004).

In a recent meta-analysis of cocoa, chocolate or flavan-
3-ols RcTs, significant effects on lDl-c (−0.07 mmol/l) 
and HDl-c (0.03 mmol/l) were found (Hooper et al. 
2012). In agreement with this, another meta-analysis 
reported a decrease in lDl-c by 0.07 mmol/l and an 
increase in HDl-c by 0.046 mmol/l after consumption 
of flavan-3-ol-rich cocoa (Shrime et al. 2011). In a meta-
analysis on tea and cardiovascular risk factors, black tea 
consumption was found to produce significant reductions 
in lDl-c (−0.43 mmol/l), whereas green tea produced 
significant reductions in Tc (−0.62 mmol/l,) and lDl-c 
(−0.64 mmol/l) (Hartley et al. 2013). However, not all 
results are consistent and several studies have shown no 
effect on blood lipids after supplementation with cocoa or 
tea flavan-3-ols (Flammer et al. 2012; Desideri et al. 2012; 
Neufingerl et al. 2013; west et al. 2014).

Several studies performed in hypercholesterolaemics 
have consistently shown increases in HDl-c of 12–14 %, 
decreases in lDl-c of 10–14 % and no changes in Tc or 
triacylglycerols (TAG) after supplementation with purified 
anthocyanins for 12–24 weeks (Qin et al. 2009; Zhu et al. 
2011, 2013). Another study on pre-hypertensives has also 
shown improvements in HDl-c after anthocyanin inter-
vention for 4 weeks (Hassellund et al. 2013). A 3-week 
RcT with freeze-dried strawberries (equivalent to 320 g 
fresh weight) produced a decrease in Tc of about 4 % in 
obese individuals, with no changes in HDl-c, lDl-c or 
TAG (Zunino et al. 2012).

Studies with grapes have yielded mixed results. A 
decrease in Tc and lDl-c was observed after a 1-month 
intervention with a grape extract in healthy volunteers 
(Yubero et al. 2013), and an increase in HDl-c was 
reported after consumption of red wine for 1 month in indi-
viduals at risk of cvD (chiva-Blanch et al. 2013). How-
ever, 12 months consumption of a grape extract or a resver-
atrol-rich grape extract did not produce beneficial effects 
on blood lipids (Tome-carneiro et al. 2013), and likewise a 
2-week intervention with concord grape juice and healthy 
smokers (Siasos et al. 2014). A recent meta-analysis on 
RcTs investigating the effects of resveratrol on blood lipids 
showed no significant effects on Tc, lDl-c, HDl-c or 
TAG (Sahebkar 2013).
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Supplementation of genistein (54 mg/day) for 1 year 
produced increases in HDl-c and decreases in Tc, lDl-c 
and TAG in individuals with the metabolic syndrome 
(Squadrito et al. 2013), while consumption of a combina-
tion of isoflavones and flavan-3-ols for 1 year decreased 
lDl-c in post-menopausal women with type 2 diabetes 
(curtis et al. 2012). However, 6 months of supplementation 
with 80–100 mg of isoflavones did not improve the blood 
lipid profile in post-menopausal women (liu et al. 2012a; 
Mainini et al. 2013). Isoflavone consumption (70 mg/day) 
for 3 months produced a decrease in TAG but no changes 
in cholesterol levels in post-menopausal women (Kim et al. 
2013). consumption of 10 mg of (−)-equol for 3 months 
lowered lDl-c in overweight and obese individuals (Usui 
et al. 2013). In a recent meta-analysis, no evidence was 
found linking isoflavones intake with a lowering of cho-
lesterol levels in hypercholesterolaemics (Qin et al. 2013). 
However, an earlier meta-analysis including eleven RcTs 
concluded that soy isoflavones significantly reduced Tc 
and lDl-c but did not change HDl-c and TAG (Taku 
et al. 2007).

A meta-analysis of 12 studies investigating the effects of 
coffee on serum lipids concluded that drinking coffee for 
45 days leads to increases in Tc, lDl and HDl-c. Those 
with hyperlipidemia were more sensitive to the cholesterol-
raising effect of coffee. Meta-regression analysis revealed a 
positive dose–response relation between coffee intake and 
Tc, lDl-c and TG (cai et al. 2012).

To sum up, the amount and the quality of RcTs con-
ducted investigating the effects of various (poly)phenol-
rich foods on cvD risk factors have increased significantly 
in recent years. Around 41 double-blind RcTs measur-
ing prognostically validated surrogate markers of cvD 
risk, such as blood pressure, endothelial function, arterial 
stiffness or blood lipids, were conducted between 2012 
and 2013 (Table 1). All but one reported the (poly)phe-
nolic content of the test foods/beverages investigated, and 
approximately half measured plasma and/or urinary levels 
of (poly)phenol metabolites. The control used in most of 
the cases was indistinguishable in colour and taste from the 
intervention, and macro-nutrient matched, to some extent. 
Three studies had a duration of 1 year, and four studies 
lasted 6 months (Table 1). A total of 11 studies were con-
ducted with individual (poly)phenols, mainly isoflavones 
and quercetin.

The few existing one-year RcTs are promising. Isoflavone 
consumption, in particular genistein, improved blood pres-
sure, lipids and endothelial function in patients with metabolic 
syndrome (Squadrito et al. 2013), whereas a combination of 
cocoa flavan-3-ols and isoflavones improved blood lipids and 
arterial stiffness in post-menopausal diabetic women (curtis 
et al. 2013). However, resveratrol and grape (poly)phenols 
failed to show significant effects (Tome-carneiro et al. 2013).

Despite these promising advances, at present, there is 
insufficient evidence to draw conclusions on the efficacy 
of most (poly)phenol types, except perhaps for the flavan-
3-ols, in particular regarding the positive effects of cocoa 
and tea on blood pressure and endothelial function. Several 
meta-analyses have confirmed their potential beneficial 
effects. However, the long-term effects of flavan-3-ol inter-
ventions are presently unclear, and no study has been con-
ducted with hard clinical end points.

Measuring (poly)phenol content of foods and intake 
in epidemiology: dietary records versus biomarkers 
of intake

One of the most critical factors when conducting large-
scale observational epidemiological studies investigating 
the relationship between (poly)phenol intake and the inci-
dence of chronic diseases is to achieve an accurate estimate 
of (poly)phenol intake. In order to do so, it is important to 
use accurate food composition databases to estimate the 
(poly)phenol content of foods and reliable dietary assess-
ment methods.

currently, there are two major food composition data-
bases for (poly)phenols: the USDA database for the flavo-
noid content of foods (USDA 2007) and Phenol explorer 
(Neveu et al. 2010). Those databases have been compiled 
using published data usually obtained by HPlc or HPlc–
MS techniques that allow identification and quantification 
of individual (poly)phenols, instead of more general and 
unspecific methods such as the Folin-ciocalteu colorimet-
ric assay, widely used among the scientific community to 
estimate total (poly)phenol content. However, those data-
bases have still several limitations on accuracy because 
of the variations in the (poly)phenol content of processed 
products as well as that of fruits and vegetables due to sea-
sonal effects, local climate, varietal differences and stor-
age conditions. Typical examples being the epicatechin 
(Fig. 2) content of cocoa powder which ranges from 63 
to 330 mg/100 g and the 3.5–106 mg/100 g fresh weight 
of cyanidin-3-O-sophoroside (Fig. 23) in red raspberries 
reported in publications cited in Phenol-explorer. like-
wise, cQA intake from a cup of espresso coffee can range 
from 6 to 188 mg/serving (ludwig et al. 2014b).

Another important limitation in epidemiological stud-
ies is the assessment of dietary exposure. Traditionally, 
dietary assessment has been measured with self-reported 
dietary recalls, food frequency questionnaires or diet dia-
ries, which have a considerable source of error (Zamora-
Ros et al. 2014). For example, detailed information on 
the food or beverage consumed (brand, variety, etc.) and 
the way it was cooked or processed is not usually docu-
mented in dietary records. It is also common for subjects 
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participating in observational studies to under-report their 
true habitual food intake, or change their diet, during the 
period of the survey (cook et al. 2000). In recent years, 
extensive efforts have been made to develop more reliable 
dietary assessment techniques, in particular on the discov-
ery and validation of dietary biomarkers of food intake 
as a more objective method of dietary exposure (Potisch-
man and Freudenheim 2003). Several biomarkers of (poly)
phenol intake have been identified through the analysis of 
correlations of the biomarkers with dietary intake in epide-
miological studies (Scalbert et al. 2014). Such biomarkers 
are usually plasma, serum or urinary (poly)phenol-derived 
metabolites or catabolites identified by analytical tech-
niques such as Gc–MS or HPlc–MS. The reliability of 
such biomarkers over time needs to be assessed carefully, 
to ensure that they reflect habitual exposure, especially 
when samples are collected at a single point, which is usual 
in epidemiological studies. Intra- and inter-individual dif-
ferences on (poly)phenol metabolism also need to be con-
sidered to ensure that the chosen metabolites/catabolites 
are good indicators of exposure to the parent compounds 
ingested (Zamora-Ros et al. 2014).

The identification of novel biomarkers relies on the 
comparison of generated metabolite spectral data with 
those in metabolomic databases, and to date, the majority 
of food-related metabolites (the so-called food metabo-
lome) are not yet included in such databases. One of the 
few existing databases containing (poly)phenol metabolites 
is the Phenol-explorer, although the current information is 
still somewhat limited (Scalbert et al. 2014). PhytoHub is 
a recent online database dedicated to the phytochemicals 
present in plant foods, their known human metabolites and 
other potential metabolites predicted with in silico expert 
systems (www.phytohub.eu). Other more general data-
bases that also have some information on (poly)phenol 
metabolites are HMDB (wishart et al. 2013) and SciFinder 
(https://scifinder.cas.org). A growing number of metabo-
lomic studies are currently being conducted to investigate 

potential associations between dietary (poly)phenols and 
chronic diseases, and despite the immense task involved, 
it is expected that this field will grow considerably in the 
coming years. However, despite mass spectrometric tech-
niques evolving rapidly, with a significant increase in 
laboratory costs, many hurdles still hamper the metabo-
lomic approach. A multitude of reference compounds are 
required, and standard methodologies are needed to allow 
the sharing and comparison of data between laboratories 
and different studies.

Summary

The amount and the quality of RcT-conducted investigat-
ing the effects of various (poly)phenol-rich foods on cogni-
tion, age-related cognitive decline, cancer, UTIs and cvD 
risk factors have increased significantly in recent years. 
currently, standardised test foods or beverages with macro- 
and micronutrient-matched controls are available for many 
of the flavonoid subclasses, together with food grade pure 
(poly)phenolic compounds to use in human intervention 
studies. Improved analytical techniques for the detection 
and quantification of (poly)phenols in foods and biological 
samples have been developed and databases on the (poly)
phenol content of foods have improved considerably. Our 
understanding on the bioavailability of (poly)phenols and 
their mechanisms of action have also benefited of such 
improvements in analytical methodology, as well as of 
the improvements achieved in the synthesis of authentic 
metabolites to use as analytical standards and in in vitro 
mechanistic studies. A few food grade isotopically labelled 
compounds have also been synthesised for feeding studies. 
Metabolomic databases with improved spectral information 
on individual metabolites are also starting to become avail-
able and will be essential in the development of new bio-
markers of (poly)phenol intake which are very much needed 
to improve the accuracy not only of epidemiological but 
also clinical studies and to establish relationships between 
(poly)phenol intake and improvements in human health.

Despite these promising advances, at present, there is 
insufficient evidence to draw conclusions on the efficacy 
of most (poly)phenol types, except perhaps for the flavan-
3-ols, in particular regarding the positive effects of cocoa 
and tea on blood pressure and endothelial function. Several 
meta-analyses have confirmed their potential beneficial 
effects. However, the long-term effects of flavan-3-ol inter-
ventions are presently unclear, and no study has been con-
ducted with hard clinical end points.

The existing RcTs on other types of (poly)phenol-rich 
foods were conducted with different test foods and bev-
erages, at different intake level, at different time points, 
and with different populations, which make comparisons 

HO

HO

O+

OH

O

OH

O
HO
HO

HO
O

O
HO
HO

HO
OH

Cyanidin-3-O-sophoroside

Fig. 23  Structure of cyanidin-3-O-sophoroside, the reported levels of 
which in red raspberries vary from 3.5 to 106 mg/100 g fresh weight

http://www.phytohub.eu
https://scifinder.cas.org
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between studies very difficult if not impossible. In addi-
tion, the use of different techniques to measure markers 
of disease, for example the use of different types of cog-
nitive tests, or FMD versus endoPAT for the measurement 
of endothelial function, and the use of different methods 
for the analysis of (poly)phenols in foods and biological 
samples, is also an important source of variability among 
studies.

Harmonising methods and techniques by conducting 
inter-laboratory validations between institutions may help 
to produce more comparable data and reduce variability 
among studies. Additional long-term, large population, 
RcT studies with healthy or at risk individuals and with 
clinically relevant end points are needed. The outcomes 
of such studies could be used to make specific dietary rec-
ommendations regarding (poly)phenol consumption to the 
general population.
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