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Abstract 

Collated observations from several epidemiological observations have demonstrated that dietary intake 

of (poly)phenols from nuts, coffee, cocoa, grapes, and berries may protect towards the development of 

atherosclerosis. Whereas this beneficial activity has previously been linked mainly to antioxidant or 

anti-inflammatory properties, recently emerging data suggests mechanisms by which (poly)phenolic 

substances can modulate cellular lipid metabolism, thereby mitigating atherosclerotic plaque formation. 

In this review, both experimental studies and clinical trials investigating the atheroprotective effects of 

the most relevant dietary (poly)phenols are critically discussed. 

Page 2 of 46Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



3 
 

1. Introduction 

The aim of this review is to provide an overview and critical synthesis of the literature related to the 

atheroprotective activity of principal dietary polyphenols. Whereas this class of compounds exerts 

well-documented, beneficial anti-inflammatory and antioxidant mechanisms, in the present paper we 

will focus on those effects related to the modulation of lipid metabolism. From the large volume of data 

available on atheroprotective impact of polyphenols, we critically selected the most consistent human 

studies, pointing out key questions, such as primary mechanisms of action and active compounds. 

It is worth noting that a paramount bias characterizes most of the in vitro studies currently published, 

where human or animal cell lines have been exposed to polyphenols in their chemical form occurring in 

plant foods. However, following ingestion, these compounds are extensively modified by human and 

microbial enzymes and they appear at cellular level as metabolites, often with relevant differences from 

a chemical standpoint. Therefore, in the attempt to identify the substances actually involved in the 

putative in vivo beneficial activities of this class of compounds and to describe their actual mode of 

action, these metabolites, and not their in planta precursors, should be tested in vitro, ideally at 

concentrations congruent with human physiology. 

 

2. Dietary (poly)phenols and their metabolism 

Polyphenols are one of the most copious and ubiquitous groups of plant secondary metabolites, 

occurring in a wide number of foods and beverages1. Polyphenolic compounds are produced in planta 

by a very plastic system of biosynthetic pathways and are involved in a plethora of physiological and 

ecological roles, supporting diverse functions such as structure, pigmentation, pollination, allelopathy, 

pathogen and predator resistance, growth and development2,3. Their roles and ecological significance 

warrant for a wide array of biological activities, chemical diversity and abundance. After being labelled 

as mostly anti-nutritional food constituents, their role as potential healthy compounds, when introduced 
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in the human diet at proper amounts, has been outlined only recently. During the last decades, a 

growing number of clinical trials and epidemiological studies attracted the combined attention of both 

nutritionists and clinicians on the potential role of polyphenols in the prevention of several 

degenerative diseases. Furthermore, several in vitro investigations recently tried to investigate the 

underlying mechanisms of action of these phytochemicals in several different cellular cultures4.  

From a chemical viewpoint, polyphenols constitute a rather heterogeneous class, characterized by a 

common presence of at least one aromatic ring in their structure, linked with other phenolic-, hydroxyl-, 

carbon- or other chemical groups showing an extensive variety of molecular structures. They 

encompass both low molecular weight and simple structures (e.g. phenolic acids) and high molecular 

weight and complex polymeric compounds (e.g. tannins), with obvious consequences in terms of 

solubility, membrane permeability, and putative bioactivities. Polyphenols are generally classified into 

flavonoids and non-flavonoids, depending on their chemical structure. The first group comprises a large 

family of compounds, further divided into several subclasses, of which six offer greater dietary 

relevance, i.e. flavonols, flavanones, flavones, isoflavones, anthocyanins, and flavan-3-ols5, while non-

flavonoids include mainly condensed and hydrolysable tannins, stilbenes, phenolic acids, and 

hydroxycinnamates. Polyphenols in planta, are principally linked together (to form both oligomers and 

polymers) or esterified with other chemical compounds, usually a wide array of sugar moieties or with 

organic acids, whereas they are only rarely available as isolated aglycones5. According to their structure 

and role in a given plant tissue, these compounds may be dissolved in the aqueous content of the 

vacuole, or more or less tightly joined to polysaccharidic constituents of the cell wall. Such positioning 

confers some differences in terms of their potential bioavailability, as some glycosides may be 

enzymatically hydrolysed in planta before being introduced through the diet (e.g., during leaf wilting 

or after grinding), and/or some polyphenols may bind to cellulose and pectin, or to a number of 

proteins during ingestion, de facto altering their fate during the gastrointestinal transit6. The large 
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chemodiversity of polyphenols available in nature is well described by the thousands of structures 

which have been reported, and given the evidence that many of them could still be discovered, this 

synthetic overview offers only a glimpse of the potential role of this class of natural compounds in food 

science, nutrition research, drug discovery, and ultimately in health promotion. 

2.1. Metabolism of (poly)phenolic substances in humans 

The positive modulation of human health attributed to polyphenols has steadily emerged over the years 

through different in vitro/ex vivo models, in in vivo experiments, and in clinical trials4. Considerable 

attention has been paid to the investigation of the metabolism and bioavailability of polyphenols in the 

human organism, as an essential step in understanding their biological activity. The latter depends also 

on the capacity of specific compounds to actually reach tissues, organs and cells, before exerting their 

positive actions beyond the limited context of the gastrointestinal tract. To understand that, and to 

elucidate the potential of polyphenols not only in terms of lipidemic regulation but as potential health 

enhancers, it must be clearly defined which transformations may occur to these dietary compounds 

before they may become systemic in the circulation or where some significant effects may occur. 

After the ingestion, polyphenols are metabolised following the typical detoxification pathway 

common to xenobiotics and drugs, starting from the mouth (Figure 1). Although the capability of the 

oral saliva and gastric secretion to modify the native polyphenolic structures is known, but rather weak 

7-10 the first organ strongly involved in polyphenol modification and digestion is the small intestine. In 

this tract, a limited part of in planta conjugated forms unmodified in the oral cavity is absorbed, mainly 

following a specific pathway through which they can pass the enteric barrier and reach the portal 

circulation. This absorption step is mediated by the lactase phloridzin hydrolase, an enzyme present in 

the brush-border of the small intestine epithelial cells, which involvement in the modification of several 

glucoside flavonoids is well known11. An alternative hydrolytic pathway for polyphenol intestinal 
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absorption is catalysed by a cytosolic β-glucosidase12, which seems able to operate after the intake of 

polyphenols into the cells due to the active sodium-dependent glucose transporter, SGLT-113. 

Before entering in systemic circulation, polyphenols undergo phase II enzymatic detoxification through 

the conjugation with chemical groups such as glucuronic acid, sulphate, and methyl groups, operated 

by the action of uridine 5'-diphospho-glucuronosyltransferases, sulphotransferases, and catechol-O-

methyltransferase, respectively14. This conjugation step first occurs in the small intestine before 

entering the bloodstream, but subsequently takes place also in the liver, where the metabolites are 

further modified by the phase II enzymes before being transferred to the systemic circulation, or to 

enterohepatic re-circulation, finally being excreted15. 

However, it has been estimated that only a limited part of the ingested polyphenols (5-10%) is actually 

absorbed, independently of conjugation, in the small intestine. The remaining unmodified polyphenols 

(90-95%), together with conjugates excreted into the intestinal lumen through the bile, may proceed 

through the gastrointestinal tract and accumulate in the large intestine at high concentrations (up to the 

mM range), where they are exposed to the gut microbiota enzyme arsenal. Such events are increased 

and modulated by the presence of co-ingested plant polysaccharydes, whose presence represents one of 

the relevant distinction between the common dietary intake (e.g. fruits, vegetables) and purified or 

heavily processed materials and infusions (e.g. food supplements, teas, coffee)14, 16-22.   

Indeed, the colon is a large ecosystem that works as a powerful bioreactor capable of 

structurally modifying polyphenolic compounds, leading to the production of metabolites with different 

physiological relevance. Actually, the gut microbiota is responsible for the breakdown of the original 

polyphenolic structures into a large number of low-molecular-weight compounds, which could be more 

absorbable than their original counterparts found in plant foods. This transformation occurs via 

multiple and intertwined steps of ester and glycoside hydrolysis, demethylation, dehydroxylation, and 
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decarboxylation by different bacteria18. Metabolites produced in the large intestine subsequently 

undergo further phase II metabolism, locally and/or at the liver level after absorption. Subsequently 

they enter the blood compartment, reach peripheral tissues, and are finally excreted in the urine in 

substantial amounts, largely exceeding the excretion of phenolic metabolites formed in the upper 

gastrointestinal tract12. Ellagitannins are a striking example on this regard, as described in Figure 2. As 

a result, given the longer transit time in the colon and their binding to co-ingested substances, the 

absorption of polyphenolic metabolites takes more time and leads to a prolonged permanence of these 

compounds in the bloodstream. In fact, while substances like quercetin are excreted after 2-3 hours, 

some phenolic metabolites can circulate for more than 3 days. The phenolic metabolites originated by 

microbial degradation plus phase II conjugation have been recovered in urine in extremely higher 

amounts, with respect to their simple phase II counterparts17, 23-25, and may actually represent the true 

‘actors’ in the framework of the health effects derived from polyphenol-rich food consumption.  

2.2. Phenolic acids 

Phenolic acids (C6-C1) are the most abundant and widespread non-flavonoidic dietary phenolics, 

with a dietary intake of ~600 mg/day. Among them, hydroxybenzoic and hydroxycinnamic acids are 

the most common representatives in plant foods and beverages (Figure 3). Gallic acid is certainly the 

most relevant hydroxybenzoic acid. Red wine, tea, and some berries and nuts are the richest dietary 

sources and it is widely present in the form of complex sugar esters (gallotannins) as well as in non-

sugar galloyl esters5. Among hydroxycinnamic acids, the most representative compounds are caffeic, 

ferulic and p-coumaric acids. These substances occur mainly as conjugates named chlorogenic acids, 

where the phenolic skeleton is esterified with quinic acid to form structures known as caffeoylquinic 

acids, feruloylquinic acids, and p-coumaroylquinic acids. Coffee is one of the major dietary sources of 

chlorogenic acids (up to 1750 mg/L), together with apples (600 mg/kg), tea, berries (blueberries in 

particular, 2200 mg/kg), plums, grapes, wine and many green vegetables (aubergines, up to 660 mg/kg). 
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Ferulic acid is the most abundant hydroxycinnamate found in whole cereal grains, which constitute its 

main food source14. In human subjects fed coffee drinks rich in 5-caffeoylquinic acid, pharmacokinetic 

studies showed the appearance of free and sulphated dihydrocaffeic and dihydroferulic acids and 

feruloylglycine in blood. This result is explained by the action of the colonic microflora-mediated 

conversion of caffeoylquinic acids into caffeic acid and dihydrocaffeic acid, which is further 

metabolized to dihydro-isoferulic acid (Figure 3). The microbial modification of the feruloylquinic 

acids induces their conversion to ferulic and dihydroferulic acid and feruloylglycine26. 

2.3.  Stilbenes 

Stilbenoids (C6–C2–C6 structure) are phytoalexins and constitute a group of non-flavonoids 

less widespread in plant foods if compared to other classes of polyphenols. They are not of particular 

dietary relevance, since their daily intake has been estimated to be negligible14. Resveratrol (3,5,4'-

trihydroxystilbene) is the most famous and studied stilbene, occurring, as trans-isomer, in foods and 

drinks such as red wine, grapes, peanuts, pistachios, and berries27. Bioavailability studies suggested that 

the very low bioavailable fraction of trans-resveratrol consumed as well as its conjugated derivatives, 

including trans-resveratrol-3-O-glucoside (trans-piceid) are rapidly absorbed and metabolized in 

humans28-32. Resveratrol is absorbed in the upper gastrointestinal tract and can be modified by both 

enterocytes and hepatocytes33, 34 leading to the production of the glucuronide and sulphate forms, which 

are the major plasmatic and urinary metabolites, with the sulphates being predominant31, 35, 36. It is 

known that intestinal bacteria are able to convert resveratrol into dihydro-resveratrol, which, at least 

partially, is absorbed and further metabolized to conjugated forms that can be excreted in urine35, 37-40. 

The main gut-derived metabolites after the consumption of trans-resveratrol were found to be 

dihydroresveratrol, 3,4’-dihydroxy-trans-stilbene and 3,4’-dihydroxybibenzyl (lunularin)41. The overall 

scenario regarding the actual properties of these substances is far to be complete, and the scientific 
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knowledge on the bioactivity of resveratrol catabolites and metabolites is limited, with contradicting 

results. 

 

2.4. Flavonols 

Flavonols are the most common flavonoid form in the plant kingdom, with an average dietary 

intake estimated at 50 mg/day, with differences according to the specific diet (Figure 4). Overall, 

flavonols are present in vegetables and fruits like kale, onion, broccoli, tomato, and berries, with values 

ranging from 1200 mg/kg (onion) to 40 mg/kg (apples). Quercetin is certainly the most widespread 

dietary flavonol, and together with kaempferol, isorhamnetin, and myricetin is abundant in onions, 

apples, tea, broccoli, and red wine, and it is typically present in the glycosidic form, with conjugation 

occurring at the 5, 7, 3’, 4’, and 5’ positions42 and with a clear prevalence of the rutinoside conjugate, 

named rutin. In the gastrointestinal tract, quercetin glycosides remain almost unaltered until the small 

intestine, where the aglyconic form is cleaved and subsequently converted into glucuronide, sulphate, 

and methylated metabolites both at the enterocytes and at liver level. Like for the other phenolic 

compounds, the largest fraction of flavonols ingested reaches the colon43, where the large amount and 

variety of microbial enzymes has been shown to break down the flavonol skeleton, inducing carbon 

cleavage and ring fissions that lead to the release of several polar metabolites with low molecular 

weight (Figure 4). The main quercetin metabolites produced by the human microbiota are 3’,4’-

dihydroxyphenylacetic acid and its dehydroxylated counterpart, 3’-hydroxyphenylacetic acid3, 44. 

Overall, a great degree of variability has been reported3, highlighting a very subjective behaviour, 

likely related to the different composition of the gut microflora in different subjects. 

2.5.  Anthocyanins 

Anthocyanins are a group of natural pigments responsible for the attractive red-blue colour of 

flowers and many fruits; their estimated average dietary intake is about 60 mg/day (Figure 5), but great 
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variability is known according to specific dietary habits, and daily intakes in excess of 1 g are 

feasible45. They are glycosides of polyhydroxy- and polymethoxy- derivatives of 2-

phenylbenzopyrylium or flavilium salts. Six anthocyanidins, the aglyconic version of anthocyanins, are 

commonly found in plants: cyanidin, pelargonidin, peonidin, delphinidin, petunidin, and malvidin. The 

sugars most commonly bound to anthocyanidins are glucose, galactose, rhamnose, and arabidose. Some 

aliphatic or aromatic acids can also bind to the sugar residue46, 47. 

The main dietary sources of anthocyanins are berries (up to 5000 mg/kg), red grapes (up to 

7500 mg/kg) and red wine (up to 350 mg/L). Pomegranates, red cabbages, purple carrots, purple 

potatoes, and purple corn can also contribute to the dietary intake of anthocyanins but, despite the high 

anthocyanin content, their current contribution to the diet is still limited48-50. 

Anthocyanins appear to have low bioavailability, with typical recoveries of <1% of the 

intake51-53. Human feeding studies have showed that, after consumption of anthocyanin-rich foodstuffs, 

anthocyanins but mainly their phase II conjugates (methyl, glucuronide, and sulphate) rapidly reach 

maximum plasma concentrations never overcoming the nanomolar range, typical of absorption in the 

upper gastrointestinal tract. However, the vast majority of the ingested anthocyanins reach the large 

intestine, where they are metabolised by the gut microbiota (Figure 5)54-56. Consumption of raspberries 

by subjects with an ileostomy exhibited a >40% recovery of the ingested dose in the ileal fluid, 

although notable differences were recorded among volunteers57. Once in the large intestine, 

anthocyanins are hydrolysed by the local microbiota through to β-glucosidase activity58. The resulting 

aglycones are broken down by cleavage of the C3-ring, and further metabolised into a broad array of 

phenolic and aldehydic constituents, with a scheme similar to that of flavonols. Protocatechuic acid has 

been pointed out as the main catabolite of cyanidin-3-O-glucoside in humans59. Gallic, syringic, and 

vanillic acids have been identified as the major degradation products of delphinidin-3-O-glucoside, 

malvidin-3-O-glucoside, and peonidin-3-O-glucoside, respectively60, 61. 
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2.6. Flavanones 

Flavanones are a sub-group of flavonoids mainly present in citrus fruits, particularly in the 

albedo. They can be also found in tomatoes. Hesperetin and its derivatives are characteristic flavanones 

of sweet orange, tangelo, lemon and lime, while naringenin and its derivatives are those of grapefruit 

and sour orange 62. The most common flavanone glycoside is hesperetin-7-O-rutinoside (hesperidin) 63 

and the daily mean intake of flavanones ranges from 7.6 to 93.7 mg/d 64. 

The major studies on absorption and metabolism of flavanones have been performed with 

orange juice, the main source of flavanones in the diet, and have highlighted the importance of 

structure, food matrix, and absorption/excretion capacity on the bioavailability of flavanones 65-67. After 

consumption of 250 mL of an orange juice containing 168 µmol of hesperetin-7-O-rutinoside and 

12 µmol of naringenin-7-O-rutinoside by healthy volunteers, hesperetin-7-O-glucuronide and an 

unassigned hesperetin-O-glucuronide were detected in plasma.  The combined Cmax for the hesperetin 

glucuronides was 922 nM at a Tmax of 4.4 h, which is indicative of absorption in the colon (Mullen et 

al. 2008a). Both glucuronide and sulphoglucuronide metabolites of hesperetin and naringenin, while 

absent in plasma, were recovered in urine, emphasizing substantial post-absorption phase II metabolism 

66, 68. The quantities of metabolites excreted in 0-24h urine accounted for 6.5% of the ingested 

hesperetin-7-O-rutinoside, in contrast to the 17.3% recovered from the naringenin-7-O-rutinoside dose 

66. The higher level of excretion of naringenin metabolites could be related to the impact on absorption 

of different substituents on the flavanone B ring 66 rather than the amounts ingested 68. Similar relative 

levels of urinary excreted flavanone metabolites have been reported for differently treated orange juices 

67.  Tomás-Navarro and colleagues67 pointed out that the intake of similar amounts of soluble 

flavanones, irrespective of the juice treatment, lead to relatively similar levels of urinary metabolites.  

Urinary excretion of citrus flavanones may also vary depending on the flavanone source, as noted with 

the excretion of naringenin metabolites after the consumption of grapefruit and orange juices 65. 
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2.7.  Flavan-3-ols and proanthocyanidins 

Flavan-3-ols are a complex subclass of polyphenolic substances lacking glycoside residues 

and ranging from simple monomers to oligomeric and polymeric proanthocyanidins. Monomeric 

flavan-3-ols include (+)-catechin, (−)-epicatechin, gallocatechin, epigallocatechin, their galloyl 

substituted derivatives (epicatechin-gallate and epigallocatechin-gallate), (+)-afzelechin and (−)-

epiafzelechin. Proanthocyanidins, also known as condensed tannins, encompass a large span of 

polymerisation degrees of flavan-3-ol monomeric units and, due to limitations in the analytical 

methods, their actual dietary intake has not been adequately evaluated, but is estimated to be around 

300 mg/day (Figure 6). These substances can be classified according to the structure of their 

monomers: those consisting entirely of epicatechin units are called procyanidins; if they contain 

epigallocatechin or epiafzelechin are named prodelphinidins and propelargonidins, respectively. 

Proanthocyanidin dimers can also be classified attending to the position of C-C or C-O intermolecular 

bonds: the most common B-type proanthocyanidins share a C-C bond in the 4 → 6 or 4 → 8 position, 

while the least frequent A-type proanthocyanidins are formed by an additional C-O linkage in the 2 → 

7 or 2 → 5 positions69. 

Flavan-3-ol monomers and proanthocyanidins are widely spread in fruits and vegetables 

(mainly tea, cocoa and dark chocolate, apples, pears, grapes, berries, plums, nuts, and red wine, see 

Figure 6), being the most largely consumed polyphenols in Western populations. Dark chocolate alone, 

can contain up to 16500 mg/kg of procyanidins70-73. Being characterized by a large span of molecular 

weights and structures, the solubility, absorbability, and bioavailability of these compounds may vary 

greatly, but some common trends may be outlined. 

In humans, (−)-epicatechin-3’-O-glucuronide (reaching plasma levels ~600 nM) has been 

pointed out as the main (−)-epicatechin metabolite after cocoa consumption, followed by (−)-
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epicatechin 3’-O-sulfate (~300 nM)74. Regarding tea consumption, (−)-epigallocatechin-3-O-gallate is 

the only circulating unmetabolised compound, and the highest in absolute concentration with respect to 

(−)-epigallocatechin and (−)-epicatechin conjugates75. However, it has been estimated that only about 

8-17% of dietary flavan-3-ols are bioaccessible in the small intestine, while the remaining unabsorbed 

fraction of flavan-3-ol monomers and proanthocyanidins has been reported to reach almost intact the 

large intestine76, 77. Here, the colonic host microbiota is able to break down the flavonoidic skeleton 

generating several low molecular weight metabolites, namely phenylpropionic, phenylacetic, hippuric, 

and benzoic acids with different hydroxylation patterns and, largely exceeding all the other metabolites, 

γ-valerolactones (Figure 6)75, 76, 78-80. 

2.8. Hydrolysable tannins: gallotannins and ellagitannins 

Hydrolysable tannins are the main group of plant tannins, with more than 500 structures 

hitherto identified. Hydrolysable tannins, polyesters of a sugars (usually glucose) and phenolic acids, 

are divided into two subclasses according to their structural characteristics: gallotannins when the 

represented phenolic is gallic acid, and ellagitannins, characterised by the presence of at least one 

hexahydroxydiphenoyl group, that spontaneously rearranges into ellagic acid upon hydrolysis81. Ellagic 

acid can also be present in its free form or as ellagic acid derivatives through methylation, 

methoxylation, and glycosylation82. 

Ellagitannins are typical constituents of many plant families, whilst the distribution of 

gallotannins in nature is rather limited (Figure 7)83. However, despite their wide distribution, the 

occurrence of ellagitannins is restricted to a few fruits and nuts (Figure 7) including raspberries (up to 

2600 mg/kg), strawberries, blackberries, blueberries, pomegranate (up to 5700 mg/L in juice), 

muscadine grapes, and persimmon, as well as walnuts (up to 590 mg/kg), hazelnuts, and oak-aged 

wines (where tannins are released from the oak barrels, up to 50 mg/L)84. Given their bitter and 

astringent taste, and as a consequence of their presence in plant tissues and organs with limited 
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nutritional value (barks, wood), the presence of these substances in plant foods has been gradually 

reduced during centuries by means of agronomic selection and food processing. At present a normal 

western diet may provide 5-15 mg/day of ellagitannins. 

After ingestion of hydrolysable tannins, these polymeric structures are hydrolysed to yield 

gallic acid and/or ellagic acid for gallotannins, and ellagitannins, respectively. The released gallic acid 

may be metabolised into pyrogallol and pyrocatechol by the gut microbiota85 or may be absorbed and 

appear in the circulatory system free or methylated (3-O-methylgallic acid, 4-O-methylgallic acid, 3,4-

di-O-methylgallic acid).  In some cases, 2-O-sulfate-pyrogallol86, 87 has also been described in human 

plasma after consumption of hydrolysable tannin sources. Free ellagic acid can be absorbed and 

undergoes extensive phase II metabolism; however, the bulk of the ellagic acid hydrolysed from 

ellagitannins (more than the 99%) is metabolised into urolithins by the gut microbiota (Figure 2)57. 

Urolithins are microbial metabolites possessing a 6H-dibenzo[b,d]pyran-6-one structure with different 

phenolic hydroxylation patterns: urolithin D, tetrahydroxydibenzopyranone; urolithin C, 

trihydroxydibenzopyranone; urolithin A, dihydroxydibenzopyranone; and urolithin B, 

monohydroxydibenzopyranone (Figure 7)88. It must be noticed that these substances differ largely from 

their starting counterparts and are not present in food sources. After absorption at the colonic region, 

urolithins appear in the circulatory system almost exclusively as glucuronide, sulphate and methylated 

metabolites in amounts that rarely exceed nM concentrations61. Urolithin A glucuronide has been 

pointed out as the main metabolite excreted in urine after ellagitannin consumption, followed by 

urolithin B glucuronide and the free forms urolithin A and urolithin B (Figure 2)57, 61, 89, 90. However, 

considerable inter-individual variability in urolithin excretion levels has been observed, clearly 

associated with different colonic microbiota composition. 

 

3. Cholesterol metabolism in atherosclerosis pathogenesis 
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3.1. Atherosclerosis 

Cardiovascular Disease (CVD) underpinned by atherosclerosis represents the leading cause of death in 

industrialized societies91. Epidemiological studies have identified at least two classes of risk factors for 

developing atherosclerosis, behavioural (smoking, physical inactivity, unhealthy diet) and metabolic 

(high blood pressure, diabetes, high lipid levels, obesity). However, elevated levels of serum 

cholesterol have been identified as the key driving force for the development of atherosclerosis, in the 

absence of other known risk factors and therefore CVD has long been characterized as a lipid related 

disease due to the nature of its end stage pathology92. In particular, low-density lipoprotein cholesterol 

(LDL-C) represents one of the major predictors of coronary heart diseases. Conversely, several 

epidemiologic studies have strongly supported the inverse correlation between high-density 

lipoproteins (HDL) levels and risk of cardiovascular disease93. In this context the central role of 

cholesterol metabolism in the cascade of events that leads to atherosclerosis is clear, being the 

accumulation of LDL in the subendothelial matrix (intima of vessel) a primary initiating factor. 

Accumulation is greater when levels of circulating LDL are raised, as it occurs in hypercholesterolemia. 

LDL in the subendothelial matrix become minimally oxidized, thus acquiring pro-inflammatory activity. 

However, they are not sufficiently modified to be recognized by macrophage scavenger receptors and 

are still uptaken by the LDL receptor (LDLR)94. Accumulation of minimally oxidized LDL stimulates 

further pro-inflammatory processes, including the differentiation of monocytes into macrophages, and 

their expression of scavenger receptors, such as SR-A and CD36. This latter event is responsible for 

modified LDL particle uptake by macrophages, leading to uncontrolled cholesterol accumulation and 

foam cell formation. With lesion progression, LDL becomes ‘highly oxidized’ and can be taken up 

more efficiently by foam cells. Cells can protect themselves from excessive cholesterol loading by 

effluxing cholesterol to HDL particles, which represents the first step of the reverse cholesterol 

transport (RCT)95 Nonetheless, cholesterol efflux is not sufficient to block disease progression, and the 
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continuous accumulation of cholesterol leads to macrophage death and formation of a necrotic core that 

includes cholesteryl esters, cell debris, and macrophages.  

Although advanced atherosclerotic lesions can lead to ischemic symptoms as a result of progressive 

narrowing of vessels, pathological studies suggest that acute cardiovascular events, that result in 

myocardial infarction and stroke, generally are a consequence of plaque rupture and thrombosis96. 

3.2. Cholesterol homeostasis, cholesterol efflux and reverse cholesterol transport 

3.2.1. Synthesis, absorption and cholesterol trafficking 

As cholesterol is essential for cellular physiology, but toxic when in excess, a strict control of its 

synthesis is necessary. Almost all body cells synthesize cholesterol, although the liver is the major site 

of synthesis in most mammals97, 98. The biosynthetic pathway involves 25 enzymatic steps through 

which C2 acetate moieties are converted to a C27 cholesterol molecule99. The conversion of 3-

hydroxy-3-methylglutaryl CoA (HMG-CoA) into mevalonate by HMG-CoA reductase is the major 

rate-controlling step. The activity of this enzyme is regulated both at mRNA and at protein level by 

various sterols and isoprenoid metabolites100. Moreover, microRNAs (miRs)-mediated regulation has 

been recently discovered. In particular, miR-122 and miR-33 are likely to up-regulate several 

cholesterol biosynthetic genes, including HMG-CoA reductase101. 

Another important source of cholesterol is represented by cholesterol absorbed in the intestinal lumen, 

which is derived  from the diet as well as from the bile. Cholesterol absorption mostly occurs in the 

duodenum and in the jejunum. Net influx from intestinal lumen into the enterocytes results from the 

balance between absorption through the transporter Niemann-Pick C1-Like 1 (NPC1L1) and efflux 

through two half-transporters, named ATP binding cassette transporter G5/G8 (ABCG5 and ABCG8). 

Intracellular cholesterol is esterified in the endoplasmatic reticulum by the enzyme Acyl-CoA 

cholesterol acyltransferase2 (ACAT2). Once esterified, cholesterol is incorporated into chylomicrons 

together with triglycerides, phospholipids and apoB48 by microsomal triglyceride transfer protein 
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(MTP). Chylomicrons are delivered to the lymph and they reach the blood circulation through the 

thoracic duct. Chylomicrons are mainly composed of triglycerides and few cholesteryl esters. They are 

remodelled while travelling through the systemic circulation by the action of lipoprotein lipase (LPL), 

which hydrolyses their triglycerides. These particles are normally cleared rapidly and efficiently from 

the plasma by the liver, through binding to LDLR102. 

In the hepatocytes, lipids and proteins are assembled together by MTP, forming the very low density 

lipoproteins (VLDL). VLDL are primarily composed of triglycerides (around 45–50% w/w), but also 

contain free and esterified cholesterol and ApoB100 protein.  

LDL are primarily composed of free cholesterol and cholesteryl esters. They contain ApoB100, which 

allows LDL to be cleared from plasma by the LDLR pathway. LDL represent the main cholesterol 

transporter, responsible for the delivery of cholesterol to peripheral tissues in humans, since 60-70% of 

the total serum cholesterol is carried by these lipoproteins103. Therefore LDLR plays a crucial role in 

maintaining cholesterol homeostasis, and its expression is strictly regulated both at transcription and 

posttranscriptional level104, 105. 

3.2.2. HDL and cholesterol removal 

HDL are the smallest lipoprotein particles, with the highest protein content (35–56% w/w). HDL are a 

heterogeneous mixture of particles differing for size, density, electrophoretic mobility and lipid and 

lipoprotein composition, but all characterized by ApoA1 as major protein component. ApoA1 is 

secreted by liver and intestine and is lipidated in the circulation through the efflux of lipids from 

peripheral cells, thus forming mature HDL. Indeed, the main physiological role of HDL is the transport 

of cholesterol from the peripheral tissues to the liver for disposal into the faeces (the RCT process 

mentioned before). During this pathway HDL are continuously remodelled106. 

The first and limiting step of this pathway is the efflux of cholesterol from peripheral cells to HDL, that 

occurs through different transporters: ABCA1, ATP binding cassette G1 (ABCG1) and Scavenger 
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receptor B1 (SR-BI)107. ABCA1 and ABCG1 mediate unidirectional flux of cholesterol, thus leading to 

net removal of cell cholesterol, whereas SR-BI mediates a bidirectional flux of free cholesterol, whose 

net movement is determined by the concentration gradient108. HDL capacity to mediate cell cholesterol 

removal has been recently associated to cardiovascular protection109. Thus, efflux potential of sera 

could be proposed as a novel biomarker characterizing the individual cardiovascular risk and the HDL 

function, beyond their circulating levels, and could be considered a target for innovative 

atheroprotective strategies. Macrophage expression of ABCA1 and ABCG1 is transcriptionally up-

regulated in response to elevated cellular cholesterol levels by the nuclear liver X receptors α and β 

(LXRα and LXRβ), which act as heterodimers with their partner, the retinoid X receptor. In vitro and in 

vivo studies revealed that synthetic LXR agonists may increase cholesterol efflux and macrophage 

RCT110, inhibit atherosclerosis progression111 and promote atherosclerosis regression112. Moreover, it 

has been demonstrated that ABCA1 can also be up-regulated by peroxisome proliferator-activated 

receptor (PPAR)-α as well as PPAR-γ agonists113, 114, promoting macrophage cholesterol efflux in vitro 

and limiting macrophage foam cell formation and atherosclerosis progression in vivo115. Conversely, 

miR-10b has been shown to directly repress ABCA1 and ABCG1, negatively regulating cholesterol 

efflux from lipid-loaded macrophages116. 

Along the RCT pathway, cholesterol released from peripheral cells may be taken up by the liver 

through several distinct routes. The most direct involves the selective uptake of both unesterified and 

esterified cholesterol mediated by SR-BI117. Alternatively, HDL cholesterol can be transferred to apoB-

containing lipoproteins by lecithin-cholesterol acyltransferase, cholesteryl ester transfer protein (CETP) 

and taken up by the LDLR117. 

To be excreted, HDL-derived cholesteryl esters need to be hydrolysed to generate free cholesterol. The 

latter can be secreted into bile, either directly, through the heterodimers ABCG5/G8, or after 

conversion into bile acids118. 

Page 18 of 46Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



19 
 

 

4. Effect of (poly)phenolic compounds in the development of atherosclerotic cardiovascular 

disease 

Several epidemiological observations have linked (poly)phenolic intake to atheroprotective effects in 

humans. In particular, the improvement of lipid metabolism causing the reduction of cardiovascular 

risk factors  has been reported after diets enriched in nuts, coffee, cocoa, grapes, and berries. In this part 

of the review work, pomegranate and olive oil have also been added, although the cardioprotective 

activities of these foods have been mainly associated to antioxidant, anti-inflammatory effects. 

However, emerging data, including those from our research groups, suggest that these compounds can 

positively modulate lipid metabolism. In the following narrative, the main relevance has been attributed 

to data from epidemiological and clinical trials in which the impact of polyphenol-containing food on 

the appearance of cardiovascular disease was the principal end point. In vitro and in vivo studies were 

considered relevant and included only when they offered proper insights and elucidations of the 

putative underlying mechanisms of action and of the individual active substances. A visual synthesis of 

present knowledge is provided in Figures 8 and 9. 

4.1. Nuts 

Cardiovascular improvement following a high consumption of nuts has been known for a number of 

years119, 120, and was recently further documented by trials assessing the cardiovascular benefits of the 

Mediterranean diet121. Review of several studies, including large prospective trials of primary 

prevention, allowed to establish that daily ingestion of at least 30 g of nuts, or frequent weekly 

consumption (≥ 4 times), may reduce cardiovascular risk by 37%. A mean reduction of 8.3% for each 

incremental serving per week has been estimated122. This effect is at least partly related to the reduction 

of total and LDL cholesterol, apoB and apoB/apoA ratio, and increase of HDL, as demonstrated in 

different intervention trials involving hypercholesterolemic men and women123. In addition, a more 
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detailed analysis evidenced the positive influence of nut consumption on lipoprotein remodelling in 

subjects at high cardiovascular risk fed a nut-enriched diet. Specifically, decreased LDL is 

accompanied by a shift towards increased size particle and a reduction in the most atherogenic small, 

dense LDL121. Importantly, the effects of nut intake are dose-related and are likely to be independent of 

nut types; almonds, hazelnuts, pecans, pistachios, walnuts, peanuts are all effective, with a reduction in 

the total cholesterol by 5% and LDL concentration by 10%, as well as an increase in the HDL/LDL 

ratio by 8.3%119, 123. Several components of nuts may play a crucial role in these cardiovascular benefits, 

in addition to phenolic substances, such as γ-tocopherol, α-linolenic acid, linoleic acid, phytosterols, 

micronutrients and L-arginine124. However, a study performed in atherosclerosis-susceptible mice 

suggested that the combined presence of polyunsaturated fatty acids and polyphenols is necessary for 

atheroprotective activity to occur. In fact, only the consumption of whole walnuts, rich in both 

components, and not walnut oil, containing only polyunsaturated fatty acids, caused the reduction of 

atherosclerotic plaques and decreased levels of circulating and hepatic lipids125. Unfortunately, in this 

paper, the exact composition of the diet cannot be provided, but it is possible to postulate that whole 

walnuts contain a significant amount of phenolic acids, flavan-3-ols, proanthocyanidins and 

ellagitannins. The importance of associating polyphenols and polyunsaturated acids was also confirmed 

in humans, where a 3.3% increase in cholesterol efflux potential of serum was observed in moderate 

hypercholesterolemic subjects undergoing acute consumption of whole walnuts126. This study indicates 

a novel mechanism of atheroprotection following nut ingestion. 

4.2.  Coffee 

As one of the most widely consumed beverages worldwide, the impact of coffee on cardiovascular 

health has been extensively studied for decades. More recent meta-analysis, including large prospective 

cohort studies, established a U-shaped association between cardiovascular risk and coffee intake, with 

the lowest risk at 3–5 cups per day127, 128. The reason for this non-linear trend could be found in the 
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complex mixture of substances constituting coffee, in which both beneficial and detrimental 

compounds coexist. For example, it is well known that caffeine induces cardiac dysrhythmias and 

increases blood pressure, whereas the diterpenes (kahweol and cafestol) raise plasma cholesterol. 

However, the phenolic compounds may exert cardioprotective activities. From this point of view, even 

the brewing method is important, because it influences the final composition of the beverage. The 

current habit to drink filtered coffee, where the diterpenes are absent, may result in more beneficial 

effects compared to the consumption of boiled, unfiltered coffee. 

The specific mechanisms accounting for the atheroprotective effects of phenolics from coffee have 

recently been elucidated in a translational study129. Here, the coffee consumption by healthy subjects 

resulted in increased expression of SR-BI and ABCG1 in macrophages derived from circulating 

monocytes (Figure 8), with a consequent 1.4-fold increase in cholesterol efflux. Concomitantly, sera 

collected after the intake of coffee was enriched with phenolic compounds, and promoted cell 

cholesterol efflux in cultured THP-1 macrophages more efficiently than pre-coffee sera. In vitro and in 

vivo investigations revealed that incubation of macrophages with ferulic or caffeic acid increased the 

cholesterol efflux to HDL (Figure 9), whereas the administration of ferulic acid to mice caused the 

elimination of cholesterol via the RCT pathway129. Despite interest in revealing the potential active 

compounds, the in vitro studies should focus more on the phenolic metabolites, in order to confirm the 

compounds that were actually present in plasma, which enabled definition of the brewing protocol that 

guarantees the best potential with regards to atheroprotection. 

4.3.  Tea 

Tea is a very popular beverage worldwide, existing in six types (white, yellow, green, oolong, black, 

and post-fermented), depending on the processing method of Camellia sinensis leaves. All types of tea 

are rich in polyphenols, but the preparation method influences the qualitative/quantitative composition. 

Although oxidised black tea contains theaflavins and thearubigins, non-oxidised green tea is a source of 
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catechins, especially epigallocatechin gallate. The potential health benefits of tea have been widely 

investigated and have received a large amount of attention in recent times. Data from prospective 

cohort studies revealed that the observed decrease in the risk of death from cardiovascular disease, by 

as much as 44%130, could, at least partially, be associated with a reduction in total cholesterol (–7 

mg/dL) and LDL cholesterol (–2 mg/dL)131. The impact of tea on HDL cholesterol is more 

controversial, as both increased132 and unchanged131 levels have been observed in subjects fed green tea. 

The underlying mechanisms have been investigated in different animal models, whose diets were 

supplemented with green tea. An increase in fecal lipid elimination was observed as well as a decrease 

in cholesterol synthesis and LDLR activity and expression (Figure 8)133. From a molecular point of 

view, it is likely that the most active compound in green tea is epigallocatechin gallate, which is able to 

increase cholesterol fecal elimination in vivo by displacing cholesterol from intestinal micelles (Figure 

9)134 and increasing hepatic ABCG5/G8 expression135. In addition, this compound potently inhibits 

HMG-CoA reductase in vitro136. The flavonoid myricetin also plays a relevant role by reducing the 

content of hepatic and plasma lipids in rats through a PPAR-α-mediated mechanism (Figure 9)137. 

Although most studies have focused on the beneficial activities of green tea, some reports have 

suggested that even black tea consumption may exert potential atheroprotective effects in humans by 

reducing plasma lipid levels. This could be related to the ability of theaflavins and their metabolites to 

reduce lipid uptake from the liver, as assessed in cultured hepatic cells138, and to decrease the 

cholesterol solubility in micelles in vitro139. These effects were confirmed in vivo, where the 

administration of theaflavins to rodents reduced intestinal cholesterol absorption138, 139.  

4.4.  Cocoa 

Dark chocolate is a popular food in western countries, where it represents a dietary source of flavan-3-

ols and proanthocyanidins. The protective effect of both the acute and chronic consumption of cocoa 

against atherosclerosis can be attributed to several mechanisms, including the improvement in the 
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lipoprotein profile140. Although systematic review and meta-analysis of randomized trials have 

associated the high intake of flavan-3-ols and phenolic acids, through habitual cocoa-derived product 

consumption, with the reduction of LDL (–15%)141and the increase of HDL (by +24%) (Figure 8)142, 143, 

further studies are necessary to identify the active compounds and the mechanisms of action. Notably, 

the concentrations of all phytochemicals can vary largely between cocoa-based preparations, depending 

on the source of the beans and the processing conditions. Studies focusing on epicatechin, catechins 

and procyanidins have demonstrated that these cocoa polyphenols affect the apolipoprotein synthesis in 

cultured human hepatic and intestinal cells, two cell types that are mainly responsible for apoA1 and 

apoB production (Figure 9)144. In addition, cocoa polyphenols such as (-)-epicatechin, (+)-catechin, 

procyanidins, increased LDLR expression in vitro144. Although this evidence provides a consistent 

mechanism to account for the increased HDL and decreased LDL levels, these data should be 

confirmed with polyphenol metabolites at concentrations congruent with human physiology. Consistent 

with this concept, Guerrero and colleagues demonstrated that administration of a proanthocyanidin-rich 

extract of cocoa to rats produced metabolites that affected the hepatic de novo lipid synthesis in vitro. 

Therefore, this study provides the active substances and the hypolipidemic mechanism of cocoa in vitro 

under actual physiological condition145. 

4.5.  Grapes 

Several dietary products originate from grapes, such as grape juice, de-alcoholised wine, grape-based 

extracts from grape seeds and grape pomace and, obviously, wine. It is well established that red wine, 

in particular, exerts cardioprotective effects. However, wine was excluded in the present discussion, 

owing to the potentially confounding effects of alcohol. Many studies have demonstrated that all 

non-alcoholic grape products may exert atheroprotective effects146. Grapes, especially the red varieties, 

contain significant amounts of anthocyanins, flavan-3-ol monomers, proanthocyanidins, phenolic acids 

(i.e., gallic acid), hydroxycynnamates, as well as trace levels of resveratrol and flavonols. The ingestion 
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of grape products has been associated with a decrease in the amount of LDL (–17%), triglycerides (–

15%) and apoB, in addition to a possible increase in the amount of HDL (+12%) and apoA1, in both 

healthy subjects and in patients with high cardiovascular risk, such as postmenopausal women, 

haemodialysis patients and diabetics (Figure 8)147-149. Although the mechanisms, as well as the active 

compounds underlying these effects, are not completely elucidated, some hypotheses can be proposed. 

Some reports highlight the influence of the major quercetin metabolite, quercetin-3-O-glucuronide, on 

lipid metabolism in cultured macrophages; this compound is likely to enhance ABCA1 expression 

through a LXR-mediated mechanism (Figure 9)150, with a potentially positive impact on the cell 

cholesterol efflux. It has also been indicated to inhibit CD36 expression151, thus preventing foam-cell 

formation. Interestingly, quercetin glucuronides have been found to accumulate in macrophages of 

human atherosclerotic vessels151. If the above described macrophage function effects were confirmed in 

vivo, they would represent a relevant mechanism of atherosclerotic plaque regression. 

It is likely that the triglyceride metabolism is a relevant target for different grape components. 

Resveratrol has been demonstrated to reduce apoB48 and apoB100 production in the liver and intestine 

of obese individuals152, whereas animal studies have revealed a possible interference with lipoprotein 

lipase expression153, which could be in agreement with the reported effects on triglycerides. Naringenin, 

a flavanone present at low concentrations in grapes, may affect VLDL assembly through different 

mechanisms described in vivo, including inhibition of ACAT2, apoB secretion and MTP activity. 

Moreover, naringenin may cause a reduction in the cholesterol level by inhibiting HMG-CoA 

reductase154. Finally, naringenin is likely to exert additional benefits, as demonstrated through in vitro 

studies, revealing the induction of LDLR expression as well as the regulation of PPARα, PPARγ and 

LXRa, leading to the induction of the apoA1 gene (Figure 9)155. Interestingly, these effects have also 

been attributed to naringenin metabolites, thus increasing the physiological relevance of these data156. 
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Serum metabolites of rats that were fed a proanthocyanidin-rich extract of grape seeds demonstrated a 

remarkable decrease in intracellular cholesterol and triglycerides in hepatic cultured cells145. Moreover, 

it has recently been demonstrated that chronic administration of proanthocyanidins to dyslipidemic rats 

can counteract the abnormal increase in the amount of miR-33 and miR-122, whose dysregulation has 

been linked to the development of metabolic diseases157. 

The pivotal role of the colonic metabolism in producing bioactive compounds was recently 

demonstrated in a study where gut microbiota of mice that had been administered cyanidin-3-O-β-

glucoside, or its metabolite protocatechuic acid, were manipulated. Wang and colleagues showed that 

only the latter, originating upon ingestion of cyanidin-3-O-β-glucoside in mice with intact gut 

microbiota, were able to exert multiple anti-atherogenic effects at physiologically reachable 

concentrations, both in vitro and in vivo. Among the described effects, promotion of the macrophage 

cholesterol efflux and RCT in vivo, as well as reduction of the extent of atherosclerosis, are the most 

prominent116. These effects are mediated by the repression of miR-10b, leading to induction of ABCA1 

and ABCG1 in macrophages. 

4.6.  Berries 

It has long been recognised that a diet enriched in berries has atheroprotective effects. Large 

observational studies revealed that this is mostly attributed to the anthocyanin content of berries, whose 

consumption is associated with a protective effect towards myocardial infarction158, mainly for its 

impact on arterial stiffness and blood pressure159. As mentioned in Section 2.5, anthocyanin-mediated 

effects on lipid metabolism have recently been documented in vivo116. 

Studies assessing the atheroprotective effects of berries have been performed using extracts from 

different types of berries (Figure 8). In a study that used rats fed with blueberries, the impact of 

phenolic acid derivatives was demonstrated. In fact, the metabolites isolated from the serum of these 

animals were able to reduce foam-cell formation in vitro by inhibiting CD36 expression. Moreover, 
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these compounds increased the expression of ABCA1, possibly contributing to the removal of excess 

cholesterol from macrophages (Figure 9)160. 

In another study, human intestinal cells were incubated with black chokeberry extract, whose 

consumption is associated with a hypolipidemic effect in hypercholesterolemic subjects161. These 

compounds caused the inhibition of NPC1L1, SR-BI and ABCA1 expression and an increase in 

ABCG5, ABCG8 and LDLR expression in vitro (Figure 9). As a consequence, increased apical 

cholesterol efflux to the intestinal lumen and reduced lipid uptake was observed162. Although these data 

are of interest for suggesting novel mechanisms for the reduction of plasma lipid levels, they should be 

confirmed in experiments using the metabolites of polyphenols that are naturally present in chokeberry 

extract. As described above, in planta, a significant concentration of polyphenols will never be reached 

in plasma, whereas their combined human and colonic metabolites will. These latter molecules should, 

therefore, be the object of future investigations in this regard. 

4.7.  Olive oil 

Evidences from several studies demonstrate that olive oil provides protection against different risk 

factors for coronary heart disease. It was also documented that olive-oil consumption positively affects 

lipid profiles163. Many components can be responsible for this activity, including unsaturated fatty acids, 

simple phenols, triterpenic acids and phytosterols. 

The specific benefits associated with olive oil-derived polyphenols have been demonstrated in a 

randomised, crossover trial, in which the intake of olive oil containing a high content of polyphenols by 

subjects with moderate cardiovascular risk factors was associated with the up-regulation of genes 

involved in cholesterol efflux in blood cells. The increased expression of ABCA1, SR-BI and PPARs, 

by promoting macrophage cholesterol efflux, may represent an antiatherogenic mechanism (Figure 

8)164. 

4.8.  Pomegranate 
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The cardiovascular benefits of pomegranates are mainly associated with their antioxidant and 

antinflammatory activity. However, some studies have also revealed a hypolipidemic effect on 

hypercholesterolemic subjects165.  

In animals fed with pomegranate juice, or extracts from different parts of the fruit, a reduction in 

atherosclerosis was observed (Figure 8). This was associated with a reduced amount of serum lipids 

and decreased lipid uptake from macrophages166, which was confirmed in macrophages from healthy 

subjects receiving pomegranate juice167. In an attempt to identify the active compounds, the phenolic 

compounds in pomegranates were incubated with cultured macrophages exposed to oxLDL. Although 

this experiment revealed the inhibition of cholesterol uptake166, the result must be confirmed using 

metabolites circulating after pomegranate intake and not simply with the structures present in the food 

matrix. Similarly, the demonstration that ellagic acid attenuates foam-cell formation in vitro by 

suppressing SR-BI expression and promoting cell cholesterol efflux through LXR-PPARγ and 

ABCA1168 should be confirmed with urolithins. 

 

5. Conclusions 

Cardiovascular disease (CVD),  which refers to a complex group of related disorders with 

multifactorial aetiologies, unified mostly through the underpinning pathophysiology of atherosclerosis 

and its sequels, remains the topmost cause of global morbidity and mortality. Diet can occupy a key 

role in both primary as well as secondary prevention of atherosclerotic CVD. Epidemiological evidence 

suggests that diets rich in polyphenols may decrease the risk of cardiovascular disease by improving 

lipidemic profiles. Therefore, foods enriched with these compounds can be considered as positive 

contributors to a balanced and health-promoting diet. It is important to note that the beneficial effects 

of these foods largely depend on the final product consumed, because processing and cooking the raw 

material may alter the actual phytochemical composition. Thus, an accurate assessment of the active 
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content is required to postulate the beneficial effects. However, it is not yet clear which substances are 

involved in such trends in vivo or what their actual mode of action is. Currently, in the vast majority of 

in vitro studies, the tested compounds are those that occur in foods or in raw plant material, at doses 

ranging from low micromolar to millimolar concentrations; although, following ingestion, these 

compounds are extensively modified by human and microbial enzymes, and their appearance in the 

internal compartments of the human body rarely exceeds nanomolar concentrations. Thus, the correct 

characterisation of the biological effects of polyphenols must be evaluated through the cellular activity 

of their principal metabolites, as assessed in bioavailability studies. In particular, despite growing 

evidence of their significant distribution in human plasma and tissues, human and colonic metabolites, 

such as urolithins from ellagitannins and γ-valerolactones from flavan-3-ols and proanthocyanidins, 

have never been properly investigated in terms of their effect on cholesterol homeostasis at the 

concentrations that are actually circulating. Finally, as the pattern of human and colonic metabolism 

may vary significantly among different individuals and populations, its possible consequences on the 

design of clinical trials and other intervention studies concerning dietary polyphenols and their 

atheroprotective effects should be carefully taken into account. 

Future studies may be conducted as multicentre randomised controlled trials in high-risk cardiovascular 

groups such as those with overweight/obesity, metabolic syndrome, Type-II diabetics or patients with 

early carotid plaques and other primary CV risk factors, including endothelial dysfuction as a precursor 

of atherosclerosis. 
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Figure legends 

Figure 1: The fate of dietary polyphenols after ingestion. 

Figure 2: Bioavailability and metabolism of dietary ellagitannins. 

Figure 3: Dietary sources, bioavailability, metabolism and atheroprotective effects of phenolic 

acids. 

Figure 4: Dietary sources, bioavailability, metabolism and atheroprotective effects of flavonols. 

Figure 5: Dietary sources, bioavailability, metabolism and atheroprotective effects of 

anthocyanins. 

Figure 6: Dietary sources, bioavailability, metabolism and atheroprotective effects of flavan-3-

ols and proanthocyanidins. 

Figure 7: Dietary sources, bioavailability, metabolism and atheroprotective effects of 

ellagitannins. 

Figure 8: Cellular targets of anti-atherosclerotic effects of polyphenol-containing food.  

Figure 9: Cellular targets of anti-atherosclerotic effects of individual (poly)phenols.  
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