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This chapter aims to provide an overview of cardiovascular diseases, (poly)phenols and their 

cardioprotective properties, with a special focus on the existing evidence related to inter-

individual variability in the cardiovascular response following (poly)phenol consumption and 

the main determinants involved. Subsequently we highlight the current gaps in the literature 

and present the hypothesis, aims and objectives of this thesis. 

 Cardiovascular diseases 

According to the World Health Organisation (WHO), cardiovascular diseases (CVD) are the 

leading cause of mortality worldwide. An estimated 17.9 million people died from them in 

2016 [1]. Between 2007 and 2017 the death rate increased by 21.1 %, with the main causes 

being ischaemic heart disease and stroke [2]. In 2019, they represented one-third of all deaths 

globally with 9.6 million deaths among men and 8.9 million deaths among women [3]. 

According to the WHO, most cardiovascular diseases could be prevented by tackling 

behavioural risk factors such as reducing tobacco use, increase physical activity or encourage 

population to follow healthier diets [1]. 

CVD covers several disorders of the heart and blood vessels, and include coronary heart 

disease (disorder of heart supplying vessels), cerebrovascular disease (disorder of heart 

supplying vessels), rheumatic heart disease (disorder of the heart muscle and valves following 

streptococcal induced fever), congenital heart disease (heart malformation present at birth), 

peripheral arterial disease (disorder of the blood vessels supplying the limbs) and thrombosis 

(blood clots) [1]. Most coronary heart disease and cerebrovascular diseases are caused by a 

build-up of fatty deposits and cholesterol on the inner side (lumen) of the arteries, a 

phenomenon known as atherosclerosis. After some time, these deposits (plaques) cause the 
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arteries to stiffen and their diameter to become irregular, and narrower, inducing a more 

difficult blood flow. This can lead to hypertension, as well as strokes when the plaque rupture 

and a blood clot is formed [1, 4]. In return, hypertension also acts as an aggravating risk factor 

and appears to increase the susceptibility of the small and large arteries to atherosclerosis by 

increasing the physical stress on the arterial wall [5]. One of the mechanisms of 

atherosclerosis formation is the inflammation of medium and large-sized blood vessels. 

Exposure of the endothelium (lining tissue) to high levels of low-density lipoprotein 

cholesterol (LDL-cholesterol) and other substances such as free radicals, leads to higher 

permeability to leukocytes, lymphocytes and monocytes, which penetrate deeper in the 

blood vessel walls, attracting LDL-cholesterol along the way [6]. These particles are captured 

by monocytes and transform into macrophages (foam cells) [7]. Then, smooth muscle cells 

migrate to the site from deeper layers of the vessel wall (the media). Smooth muscle and 

collagen assemble and form a fibrous cap, while macrophages build necrotic tissue under this 

cap (atheromatous plaques) [8]. As more lipids accumulate, the plaques start to bulge in the 

vessel lumen, while the fibrous cap becomes thinner, and the endothelial layer of the plaque 

start to fissure [9]. Subsequently, the rupture becomes complete and the plaque, lipid 

elements, and cellular debris may accumulate in the vessel lumen to form a thrombus 

potentially causing a stroke or a heart attack [1, 9]. The complete mechanism of 

atherosclerosis is yet to be understood, but several in vitro studies have suggested that 

endoplasmic reticulum stress could play an important role [10, 11]. In addition, several 

behavioural risk factors have been identified in the mechanism of atherosclerosis [1, 12]. A 

meta-analysis of 33 studies (N= 883 372) showed that physical activity was associated with a 

35 % reduction in cardiovascular risk mortality (95 % CI: 30, 40 %) [13]. Tobacco use was also 

identified as a risk factor by a meta-analysis (N= 37 201 000) showing that acute myocardial 
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vegetable intake below 500 and 800 grams per day, respectively [21]. Similar conclusions 

were taken from a meta-analysis of seven prospective studies, including 90 513 men and 141 

536 women, examining the association between fruit and vegetable intake and the risk of 

stroke. The risk of stroke was significantly decreased by 11 % for each daily additional fruit 

portion and by 5 % for each daily additional portion of fruit and vegetables together. A linear 

association suggesting a dose-response association between fruit and vegetable intake and 

stroke was also found [22]. 

Fruit and vegetable are high in water and fibre, and low in fat, making them low energy 

density foods [23]. Additionally, they are a source of vitamins, minerals and bioactive 

phytochemicals named (poly)phenols [24]. The low amounts of salt, fat, cholesterol and sugar 

from a plant-based diet may decrease vascular endothelial cell injury [25]. Additionally, 

(poly)phenols contained in fruit and vegetables may decrease oxidation of LDL-cholesterol 

and subsequently prevent monocyte adhesion to the endothelial lining followed by a 

monocyte transformation into macrophages, and foam cell formation, potentially ending as 

the formation of a fibrous cap that could occlude arteries [25]. (Poly)phenol could therefore 

be responsible, at least partly, for the cardioprotective effects of fruit and vegetable 

consumption [26]. The evidence in favour of such hypothesis will be presented in the next 

section. 
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 (Poly)phenols 

 

(Poly)phenols are secondary phytochemical metabolites found in a broad range of plants, fruit 

and vegetables, often produced as a defensive mechanism against ultraviolet light and 

aggression by pathogens [27]. They are also responsible for the colour of certain foods such 

as the red colour in berries for example [28]. Major (poly)phenol dietary sources include fruit 

(berries, citrus, apples, etc.), as well as beans, nuts, vegetables, soy products, red wine and 

red grapes, cocoa, dark chocolate, coffee, green and black tea, flaxseeds and some spices [29-

31]. 

(Poly)phenols include over 8000 compounds and can be subdivided into different subgroups 

based on their structures [32]. All of them have at least one aromatic ring in their chemical 

structure with one or more hydroxyl groups attached. Depending on the number of phenol 

groups and how they are bound to one another, (poly)phenols can be classified in different 

groups including tannins, non-flavonoid compounds, such as phenolic acids, stilbenes, lignans 

or ellagitannins, and flavonoids. Tannins are (poly)phenol soluble in water [33] and include 

hydrolysable tannins which regroups simple gallic acid derivatives, gallotannins, and 

ellagitannins [34] (Figure 1). Flavonoids feature a common structure consisting of two 

aromatic rings (A and B) that are bound together by three carbon atoms that form an 

oxygenated heterocycle (ring C) (Figure 1). This group can then be divided into six subclasses 

as a function of the type of heterocycle involved: flavonols, flavones, isoflavones, flavanones, 

anthocyanidins, flavan-3-ols (Figure 1) [28].  
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Figure 1: (Poly)phenol classification 

Important sources of (poly)phenol include, but are not limited to, berries, such as red 

raspberries (Rubus idaeus), which contain high amounts of anthocyanins [35] , phenolic acids 

(including benzoic and cinnamic acid derivatives hydroxybenzoic, vanillic, syringic, gallic, 

coumaric, caffeic, ferulic, and sinapic acids) [36, 37]. Other (poly)phenols contained in red 

raspberries include ellagitannins [35, 37] and flavan-3-ols [36-40]. Other sources of 

(poly)phenols include flaxseeds (Linum usitatissimum) which contain high amounts of lignans 

[41] or products derived from soy (Glycine max) that are known to contain important amounts 

of isoflavones [42]. 

 

Several epidemiological studies have shown an inverse association between (poly)phenol 

intake and the risk of chronic diseases such as cardiometabolic diseases. A meta-analysis of 

22 prospective studies (N=11 795) reported that, in comparison with those having lower 

intake, high consumption of total flavonoids was associated with decreased risk of all-cause 

mortality (RR = 0.74, 95 % CI: 0.55, 0.99, N=18 036). For each increase of flavonoid intake of 

100 mg/day, a linear decrease of 4 % of CVD mortality was observed [43]. Similar 
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cardioprotective effects reported in different cohorts, including the PREDIMED study where 

a decrease of 46 % (95 % CI: 0.33, 0.91) in the risk of CVD was found between the lowest and 

highest (poly)phenol consumers [44], and the SUN cohort where the incidence of 

cardiovascular event was 47 % lower (95 % CI: 0.29, 0.98) for participants with the highest 

flavonoid intake when compared with those with the lowest intake [45]. These observations 

are supported by an increasing number of randomized-controlled clinical trials and meta-

analysis of randomized-controlled trials showing that acute and short term supplementation 

of (poly)phenols or (poly)phenol-rich foods led to improvements in biomarkers of 

cardiovascular disease such as blood pressure, blood lipids or endothelial function [44, 46-

59]. Multiple mechanisms behind such benefits have been proposed, including modulation of 

cell signalling pathways, reduction of platelet aggregation, effects on cholesterol synthesis, 

nitric oxide production and hormone metabolism [38, 60, 61]. Evidence from in vitro and 

animal models gives hints on the mechanisms involved (regulation of redox enzymes by 

reducing reactive oxygen species production from mitochondria, NADPH oxidases and 

uncoupled endothelial nitric oxide synthase leading to an increased production of nitric oxide) 

[62-64]. However, some mechanisms still remain unclear as most of the experiments 

conducted so far used native food compounds instead of circulating metabolites, at non-

physiological concentrations [65]. To elucidate these mechanisms using physiologically 

relevant studies, it is essential to understand how (poly)phenols are metabolised and how 

bioavailable they are. It is also important to understand which metabolites reach the target 

tissues, and at which concentration [66]. 
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Most (poly)phenols are found in food as esters, glycosides, or polymers that cannot be 

absorbed easily [28]. To become bioaccessible (quantity of the ingested (poly)phenol that 

becomes available to be absorbed), the native parent compound needs to be released from 

the food matrix [67]. Bioaccessibility is first modulated in the upper gastrointestinal tract by 

the action of digestive enzymes and intestinal pH, with hydrolysis and other reactions 

occurring in the stomach or small intestine allowing a first fraction to be absorbed in these 

compartments [28, 68, 69]. It is estimated that only 5 % to 10 % of the (poly)phenols are 

absorbed in the small intestine. The rest of the non-absorbed (poly)phenolic compounds 

reach the large intestine and some are then metabolized by the gut microbiota and absorbed 

as smaller phenolic compounds while others are excreted in the faeces [70]. The non-

absorbed fraction that reaches the colon is transformed by the gut microbiota: (poly)phenols 

are hydrolysed and broken down into smaller catabolites following processes such as 

decarboxylation, demethylation, and dihydroxylation [66]. These smaller compounds are 

more easily absorbed due to their smaller molecular weight [66]. Once absorbed, these 

catabolites can reach tissues and target organs via the portal vein potentially exerting 

biological activity [71]. Some of these catabolites will reach the liver or the kidneys where 

further reactions will take place, in particular phase II metabolism. The three main phase II 

transformations occurring mainly in the small intestine and the liver are methylation, 

sulfation and glucuronidation. These metabolic processes aim to detoxify the compounds 

ingested and facilitate their biliary and urinary elimination by increasing their hydrophilicity 

[28]. The bioavailability of (poly)phenol compounds (fraction of the compound that reaches 

the systemic circulation) is therefore mainly composed of conjugated metabolites, as 
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opposed to the parent compound originally present in foods. The variability in bioavailability 

varies greatly among (poly)phenols, and the most abundant (poly)phenols in our diet are not 

necessarily those having the higher bioavailability [28]. The evidence regarding the 

bioavailability of many (poly)phenolic compounds remains however scarce and more studies 

are required. One of the main difficulties lie in the absence of commercially available 

authentic standards to ensure accurate quantification of the wide number of metabolites 

being formed in the gastrointestinal tract after (poly)phenol consumption [72, 73]. 

 Gut microbiome and (poly)phenols: a two-way 

relationship 

It is now well known that the gastrointestinal tract is colonized by bacteria, especially in the 

colon. The abundance and diversity of this microbiome is modulated by several factors such 

as the host genome [74], age, antibiotic use, as well as diet and food intake [75]. The 

compounds selectively metabolized by the gut microbiome are named prebiotics and some 

of them confer health benefits, such as (poly)phenols [76]. Several animal studies 

investigating the effect of anthocyanin, flavan-3-ol, proanthocyanidin or isoflavone 

consumption on the gut microbiota, have shown significant increases in beneficial bacteria 

such as Akkermansia and Bifidobacterium, and decreases in the ratio Firmicutes over 

Bacteroidetes [77-96]. In two human clinical trials, increases in Lactobacillus and 

Bifidobacteria were observed after consumption of anthocyanin-rich drinks and flavan-3-ols 

[97, 98], and increases in Faecalibacterium levels were observed after consumption of 

ellagitannins (punicalagins) and ellagic acid (pomegranate extract) [99]. 
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Though molecular mechanisms remain unclear, it has been established that gut microbiome 

plays an important role in the host health. The probiotic activity of Bifidobacteria [100] and 

Lactobacillus [101] have shown potential cardioprotective effects by exerting anti-

inflammatory effects [101]. Other bacteria have also gained interest in the recent years as 

patients with coronary heart disease were reported to have a decreased proportion of 

Bacteroidetes and increased proportion of Firmicutes [102]. Other evidence coming from in 

vitro studies have shown that (poly)phenol could modulate these bacteria by modulating their 

growth [103]. One potential modulator of the cardioprotective effects of (poly)phenols could 

therefore potentially lie in their prebiotic effect.  

This (poly)phenol-microbiome relationship is bi-directional. While (poly)phenols modulate 

the gut microbiome leading to a more beneficial gut microbiome profile, the gut microbiome 

metabolizes (poly)phenols increasing their bioavailability and potentially their health 

benefits. A high variability in (poly)phenol gut microbial metabolism has been observed, 

possibly due to the high variability in gut microbiome composition in humans [104, 105]. This 

high variability makes the study of (poly)phenols and health a complex task. However, 

stratifying people according to their (poly)phenol-metabolizing phenotypes, or metabotypes, 

may explain the high variability in response and mixed results seen in clinical studies 

investigating their health benefits [106]. 

The most established metabotypes (gut microbiome (poly)phenol-metabolizing phenotypes) 

are related to isoflavone metabolism. Soy isoflavones precursors daidzin and daidzein are 

metabolised into the gut microbial metabolite equol. Interestingly, only around 20-30 % of 

the Western population are equol-producers [107], while Asian populations have a higher 

percentage (50-60 %) [108]. These metabotypes are likely to be induced by different bacteria 
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[109], though all bacteria involved are still unknown. The current evidence shows that 

important contributors to equol production are Eggerthella, different Lactobacilli, 

Bifidobacterium and Slackia [109]. These metabotypes are particularly relevant to vascular 

health as several trials and observational studies have reported that S-equol could have anti-

atherogenic properties, including improvement of arterial stiffness and may prevent coronary 

heart disease [110]. An acute study conducted with 14 male participants showed 

improvement in carotid-femoral pulse wave velocity equating to an 11-12 % reduced risk of 

cardiovascular disease. These cardioprotective effects were not observed in non-equol 

producers [111]. It has been reported that equol producers consume less fat while consuming 

more carbohydrates, including dietary fibre, a known gut microbial modulator [112, 113], 

thus, suggesting that background diet could be an important determinant to explain the inter-

individual variability in the gut microbial composition, equol metabolite production and 

subsequently, in the cardiovascular response to isoflavone consumption. In this sense, a study 

conducted with 208 postmenopausal women aged 45 to 74 years old found that women with 

high genistein intake had a significantly lower BMI and waist circumference than those not 

consuming genistein. Additionally, adjusted analyses showed that genistein, daidzein and 

total isoflavone intake were each positively associated with HDL-cholesterol [114]. The 

cardioprotective effects may however be dose dependent as a prospective study conducted 

on 16 165 women aged between 49 and 70 years old reported that phytoestrogen intake 

(including isoflavone), at least in low doses, could not significantly reduce the risk of 

cardiovascular diseases [115]. 

Another well-established metabotype is related to the gut microbial metabolism of 

ellagitannins. Ellagitannins are metabolized by the gut microbiome into three different 
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urolithin metabotypes (UM): UMO (non-producers of urolithins), UMA (producers or urolithin 

A only) or UMB (producing urolithin A, urolithin B and isourolithin A) [116-118]. These 

metabotypes were consistently observed in several clinical trials using different food 

interventions including pomegranate and walnuts [119], raspberries [120] or jaboticaba 

(Brazilian grape tree) [121]. Bacterial fermentation studies have shown that specific bacteria 

strains were involved in the production of urolithins. These bacteria include Gordonibacter 

urolithinfaciens and Gordonibacter pamelaeae which convert ellagic acid into urolithin [122], 

as well as Ellagibacter isourolithinifaciens converting ellagic acid into isourolithin A [123]. The 

proportion of each metabotype has been consistently reported in several cohorts with UMO, 

UMA and UMB representing around 10 %, 70 % and 20 % of the population respectively. These 

observations were obtained from several studies conducted mainly in Spain [116, 119]. Other 

trials were conducted in a German-based population and Brazilian population and showed 

similar results, though results should be treated with caution as the cohorts had very low 

numbers of participants [120, 121]. Another more recent study conducted in China with 35 

healthy young adults found a slightly higher proportion of non-producers with a metabotype 

repartition of 54.3 % UMA, 31.4 % UMB and 14.3 % UMO [124]. The abundance of 

metabotypes seemed to be determined mainly by age according to a large-scale study 

conducted in Spain with 839 volunteers stratified according to their urolithin metabotype. 

The non-producer metabotype, UMO, remained stable at 10 % while UMA decreased from 80 

% in the 5-10 years old strata, to stabilize at 50 % past the 31-40 years strata. UMB showed 

an opposite increase. When authors looked at other covariables, they found no association 

between metabotypes and sex, BMI, weight, health status, or diet at different age ranges 

(from 5 to 90 years old) [116]. The literature investigating the links between urolithin 

metabotypes and cardiovascular health is very scarce. A study with 50 overweight volunteers 



45 
 

investigating cardiovascular health benefits of ellagitannins from a pomegranate extract 

showed that UMB volunteers had higher baseline levels of LDL-cholesterol. Importantly, the 

LDL-cholesterol levels were significantly decreased in a dose-dependent manner in UMB 

volunteers but not in UMA, after consumption of pomegranate ellagitannins for three weeks 

(two three-week long periods with 160 mg phenolics per day and 640 mg phenolics per day) 

in a crossover design. These effects were correlated with both Gordonibacter levels and 

urolithin production [125]. Another pilot study conducted with 10 healthy men, showed 

improvements in endothelial function (FMD) after red raspberry consumption, and a 

correlation could be established between urolithin A metabolites and improvements in 

endothelial function. In addition, and although very speculative due to the low number of 

participants, a non-significant trend towards increased FMD response in metabotype A was 

observed in comparison with UMB volunteers [120]. All these studies tend to suggest that 

potential links could exist between urolithin-metabotypes and vascular health, and that 

additional studies at a larger scale should be conducted to understand the role of the gut 

microbial metabolism on the cardiovascular response to ellagitannin consumption. 

Lignans, another type of phytoestrogens, are found in high quantities in flaxseeds, mainly in 

the form of secoisolariciresinol (up to 3.7 g/kg dry weight) and low quantities of matairesinol 

[28]. They are metabolized by the gut microbiome into enterodiol and enterolactone 

metabolites. Limited evidence suggest that metabolite production is correlated with gut 

microbial composition, though no specific metabotype or enterotype has been suggested 

[126]. Very little is known on the variability in absorption, distribution, metabolism and 

excretion (ADME), and vascular response to lignans. A study looking specifically at factors of 

inter-individual variability affecting lignan metabolism using 16 human trials found that the 
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variability in plasma levels of enterolactone, one of the main end-products formed by gut 

microbiota from plant lignans, was large and that gut microbiota and medication - specifically 

antibiotics - were the most important determinants of variability, followed by nutrient intake 

(mainly fibre, energy intake and lipids), BMI, smoking, sex, and age which also had an impact 

on enterolactone levels and concentration found in plasma. It is still unclear if enterolactone 

production and levels have cardioprotective effects or are rather an indicator of a healthy 

lifestyle (no smoking, lower BMI, low alcohol intake, and higher intake of plant foods), 

however, the current evidence supports the idea that enterolactone production could be 

linked with health [127]. 

Data on other (poly)phenols is scarce, and so far, no other metabotypes have been proposed, 

although a high variability in gut microbial metabolism has been reported for many 

(poly)phenols [128].  
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 Factors affecting inter-individual variability in the 

cardiovascular response to (poly)phenol consumption 

 

 

 

 

Reproduced from Ref. Yang, P. Y. T., Williams, M. S., Gibson, R., & Rodriguez-Mateos, A. 

(2022). Factors Affecting the Inter-individual Variability in the Cardiometabolic Response to 

Berry (Poly) phenols. Berries and Berry Bioactive Compounds in Promoting Health, 33, 83. 

With permission from the Royal Society of Chemistry [129]. 
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 Gaps in the literature 

The evidence available suggests that different responses to (poly)phenol consumption can be 

expected across volunteers due to a high inter-individual variability, however which factors 

are responsible for such variability is not known. Very few trials have been specifically 

designed to assess the influence of factors such as age, sex, BMI or baseline hypertension. 

Importantly, while the implication of the gut microbiome in the metabolism of ellagitannin, 

isoflavone and lignans has been established, the evidence investigating specifically the effects 

of the (poly)phenol metabolizing capacity of the gut microbiome on cardiovascular health 

remains scarce. There is therefore the need to conduct human clinical trials to investigate 

factors affecting the variability in cardiovascular response to (poly)phenols, with a special 

focus on the influence of the gut microbial metabolism of (poly)phenols. 

Regarding the evidence available on urolithin metabotypes and cardiometabolic health, most 

of the current knowledge is based on studies conducted in Spain [116, 125, 130, 131] and the 

distribution of metabotypes in several countries, including the UK remains unknown. 

Additionally, the evidence regarding the relationship between urolithin metabotypes and 

cardioprotective effects of ellagitannin consumption remains very limited, with very few small 

studies existing, and none with prior stratification of volunteers into urolithin metabotypes 

and adequately powered to assess such effects. 
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 Material and methods 
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This chapter includes a description of the methods that have been used in this thesis. It 

includes the study design of the StratiPol study, vascular health assessment measurements, 

sample collection, processing and analysis, assessment of lifestyle factors and statistical 

analysis. 

 Study design: the CHARM study and the StratiPol study 

The analysis performed and presented in this thesis are based on the data obtained from the 

StratiPol study, a stratification study conducted as a preliminary step to a randomized-

controlled trial stratified per urolithin metabotype (CHARM study) (Figure 2). The CHARM 

study is currently still ongoing due to the COVID-19 pandemic disruption and this study data 

is therefore not included in this body of work. This section will however present both studies 

as the StratiPol study was powered according to the CHARM study. In this two step-design, 

enrolled volunteers are stratified by urolithin metabotype in the StratiPol study, and then sent 

to the CHARM study in a double-blind, placebo controlled randomized trial aiming to 

investigate the effects of ellagitannin consumption on cardiovascular health, gut microbiome 

composition and cognitive function. For this reason, the StratiPol study was powered in 

function of the CHARM study, to ensure that each arm of the RCT would have enough 

volunteers enrolled. A more detailed description of the power calculation is provided below 

in 2.1.5. 
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Figure 2: StratiPol and CHARM RCT study flow. Urolithin metabotypes are determined in the StratiPol study using 
LCMS following consumption of an ellagitannin-rich breakfast for three consecutive days. Volunteers are then 
enrolled in the CHARM study, a randomized, double-blind placebo-controlled trial (RCT) stratified by urolithin 
metabotypes investigating the chronic effects (12 weeks) of daily consumption of an ellagitannin extract on 
biomarkers of cardiovascular health and cognitive function. 

The StratiPol study was conducted in the Metabolic Research Unit of the Department of 

Nutritional Sciences, King's College London. The study was approved by the Biomedical 

Sciences, Dentistry, Medicine and Natural & Mathematical Sciences (BDM) Research Ethics 

Committee of King's College London, under the reference number HR-17/18-5353 and was 

compliant with the Declaration of Helsinki. The trial was also registered in ClinicalTrials.gov 

website and allocated the study number NCT03573414. 

 

The StratiPol study primarily aimed to investigate the variability in gut microbial metabolism 

of dietary ellagitannins, lignans and isoflavones in healthy individuals. Urolithin, equol, ODMA 

and enterolactone metabolites were quantified in plasma and urine after three days of 

ellagitannin, isoflavone, and lignan consumption in order to investigate the variability in gut 

microbial metabolism, the occurrence and main determinants of metabotypes, and 

https://clinicaltrials.gov/ct2/show/NCT03573414
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An open-label single arm study was conducted to investigate the variability in gut microbial 

metabolism of (poly)phenols (ellagitannins, lignans and isoflavones) and relationship with 

vascular response. A (poly)phenol-rich breakfast was given to volunteers for three 

consecutive days, and blood and urine samples were taken at baseline and for 24 h after 

consumption of the last breakfast. Vascular function measurements including blood pressure, 

endothelial function and arterial stiffness were performed at baseline (Visit 1) and after three 

days (Visit 2) to assess cardiovascular risk at baseline and vascular changes (Figure 3). A faecal 

sample was collected between the two study visits to assess gut microbiome diversity and 

composition.  

 

 

Figure 3: Study design of the StratiPol study 

Volunteers were asked to follow a low-(poly)phenol diet for 24 h preceding each study visit, 

including a 12 h fast. Compliance to this procedure was asked on each morning before 
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performing any procedure. Vascular measurement performed at both visits included office 

blood pressure, central blood pressure, arterial stiffness and endothelial function. Blood 

samples were collected on visit 1 and visit 2 to quantify the amount of (poly)phenol 

metabolites in plasma. Additionally, blood collected at visit 1 was analysed for blood lipid 

profile, insulin levels and fasting glucose concentrations to assess baseline health 

characteristics of the study population. A spot urine sample was collected on visit 1 and a 24 

h-urine sample was collected between day 3 and day 4 to measure (poly)phenol metabolite 

content. A faecal sample was self-collected by volunteers between the two study visits to 

assess the gut microbial diversity and composition of volunteers. Additionally, volunteers 

were asked to fill a physical activity questionnaire (International Physical Activity 

Questionnaire IPAQ), as well as a food frequency questionnaire (EPIC-Norfolk FFQ) on visit 1 

to assess the dietary background (Table 1). A more detailed description of the measurements 

and questionnaires is provided in the following sections. 
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array detector (HPLC-DAD) at 280, 320 nm and 520 nm wavelengths. Ellagitannin content was 

analysed by an external collaborator (Naturex) using HPLC-DAD at 280 nm wavelength.  

The 40 g of raspberry powder consumed daily contained 685 mg of phenolic acids, 155 mg of 

anthocyanins and 152 mg of ellagitannins (118 mg of sanguiin H6, 14.3 mg of lambertianin C, 

and other minor ellagitannins). The 30 g of milled flaxseeds contained 300 mg of lignans (300 

mg of secoisolariciresinol diglucoside) and the 250 mL of soy milk contained 22 mg of 

isoflavones (20.10 mg of daidzin and 1.8 mg of daidzein). The macro and micronutrient 

content of the intervention is presented in Table 2. 
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Table 2: Nutrient and (poly)phenol content of each breakfast intervention ration consumed daily. 

 Total content (per day) 

Energy (kJ) 1635.42 
Fat (g) 19.85 
Saturates (g) 2.51 
Monounsaturated fatty acids (MUFA) (g) 2.55 
Polyunsaturated fatty acids (PUFA) (g) 7.50 
Carbohydrates (g) 29.83 
Sugars (g) 17.23 
Fibre (g) 14.05 
Protein (g) 18.90 
Salt (g) 0.33 
Omega 3 (g) 5.70 
Calcium (mg) 51.00 
Iron (mg) 2.13 
Magnesium (mg) 114.00 
Phosphorous (mg) 138.00 
Potassium (mg) 216.00 
Zinc (mg) 1.65 
Anthocyanin (mg) 155.00 
Ellagitannins (mg) 152.00 
Isoflavones (mg) 22.00 
Lignans (mg) 300.00 
Phenolic acids (mg) 685.00 
Total (poly)phenol quantified (mg) 1314.00 

 

 



https://clinicaltrials.gov/ct2/show/NCT04087278


84 
 

The CHARM study was originally included in this thesis, however due to the COVID-19 

pandemic, we were only able to enrol 37 volunteers in the study, of which only 15 were able 

to complete the final visit. For this reason, the analysis of the CHARM study data was not 

included in this thesis. The trial is currently ongoing. 

 Vascular health assessment 

 

Flow-mediated dilation is a non-invasive procedure to measure endothelial function. In this 

project, FMD was assessed using the brachial artery and performed as described by Coretti et 

al. using a protocol developed by Prof. Christian Heiss and used in many studies over the last 

20 years [50, 54, 133, 134]. Electrocardiogram (ECG) electrodes were placed on the volunteer, 

as well as a sphygmomanometric cuff on the forearm, approximately 2 cm below the elbow. 

Baseline brachial diameter was then measured using a doppler transducer with a frequency 

of 12 MHz (Vivid I, GE healthcare, Buckinghamshire, UK). Using the doppler mode, a black and 

white video of the artery was recorded, as well as an arterial pulsatile flow artificially coloured 

in red, as opposed to the venous blood flow coloured in blue. Landmarks were also identified 

to ensure that the transducer was not moved throughout the measurement. Once baseline 

video was recorded, the cuff was inflated until it reached a pressure of 180 mmHg and 

maintained for 5 min. At the end of this period, the cuff was deflated, triggering arterial 

distension via reactive hyperaemia. Videos of the arteries were subsequently recorded at 20, 

40 and 60 s post-deflation. Analysis of the video frames was carried out using the Brachial 

Analyser 5 software (Medical Imaging Applications, Iowa City, USA) which offers automatic 

edge detection. Arterial diameter was calculated using three frames captured at the same 
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referred as solvent B. A 16 min gradient was applied to the run under a flow rate of 0.5 mL/min 

at 30 °C. The gradient started at 1 % solvent B, held constant for 1 min before increased to 12 

% at 4 min, and held for another 4 min. The percentage of B increased to 15 % after 0.1 min, 

then held constant for 2.9 min before rising to 30 % at 11.5 min, then 99 % at 12 min, and 

held constant for 2 min. Finally, a 2 min equilibration was applied to revert the percentage of 

B to 1 % (Table 3). 

Table 3: Solvent gradient for the analysis of (poly)phenol metabolites in plasma samples. 

Time (min) Percentage solvent A 
(%) 

Percentage solvent B 
(%) 

0 99 1 

1 99 1 

4 88 12 

8 88 12 

8.1 85 15 

11 85 15 

11.5 70 30 

12 1 99 

14 1 99 

14.1 99 1 

16 99 1 

Solvent A: HPLC-grade water with 0.1 % formic acid; Solvent B: HPLC-grade acetonitrile 
with 0.1 % formic acid; Flow rate: 0.5 mL/min; Temperature: 30 °C. 
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In the mass spectrometer, Pureshield Argon was used as a collision-induced dissociation gas 

(BOC Gases, Guildford, UK). Nitrogen and dry air were generated using a Genius 1051 gas 

generator (Peak Scientific, Inchinnan, UK). The following parameters of the Shimadzu triple 

quadrupole mass spectrometer were used: interface temperature, 300 °C; DL temperature, 

250 °C; nebulizing gas flow rate, 3.0 L/min; heating gas flow, 10.0 L/min; heat block 

temperature, 400 °C; and drying gas flow rate, 10.0 L/min.  

Determination of the different fragments and transitions from each parent compound was 

obtained by automated optimization which was performed using LabSolutions software 

(version 5.93, Shimadzu). Ideal MS conditions were obtained by direct infusion of each 

authentic standard to the electrospray interface (ESI). A maximum of the three most 

abundant MRM transitions for each compound were chosen, and the corresponding collision 

energy (CE), Q1 pre-bias (voltage promotes the ionization of the precursor ion), and Q3 pre-

bias (voltage promotes the ionization of the product ion) were obtained and assembled into 

a multiple reaction monitoring (MRM) scheduled method. 

Identification of metabolites was allowed using retention times and the relative abundance 

of the difference transitions using LabSolutions Insight (version 3.2, Shimadzu, Kyoto, Japan). 

Results obtained in samples were compared to the values obtained with authentic standards 

and quantification by using a calibration curve containing 12 different concentration levels. 

[138]. 
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format and loaded through FETA, an open-source software developed initially by the 

European Prospective Investigation into Cancer and Nutrition Norfolk (EPIC-Norfolk) capable 

to compute the micro and macronutrient intakes and calory intake from this CSV file [146]. 

The first step of the process consisted in converting the frequency reported by volunteers into 

a portion multiplier. The portion multiplier was then multiplied by the portion size giving an 

average daily food weight for each of the 130 FFQ items. These weights were multiplied by 

the nutrient composition per gram to obtain the nutrient composition of the actual amount 

eaten. Finally, all nutrients were summed up to obtain an average daily nutrient intake for 

each participant [149]. 

To assess the (poly)phenol intake of each participant, a similar process was conducted. 

Initially, food items not containing (poly)phenol were discarded (e.g., meat-related food 

items). A total of 51 foodstuffs were used in the analysis. The average daily food weight 

information from FETA was used in conjunction with the Phenol-Explorer database to assess 

the (poly)phenol intake. The Phenol-Explorer database contains the mean content values of 

over 500 different (poly)phenols in more than 400 foods, determined in most cases by high-

performance liquid chromatography [150]. By multiplying the daily food portion size by the 

(poly)phenol amount contained in each food, a (poly)phenol content for each food was 

obtained. Then, by summing up all (poly)phenols from each food, the daily (poly)phenol 

intake was estimated. 
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modelling of the urolithin metabotypes using gut microbial data and demographic data was 

conducted using a random forest model in Chapter 4. Comparison of the age distribution 

between UMA and UMB volunteers in Chapter 4 was conducted using a Kolmogorov-Smirnov 

test. In Chapter 5, correlations heatmaps were plotted using the Spearman correlation 

formula with the different variables. Additionally, variables were clustered using hierarchical 

clustering methods to highlight hidden structures amongst variables. Impact of the food 

intake on vascular changes was assessed using ANCOVA with sex as a categorical variable. 

Determination of the influence of the dietary background on the urolithin metabotype 

classification was done by an Orthogonal Projections to Latent Structures Discriminant 

Analysis (OPLS-DA).  
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 Inter-individual variability in vascular 

response to a (poly)phenol-rich intervention and 

determinants involved: the StratiPol study 
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The aim of this chapter is to investigate the inter-individual variability in the cardiovascular 

response following consumption of a (poly)phenol-rich breakfast containing red raspberry 

ellagitannins for three consecutive days in a healthy UK-based populated aged 20-70 years 

old. We first established the baseline characteristics of our study population and evaluated 

the overall response following intake of the treatment by comparing measurements of each 

biomarker of cardiovascular health described in 2.2, between visit 1 and visit 2. Subsequently 

we investigated the determinants of inter-individual variability on cardiovascular response by 

conducting a subgroup analysis stratified by age, sex, BMI and baseline blood pressure. 

Cardiovascular biomarker values were compared between each visit for each subgroup and a 

comparison of the changes was performed between subgroups. Finally, we investigated the 

influence of inter-individual variability in bioavailability on the variability in vascular response 

following consumption of a (poly)phenol-rich breakfast for three consecutive days. 

(Poly)phenol metabolite concentrations in plasma samples were quantified and compared 

between visit 1 and visit 2. In addition, a correlation analysis (Spearman) was computed to 

explore associations between cardiovascular biomarker changes and changes in plasma 

(poly)phenol concentration. 

 Introduction 

The StratiPol study was conducted to investigate the variability in vascular response to a 

(poly)phenol-rich intervention. A more detailed description of the study, including design and 

inclusion/exclusion criteria is provided in Chapter 2. During the first visit, volunteers were 

asked to come to the metabolic research unit after having followed a 24 h low-(poly)phenol 

diet including a 12 h fast. We collected a fasted spot urine sample and performed the 

following cardiovascular measurements: flow mediated dilation (FMD), peripheral and central 
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blood pressure (SBP, DBP, CSBP, CDBP) and arterial stiffness (AIx, PWV). Blood samples were 

also collected at baseline and several blood biomarkers were analysed (LDL-cholesterol, HDL-

cholesterol, total cholesterol, triacylglycerol, insulin and plasma glucose). Blood samples were 

also analysed to assess (poly)phenol metabolites present at baseline. Volunteers were then 

asked to consume a (poly)phenol-rich breakfast consisting of 40 g of freeze-dried raspberry 

powder, 30 g of milled flaxseeds and 250 mL of soy milk daily for three consecutive days (days 

1, 2 and 3). All three ingredients from the breakfast were mixed altogether, resulting in a 

product with the consistency of a thick yoghurt. They were also required to collect a 24 h-

urine sample between day 3 and day 4, starting just after consumption of the last intervention 

meal. 

On day 4, volunteers would come back for their second visit, bringing their 24 h-urine sample 

with them. Then, once again after having followed a 24 h low-(poly)phenol diet including a 12 

h fast (apart from consuming the breakfast intervention), the same cardiovascular 

measurements were performed, in the same conditions as visit 1. Blood samples were also 

collected to quantify circulating (poly)phenol metabolites at the end of the intervention. 

In this chapter, the overall changes in vascular function after consumption of the 

(poly)phenol-rich breakfast for three consecutive days are presented. Previous meta-analysis 

of randomized controlled trials, along with some randomized trials reported that factors such 

as age, sex, BMI or baseline blood pressure could be important factors affecting the variability 

in the cardiovascular response to a (poly)phenol intervention [46, 47, 151]. To explore such 

factors and determine the magnitude of their impact on the variability in vascular response 

to our intervention, we conducted an exploratory stratified analysis by subgroups. Volunteers 

were stratified by age, sex, BMI and baseline blood pressure, and cardiovascular changes 
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were assessed for each biomarker in each subgroup. Then, a between-group comparison was 

performed to assess whether differences observed were statistically significantly different 

(e.g., male vs female). Finally, we analysed (poly)phenol metabolites present in plasma to 

assess inter-individual variability in bioavailability and its effect on the cardiovascular 

response. 

 Results 

 

A total of 655 volunteers were screened for this study. Among them, 113 volunteers did not 

meet the inclusion criteria, in particular regarding BMI and age range. After being informed 

about the study, 161 declined to participate, mainly for time reasons, and 225 did not follow-

up on the emails. A total of 156 volunteers entered the trial and received the intervention 

and were therefore included in the final baseline analysis (Figure 9). Nine volunteers dropped-

out of the study as they were not able to attend the second set of vascular measurements on 

visit 2 (Figure 9). 
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Figure 9: Study flow of the StratiPol study 

The first visit of the first participant took place the 2nd of July 2018 and the last visit of the last 

participant on the 12th of March 2020. Baseline characteristics of the study population are 

presented in Table 4. Measurements of fasting plasma glucose, lipid profile and insulin 

concentration were performed externally by Affinity Biomarker Labs in London, UK. The age 

of the volunteers ranged between 20 and 70 years old, with a mean age of 40 years old. 

Women represented 76 % of the population, while men represented 24 % of the population. 

The BMI of volunteers ranged between 18.5 and 35 kg/m2, with a mean value of 24.05 kg/m2 

(in the healthy weight range). A total of 67 % of the cohort was in the normotensive range 

(mean office blood pressure value of SBP=105 mmHg and DBP=70 mmHg) and 33 % in the 

pre-hypertensive range (mean office blood pressure value of SBP=124 mmHg and DBP=81 

mmHg). The mean baseline FMD was 6.8 %, similar to other studies in healthy populations of 
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similar age [152, 153]. The mean baseline PWV was 6.5 m/s, which is also within the normal 

range for healthy populations aged 30-39 years old [154]. Fasting plasma glucose (normal 

range: 3.0-6.0 mmol/L), total cholesterol (normal range: 1.0-5.0 mmol/L), triglyceride (normal 

range: 0.5-2.0 mmol/L), HDL-cholesterol (normal range: >1.04 mmol/L) and insulin (normal 

range: 4.0-26.0 mU/L) were all within the normal reference ranges. LDL-cholesterol levels 

were slightly over the normal range (normal range: 1.0-3.0 mmol/L) (Table 4). A more 

comprehensive table including missing values is presented in Appendix 1. 
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Table 4: Baseline characteristics of the study population (N=156). Values are presented as mean (standard 
deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

 Overall 
(N=156) 

Age (years)   
Mean (SD) 40 (± 15) 
CV (%) 38.4 
Interquartile Range (25-75 %) 28 

Sex   
Male 37 (24 %) 
Female 119 (76 %) 

BMI (kg/m2)   
Mean (SD) 24 (± 3.6) 
CV (%) 14.9 
Interquartile Range (25-75 %) 4.8 

SBP (mmHg)   
Mean (SD) 110 (± 12) 
CV (%) 11.2 
Interquartile Range (25-75 %) 17 

DBP (mmHg)   
Mean (SD) 74 (± 7.7) 
CV (%) 10.4 
Interquartile Range (25-75 %) 11 

CSBP (mmHg)   
Mean (SD) 100 (± 14) 
CV (%) 13.5 
Interquartile Range (25-75 %) 19 

CDBP (mmHg)   
Mean (SD) 74 (± 7.9) 
CV (%) 10.6 
Interquartile Range (25-75 %) 11 

AIx (%)   
Mean (SD) 9.9 (± 17) 
CV (%) 171.6 
Interquartile Range (25-75 %) 22 

PWV (m/s)   
Mean (SD) 6.5 (± 2.2) 
CV (%) 33.9 
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 Overall 
(N=156) 

Interquartile Range (25-75 %) 2.2 
FMD (%)   

Mean (SD) 6.8 (± 2.3) 
CV (%) 33.8 
Interquartile Range (25-75 %) 3.2 

Fasting plasma glucose (mmol/L)  

Mean (SD) 4.8 (± 0.48) 
CV (%) 10.2 
Interquartile Range (25-75 %) 0.6 

Total cholesterol (mmol/L)  

Mean (SD) 4.9 (± 1.1) 
CV (%) 23.3 
Interquartile Range (25-75 %) 1.4 

Triglyceride (mmol/L)  

Mean (SD) 0.91 (± 0.46) 
CV (%) 51.3 
Interquartile Range (25-75 %) 0.49 

HDL-cholesterol (mmol/L)  

Mean (SD) 1.9 (± 0.57) 
CV (%) 30.3 
Interquartile Range (25-75 %) 0.73 

LDL-cholesterol (mmol/L)  

Mean (SD) 3.2 (± 1.1) 
CV (%) 34.4 
Interquartile Range (25-75 %) 1.3 

Insulin (mU/L)   
Mean (SD) 5.7 (± 4.5) 
CV (%) 79.4 
Interquartile Range (25-75 %) 3 

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Figure 10: Mean values of each vascular biomarker at visit 1 and visit 2 for the overall population (N=156), 
represented as mean ± standard error of the mean. 

A high inter-individual variability was observed amongst the cohort for all biomarkers, with 

coefficients of variation (CV) ranging from 200 to nearly 2000 (CVSBP=-657 %; CVDBP=-645 %; 

CVCSBP=-691 %; CVCDBP=-947 %; CVPWV=-6166 %; CVAIx=-1988 %; CVFMD=200 %), as shown in 

Figure 11. No volunteer was removed from this analysis following computation of the 

coefficient of variation. Values for each visit were assessed and no non-biologically plausible 

value could be identified. Therefore, measurement was removed from the analysis. 

Subsequently a subgroup analysis was performed to identify potential demographic 

determinants involved in such variability. 
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Figure 11: Waterfall plot of the mean values of the cardiovascular biomarker changes after consumption of the 
(poly)phenol-rich breakfast for three consecutive days (N=156). 
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An analysis stratified by subgroups was conducted to assess the influence of several 

demographic determinants: age, sex, BMI and baseline blood pressure. For each variable, 

comparison of the baseline characteristics of the different subgroups was performed (e.g., 

male baseline vs female baseline) using a t-test (or test of Wilcoxon for non-normal 

distributions). Then, for each subgroup, comparison between visit 1 and visit 2 was conducted 

to assess the magnitude and significance of the changes using a paired t-test. Finally, a 

between-group comparison was conducted to assess whether the changes observed for each 

subgroup of a variable were significantly different between themselves using a test of 

Wilcoxon (e.g., male changes vs female changes). 

 Stratification by age 

The study population was first stratified according to age, with a cut off set up at 40 years old, 

the value corresponding to the mean age of the cohort. This cut-off value had been previously 

used in a meta-analysis investigating the determinant of inter-individual variability on the 

cardiovascular biomarkers following consumption of (poly)phenols, so having the same cut-

off value will facilitate the comparison with previous work [151]. 

A total of 83 volunteers were allocated to the under 40 group (ranging from 20 to 39 years 

old), and 73 volunteers were allocated to the 40 and above age group (ranging from 40 to 70 

years old). Significant differences in baseline cardiometabolic biomarkers were found, with 

the younger subgroup having significantly lower SBP, DBP, CSBP, CDBP, AIx, PWV, FMD, 

fasting plasma glucose, total cholesterol, triglycerides and LDL-cholesterol than the older 
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group. Insulin levels were significantly different although, on average, within the healthy 

normal range (Table 6). A more comprehensive table including missing values is presented in 

Appendix 2. 

Table 6: Baseline characteristics for the different age subgroups (20-39 years old, N=83; 40 to 70 years old, N=73). 
Values are presented as mean (standard deviation), coefficient of variation (CV) expressed in % and inter quartile 
range.  

 20 to 39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

Age (years)    

Mean (SD) 27 (± 5.0) 55 (± 8.8) <0.001 

CV (%) 18.4 15.9  

Interquartile Range (25-75 %) 6.5 15  

Sex    

Male 18 (22 %) 19 (26 %) 0.655 

Female 65 (78 %) 54 (74 %)  

BMI (kg/m2)    

Mean (SD) 23 (± 3.1) 25 (± 4.0) 0.077 

CV (%) 13.3 16.1  

Interquartile Range (25-75 %) 4.3 5.9  

SBP (mmHg)    

Mean (SD) 110 (± 11) 120 (± 13) <0.001 

CV (%) 9.8 10.9  

Interquartile Range (25-75 %) 15 18  

DBP (mmHg)    

Mean (SD) 71 (± 7.0) 77 (± 7.6) <0.001 

CV (%) 9.7 9.9  

Interquartile Range (25-75 %) 9.3 10  

CSBP (mmHg)    

Mean (SD) 95 (± 9.4) 110 (± 13) <0.001 

CV (%) 9.9 11.7  

Interquartile Range (25-75 %) 12 19  
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 20 to 39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

CDBP (mmHg)    

Mean (SD) 72 (± 7.6) 77 (± 7.4) <0.001 

CV (%) 10.5 9.7  

Interquartile Range (25-75 %) 10 9.5  

AIx (%)    

Mean (SD) 1.4 (± 14) 19 (± 15) <0.001 

CV (%) 968.2 80.0  

Interquartile Range (25-75 %) 18 17  

PWV (m/s)    

Mean (SD) 5.5 (± 1.9) 7.4 (± 2.1) <0.001 

CV (%) 34.2 28.2  

Interquartile Range (25-75 %) 1.2 2.5  

FMD (%)    

Mean (SD) 7.0 (± 2.4) 6.4 (± 2.1) 0.191 

CV (%) 34.7 32.1  

Interquartile Range (25-75 %) 3.3 3.0  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.6 (± 0.41) 4.9 (± 0.51) <0.001 

CV (%) 8.9 10.4  

Interquartile Range (25-75 %) 0.40 0.50  

Total cholesterol (mmol/L)    

Mean (SD) 4.6 (± 1.1) 5.3 (± 1.1) <0.001 

CV (%) 24.1 20.6  

Interquartile Range (25-75 %) 1.4 1.3  

Triglyceride (mmol/L)    

Mean (SD) 0.83 (± 0.42) 0.99 (± 0.51) 0.027 

CV (%) 49.8 51.2  

Interquartile Range (25-75 %) 0.45 0.56  

HDL-cholesterol (mmol/L)    

Mean (SD) 1.8 (± 0.53) 2.0 (± 0.61) 0.150 

CV (%) 29.2 31.1  

Interquartile Range (25-75 %) 0.57 0.69  
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Table 7: Mean values at visit 1 and visit 2, and changes in biomarker of cardiometabolic health stratified by age (18-40 years old, N=83; 40 to 70 years old, N=73) after 
consumption of a (poly)phenol-rich breakfast for three consecutive days. Values are presented as mean (standard deviation). 

  20 to 39 years old 40 to 70 years old 

  Visit 1 (N=83) Visit 2 (N=83) 
Paired 

difference 
(N=83) 

p-value Visit 1 (N=73) Visit 2 (N=73) 
Paired 

difference 
(N=73) 

p-value 

SBP (mmHg)         
  Mean (SD) 107.13 (10.51) 107.20 (9.89) -0.13 (8.46) 0.896 116.69 (12.70) 114.27 (10.72) -2.63 (8.30) 0.011 
DBP (mmHg)         
  Mean (SD) 71.41 (6.96) 70.76 (8.10) -0.59 (6.47) 0.423 76.72 (7.57) 75.48 (6.47) -1.39 (5.91) 0.057 
CSBP (mmHg)         
  Mean (SD) 94.70 (9.36) 94.10 (9.54) -0.50 (6.96) 0.550 110.87 (12.97) 109.03 (11.63) -1.79 (8.45) 0.097 
CDBP (mmHg)         
  Mean (SD) 71.95 (7.58) 70.64 (7.47) -0.76 (5.37) 0.242 77.07 (7.44) 76.97 (6.83) -0.40 (5.79) 0.588 
PWV (m/s)         
  Mean (SD) 5.51 (1.89) 5.33 (1.08) -0.22 (1.52) 0.330 7.43 (2.10) 7.59 (2.22) 0.16 (1.81) 0.549 
AIx (%)         
  Mean (SD) 1.43 (13.89) -1.01 (13.79) -2.46 (10.39) 0.052 19.14 (15.32) 20.43 (11.65) 1.54 (13.07) 0.361 
FMD (%)         
  Mean (SD) 7.02 (2.44) 7.30 (2.36) 0.36 (0.66) <0.001 6.44 (2.06) 6.93 (2.31) 0.46 (0.97) <0.001 

SD: standard deviation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-
mediated dilation. 
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Between-group comparison in changes from baseline revealed no significant differences in 

the changes observed between the younger and the older subgroup (Figure 12). 

 

Figure 12: Between-group comparison in cardiometabolic parameters for the different age groups (20-39 years 
old, N=83; 40 to 70 years old, N=73) after consumption of the (poly)phenol-rich breakfast for three consecutive 
days. Values are presented as mean ± standard deviation. 

  



120 
 

 Stratification by sex 

The second stratification performed was by sex. The cohort was composed of 24 % male and 

76 % female. Significant differences were observed at baseline in BMI, SBP, PWV, FMD, fasting 

plasma glucose levels and HDL-cholesterol, suggesting lower cardiometabolic risk in the 

female subgroup. AIx on the contrary, was statistically significantly lower in the male 

subgroup only (Table 8). A more comprehensive table including missing values is presented 

in Appendix 3. 

Table 8: Baseline characteristics of the different sex subgroups (male, N=37; female, N=119). Values are 
presented as mean (standard deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

 Male 
(N=37) 

Female 
(N=119) p-value 

Age (years)    

Mean (SD) 42 (± 14) 40 (± 16) 0.214 

CV (%) 33.5 40.0  

Interquartile Range (25-75 %) 25 28  

BMI (kg/m2)    

Mean (SD) 25 (± 2.7) 24 (± 3.8) 0.008 

CV (%) 10.7 15.9  

Interquartile Range (25-75 %) 3.7 5.0  

SBP (mmHg)    

Mean (SD) 120 (± 10) 110 (± 13) 0.001 

CV (%) 8.6 11.6  

Interquartile Range (25-75 %) 14 17  

DBP (mmHg)    

Mean (SD) 75 (± 7.5) 74 (± 7.8) 0.31 

CV (%) 10.0 10.6  

Interquartile Range (25-75 %) 10 11  

CSBP (mmHg)    
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 Male 
(N=37) 

Female 
(N=119) p-value 

Mean (SD) 110 (± 12) 100 (± 14) 0.078 

CV (%) 11.5 14.0  

Interquartile Range (25-75 %) 15 20  

CDBP (mmHg)    

Mean (SD) 76 (± 7.7) 74 (± 8.0) 0.200 

CV (%) 10.3 10.8  

Interquartile Range (25-75 %) 10 11  

AIx (%)    

Mean (SD) -0.52 (± 18) 13 (± 16) <0.001 

CV (%) 3516.3 119.5  

Interquartile Range (25-75 %) 19 22  

PWV (m/s)    

Mean (SD) 7.1 (± 3.1) 6.4 (± 2.0) 0.210 

CV (%) 43.1 30.7  

Interquartile Range (25-75 %) 2.5 2.1  

FMD (%)    

Mean (SD) 5.9 (± 2.3) 7.0 (± 2.2) 0.004 

CV (%) 39.3 31.6  

Interquartile Range (25-75 %) 2.4 3.1  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.9 (± 0.43) 4.7 (± 0.49) 0.021 

CV (%) 8.8 10.5  

Interquartile Range (25-75 %) 0.66 0.60  

Total cholesterol (mmol/L)    

Mean (SD) 4.7 (± 0.97) 5.0 (± 1.2) 0.113 

CV (%) 20.6 23.9  

Interquartile Range (25-75 %) 1.3 1.4  

Triglyceride (mmol/L)    

Mean (SD) 1.0 (± 0.62) 0.87 (± 0.40) 0.394 

CV (%) 60.5 46.0  

Interquartile Range (25-75 %) 0.56 0.45  

HDL-cholesterol (mmol/L)    
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 Male 
(N=37) 

Female 
(N=119) p-value 

Mean (SD) 1.5 (± 0.51) 2.0 (± 0.55) <0.001 

CV (%) 32.8 27.7  

Interquartile Range (25-75 %) 0.46 0.73  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.2 (± 1.1) 3.3 (± 1.1) 0.802 

CV (%) 33.8 34.7  

Interquartile Range (25-75 %) 1.4 1.3  

Insulin (mU/L)    

Mean (SD) 6.2 (± 5.0) 5.5 (± 4.4) 0.499 

CV (%) 79.5 79.4  

Interquartile Range (25-75 %) 2.9 3.2  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 

Table 9 shows changes in the vascular response stratified by sex. In the male subgroup, 

significant decreases in SBP and DBP were observed between the two visits, which was not 

the case in the female subgroup. Significant decreases in AIx were however observed in the 

female subgroup only. Both subgroups had significant improvements in FMD (+0.57 vs +0.35 

%) (Table 9). 
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Table 9: Mean values at visit 1 and visit 2, and changes in biomarker of cardiometabolic health stratified by sex (male, N=37; female, N=119) after consumption of a 
(poly)phenol-rich breakfast for three consecutive days. Values are presented as mean (standard deviation). 

 Male Female 

  Visit 1 (N=37) Visit 2 (N=37) 
Paired 

difference 
(N=37) 

p-value Visit 1 (N=119) Visit 2 (N=119) 
Paired 

difference 
(N=119) 

p-value 

SBP (mmHg)         
  Mean (SD) 117.12 (10.06) 114.58 (7.72) -3.13 (7.87) 0.023 109.89 (12.72) 109.14 (11.39) -0.69 (8.58) 0.400 
DBP (mmHg)         
  Mean (SD) 74.86 (7.45) 72.99 (8.57) -2.20 (5.85) 0.030 73.60 (7.78) 72.95 (7.48) -0.56 (6.29) 0.357 
CSBP (mmHg)         
  Mean (SD) 105.70 (12.14) 104.72 (10.29) -0.80 (8.72) 0.619 101.59 (14.20) 99.96 (13.46) -1.20 (7.42) 0.103 
CDBP (mmHg)         
  Mean (SD) 75.52 (7.74) 73.69 (8.25) -1.60 (4.69) 0.072 74.11 (7.97) 73.56 (7.71) -0.29 (5.77) 0.610 
PWV (m/s)         
  Mean (SD) 7.15 (3.08) 6.92 (2.37) -0.49 (2.79) 0.490 6.39 (1.96) 6.36 (2.00) 0.07 (1.34) 0.645 
AIx (%)         
  Mean (SD) -0.52 (18.11) 3.19 (12.26) 4.31 (16.70) 0.175 12.97 (15.51) 10.61 (17.49) -1.99 (9.71) 0.041 
FMD (%)         
  Mean (SD) 5.94 (2.336) 6.48 (2.54) 0.57 (1.16) 0.005 7.01 (2.22) 7.33 (2.24) 0.35 (0.66) <0.001 

SD: standard deviation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-
mediated dilation. 
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When comparing the male subgroup and the female subgroup, no statistically significant 

difference was observed. However, the trend observed suggests that male volunteers are 

much more likely to respond positively to the intervention in terms of blood pressure and 

pulse wave velocity. Female volunteers, on the contrary responded better in terms of AIx 

(Figure 13). 

 

Figure 13: Between-group comparison in cardiometabolic parameters for the different sex groups (male, N=37; 
female, N=119) after consumption of the (poly)phenol-rich breakfast for three consecutive days. Values are 
presented as mean ± standard deviation.  
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 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Interquartile Range (25-75 %) 16 17  

DBP (mmHg)    

Mean (SD) 72 (± 7.0) 77 (± 8.1) <0.001 

CV (%) 9.7 10.5  

Interquartile Range (25-75 %) 10 11  

CSBP (mmHg)    

Mean (SD) 100 (± 13) 110 (± 13) <0.001 

CV (%) 13.3 12.5  

Interquartile Range (25-75 %) 20 22  

CDBP (mmHg)    

Mean (SD) 73 (± 7.3) 78 (± 8.1) <0.001 

CV (%) 10.0 10.5  

Interquartile Range (25-75 %) 11 11  

AIx (%)    

Mean (SD) 8.4 (± 17) 13 (± 17) 0.091 

CV (%) 202.9 132.7  

Interquartile Range (25-75 %) 21 23  

PWV (m/s)    

Mean (SD) 6.3 (± 2.3) 7.1 (± 1.8) 0.015 

CV (%) 36.3 25.3  

Interquartile Range (25-75 %) 2.2 2.3  

FMD (%)    

Mean (SD) 6.6 (± 2.4) 7.1 (± 2.1) 0.145 

CV (%) 36.3 29.6  

Interquartile Range (25-75 %) 3.5 2.1  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.6 (± 0.39) 5.0 (± 0.56) <0.001 

CV (%) 8.4 11.2  

Interquartile Range (25-75 %) 0.50 0.70  

Total cholesterol (mmol/L)    

Mean (SD) 4.8 (± 1.1) 5.2 (± 1.1) 0.057 

CV (%) 23.6 22.1  
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 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Interquartile Range (25-75 %) 1.3 1.2  

Triglyceride (mmol/L)    

Mean (SD) 0.82 (± 0.39) 1.0 (± 0.54) 0.006 

CV (%) 47.7 51.9  

Interquartile Range (25-75 %) 0.46 0.55  

HDL-cholesterol (mmol/L)    

Mean (SD) 2.0 (± 0.60) 1.6 (± 0.42) <0.001 

CV (%) 30.0 25.7  

Interquartile Range (25-75 %) 0.76 0.67  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.1 (± 0.99) 3.6 (± 1.2) 0.028 

CV (%) 32.5 34.8  

Interquartile Range (25-75 %) 1.3 1.4  

Insulin (mU/L)    

Mean (SD) 4.7 (± 3.6) 7.4 (± 5.5) <0.001 

CV (%) 75.6 73.9  

Interquartile Range (25-75 %) 2.4 6.0  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 

Table 11 shows the changes in the vascular response to the (poly)phenol intervention 

stratified by BMI. Significant decreases in SBP were found only in the overweight or with 

obesity subgroup, while significant improvements were observed in FMD in both subgroups 

(+0.33 % vs +0.53 %) (Table 11). 
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Table 11: Mean values at visit 1 and visit 2, and changes in biomarker of cardiometabolic health stratified by BMI (healthy weight, N=99; overweight or with obesity, N=57) 
after consumption of a (poly)phenol-rich breakfast for three consecutive days. Values are presented as mean (standard deviation). 

  Healthy weight Overweight or with obesity 

  Visit 1 (N=99) Visit 2 (N=99) 
Paired 

difference 
(N=99) 

p-value Visit 1 (N=57) Visit 2 (N=57) 
Paired 

difference 
(N=57) 

p-value 

SBP (mmHg)         
  Mean (SD) 108.33 (11.43) 108.01 (10.26) -0.66 (9.27) 0.494 117.29 (12.32) 114.70 (10.60) -2.36 (6.77) 0.013 
DBP (mmHg)         
  Mean (SD) 72.25 (7.01) 71.14 (7.40) -1.22 (6.53) 0.078 76.75 (8.06) 76.05 (7.36) -0.53 (5.65) 0.495 
CSBP (mmHg)         
  Mean (SD) 99.66 (13.27) 98.31 (12.15) -1.50 (8.06) 0.088 107.71 (13.44) 105.88 (12.91) -0.40 (7.01) 0.695 
CDBP (mmHg)         
  Mean (SD) 72.67 (7.25) 71.33 (6.80) -1.06 (5.24) 0.064 77.62 (8.14) 77.48 (7.96) 0.28 (6.05) 0.755 
PWV (m/s)         
  Mean (SD) 6.33 (2.30) 6.25 (1.97) -0.10 (1.68) 0.621 7.15 (1.81) 7.17 (2.31) 0.23 (1.66) 0.543 
AIx (%)         
  Mean (SD) 8.42 (17.07) 7.90 (17.44) -0.94 (12.79) 0.502 12.65 (16.79) 10.68 (15.36) 0.02 (10.00) 0.988 
FMD (%)         
  Mean (SD) 6.58 (2.39) 6.84 (2.39) 0.33 (0.65) <0.001 7.06 (2.09) 7.58 (2.19) 0.53 (1.02) <0.001 

SD: standard deviation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-
mediated dilation. 
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Intergroup comparison after stratification in BMI revealed no significant differences in the 

changes observed for each subgroup (Figure 14). 

 

Figure 14: Between-group comparison in cardiometabolic parameters for the different BMI groups (healthy 
weight, N=99; overweight or with obesity, N=57) after consumption of the (poly)phenol-rich breakfast for three 
consecutive days. Values are presented as mean ± standard deviation. 

 Stratification by baseline blood pressure status 

Finally, the volunteers were stratified according to their baseline office blood pressure values 

(visit 1). If their SBP was superior or equal to 120 mmHg or their DBP superior or equal to 80 

mmHg, volunteers were classified as pre-hypertensive according to the classification of NHS 

UK [155]. Using this definition, 67 % of the volunteers were classified as normotensive, while 

33 % were classified as pre-hypertensive. Mean age, BMI, SBP, DBP, CSBP, CDBP, AIx and PWV 
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at baseline were all significantly lower in the normotensive range subgroup, while FMD on 

the contrary was significantly higher than the pre-hypertensive group. Biochemical results at 

baseline showed significantly lower baseline values in fasting plasma glucose, total 

cholesterol, triglyceride, LDL-cholesterol and insulin in the normotensive group as well (Table 

12). A more comprehensive table including missing values is presented in Appendix 5. 

Table 12: Baseline characteristics of the different baseline blood pressure subgroups (normotensive, N=104; pre-
hypertensive, N=52). Values are presented as mean (standard deviation), coefficient of variation (CV) expressed 
in % and inter quartile range. 

 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Age (years)    

Mean (SD) 35 (± 13) 50 (± 15) <0.001 

CV (%) 37.5 30.2  

Interquartile Range (25-75 %) 22 25  

Sex    

Male 20 (19 %) 17 (33 %) 0.096 

Female 84 (81 %) 35 (67 %)  

BMI (kg/m2)    

Mean (SD) 23 (± 3.1) 26 (± 3.6) <0.001 

CV (%) 13.5 13.8  

Interquartile Range (25-75 %) 4.4 4.8  

SBP (mmHg)    

Mean (SD) 110 (± 8.6) 120 (± 9.0) <0.001 

CV (%) 8.1 7.2  

Interquartile Range (25-75 %) 14 10  

DBP (mmHg)    

Mean (SD) 70 (± 5.5) 81 (± 5.9) <0.001 

CV (%) 7.8 7.2  

Interquartile Range (25-75 %) 9.0 8.0  

CSBP (mmHg)    
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 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Mean (SD) 96 (± 9.2) 120 (± 11) <0.001 

CV (%) 9.6 9.1  

Interquartile Range (25-75 %) 15 15  

CDBP (mmHg)    

Mean (SD) 71 (± 5.7) 82 (± 5.6) <0.001 

CV (%) 8.0 6.8  

Interquartile Range (25-75 %) 8.5 6.5  

AIx (%)    

Mean (SD) 6.8 (± 17) 16 (± 16) <0.001 

CV (%) 245.2 96.9  

Interquartile Range (25-75 %) 21 21  

PWV (m/s)    

Mean (SD) 6.1 (± 2.0) 7.5 (± 2.4) <0.001 

CV (%) 32.7 32.2  

Interquartile Range (25-75 %) 1.9 2.4  

FMD (%)    

Mean (SD) 7.0 (± 2.4) 6.2 (± 2.0) 0.047 

CV (%) 33.7 32.8  

Interquartile Range (25-75 %) 3.5 2.8  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.7 (± 0.43) 4.9 (± 0.56) 0.039 

CV (%) 9.1 11.5  

Interquartile Range (25-75 %) 0.60 0.62  

Total cholesterol (mmol/L)    

Mean (SD) 4.7 (± 1.1) 5.3 (± 1.2) 0.016 

CV (%) 23.0 22.5  

Interquartile Range (25-75 %) 1.3 1.6  

Triglyceride (mmol/L)    

Mean (SD) 0.85 (± 0.43) 1.0 (± 0.52) 0.047 

CV (%) 49.9 51.6  

Interquartile Range (25-75 %) 0.44 0.53  

HDL-cholesterol (mmol/L)    
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 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Mean (SD) 1.9 (± 0.59) 1.8 (± 0.52) 0.182 

CV (%) 30.6 29.2  

Interquartile Range (25-75 %) 0.71 0.83  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.0 (± 1.0) 3.7 (± 1.2) <0.001 

CV (%) 33.3 32.3  

Interquartile Range (25-75 %) 1.2 1.5  

Insulin (mU/L)    

Mean (SD) 5.1 (± 4.3) 6.9 (± 4.7) 0.008 

CV (%) 85.1 68.3  

Interquartile Range (25-75 %) 2.6 5.5  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 

Table 13 shows the changes in the vascular response as the differences found between the 

stratified results by baseline blood pressure status at visit 1 compared with visit 2. Changes in 

both peripheral and central systolic and diastolic blood pressure were found only in the pre-

hypertensive group, while FMD changes were significant in both subgroups (Table 13). 
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Table 13: Mean values at visit 1 and visit 2, and changes in biomarker of cardiometabolic health stratified by baseline blood pressure (normotensive, N=104; pre-hypertensive, 
N=52) after consumption of a (poly)phenol-rich breakfast for three consecutive days. Values are presented as mean (standard deviation). 

  Normotensive Pre-hypertensive 

  Visit 1 (N=104) Visit 2 (N=104) 
Paired 

difference 
(N=104) 

p-value Visit 1 (N=52) Visit 2 (N=52) 
Paired 

difference 
(N=52) 

p-value 

SBP (mmHg)         
  Mean (SD) 105.26 (8.57) 106.10 (9.23) 0.87 (8.43) 0.317 124.28 (8.99) 118.70 (8.71) -5.33 (6.92) <0.001 
DBP (mmHg)         
  Mean (SD) 70.17 (5.49) 70.04 (6.89) -0.01 (6.64) 0.984 81.35 (5.86) 78.39 (6.15) -2.73 (4.89) <0.001 
CSBP (mmHg)         
  Mean (SD) 95.63 (9.20) 95.84 (10.43) 0.40 (7.17) 0.600 116.71 (10.60) 111.78 (10.77) -4.38 (7.87) <0.001 
CDBP (mmHg)         
  Mean (SD) 70.57 (5.67) 70.53 (6.63) 0.10 (5.79) 0.871 82.38 (5.63) 79.78 (6.23) -2.07 (4.75) 0.007 
PWV (m/s)         
  Mean (SD) 6.14 (2.01) 5.87 (1.51) -0.13 (1.51) 0.481 7.53 (2.43) 7.94 (2.55) 0.24 (2.043) 0.557 
AIx (%)         
  Mean (SD) 6.82 (16.72) 5.16 (15.24) -1.32 (12.50) 0.324 16.47 (15.96) 16.28 (17.13) 0.93 (10.256) 0.561 
FMD (%)         

  Mean (SD) 7.01 (2.31) 7.32 (2.31) 0.41 (0.71) <0.001 6.24 (2.05) 6.76 (2.36) 0.40 (0.99) 0.006 

SD: standard deviation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-
mediated dilation. 
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Comparisons between the changes in both subgroups revealed significant differences as the 

pre-hypertensive subgroup had significantly more reductions in blood pressure, including 

SBP, DBP, CSBP and CDBP biomarkers (Figure 15). 

 

Figure 15: Between-group comparison in cardiometabolic parameters for the different baseline blood pressure 
groups (normotensive, N=104; pre-hypertensive, N=52) after consumption of the (poly)phenol-rich breakfast for 
three consecutive days. Values are presented as mean ± standard deviation.  
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The objective of this part was to identify and quantify (poly)phenol metabolites in plasma 

following consumption of the (poly)phenol breakfast for three consecutive days, and to 

investigate whether these metabolites could be associated with changes in the cardiovascular 

biomarkers. 

 Identification and quantification of (poly)phenol metabolites in plasma samples by 

LCMS following intake of a (poly)phenol-rich breakfast for three consecutive days 

Blood samples were collected from volunteers on day 1 and day 4 (after 24 h low-(poly)phenol 

diet including 12 h fast), in the morning of the study visits (Figure 16). Samples were processed 

identically and analysed using a validated method allowing to quantify up to 119 (poly)phenol 

metabolites [138]. As the intervention products contain three different foods known to 

contain different (poly)phenols (anthocyanins, ellagitannins, isoflavones and lignans in 

particular), a large number of metabolites are expected to be found in plasma. As this thesis 

has a particular focus on the gut microbial metabolites of ellagitannins, the urolithins, and 

their relationship with cardiometabolic health, the levels of those metabolites in plasma and 

urine will be discussed separately in Chapter 4. 
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Compound name Visit 1 Visit 2 Paired difference p-
value 

   CV (%) 71.43 82.04   
   Range 0.00-123.62 1.41-189.66   
Enterolactone-glucuronide     
   Mean (SD) 141.50 (191.05) 590.69 (546.16) 465.41 (535.74) <0.001 
   CV (%) 135.34 92.54   
   Range 1.31-1215.74 4.11-3059.71   
Enterolactone-sulfate     
   Mean (SD) 23.68 (21.40) 18.91 (13.58) -5.63 (27.80) 0.028 
   CV (%) 90.37 71.81   
   Range 1.20-123.62 1.58-86.57   

     

Benzene diols and triols 
4-Methylcatechol     
   Mean (SD) 89.12 (147.15) 112.60 (153.91) 23.80 (199.52) 0.192 
   CV (%) 165.11 137.67   
   Range 3.34-1427.98 4.74-1429.06   
4-Methylcatechol-O-sulfate     

   Mean (SD) 862.34 (1483.91) 1046.30 
(1221.59) 198.88 (1549.78) 0.161 

   CV (%) 172.07 116.75   
   Range 17.82-14217.17 21.93-10217.40   
Catechol-O-1-glucuronide     
   Mean (SD) 24.22 (27.59) 22.75 (29.44) -3.57 (36.73) 0.287 
   CV (%) 113.91 129.41   
   Range 0.00-179.03 0.00-221.86   
Pyrogallol-O-sulfate mixture     
   Mean (SD) 250.37 (572.40) 216.62 (404.97) -28.90 (590.20) 0.591 
   CV (%) 228.62 186.94   
   Range 0.58-5184.65 1.00-2149.59   
1-Methylpyrogallol-O-
sulfate 

    

   Mean (SD) 123.37 (453.61) 87.59 (175.08) -37.24 (411.75) 0.322 
   CV (%) 367.68 199.88   
   Range 0.00-4553.58 0.00-964.28   
2-Methylpyrogallol-O-
sulfate 

    

   Mean (SD) 37.63 (37.58) 44.09 (76.22) 1.45 (42.31) 0.707 
   CV (%) 99.87 172.97   
   Range 0.00-215.89 0.00-757.16   
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Compound name Visit 1 Visit 2 Paired difference p-
value 

     

Benzaldehydes 
4-Hydroxybenzaldehyde     
   Mean (SD) 67.79 (42.54) 62.18 (38.05) -4.21 (33.07) 0.164 
   CV (%) 62.79 61.19   
   Range 6.75-180.52 3.14-165.99   
Vanillin     
   Mean (SD) 18.74 (20.60) 18.71 (23.53) -0.61 (33.93) 0.844 
   CV (%) 109.93 125.76   
   Range 0.00-123.62 0.00-189.66   

     

Benzoic acids 
2-Hydroxybenzoic acid     
   Mean (SD) 397.86 (1471.32) 286.37 (369.23) -117.45 (1569.80) 0.412 
   CV (%) 369.80 128.93   
   Range 24.70-16988.52 31.58-2087.70   
3-Hydroxybenzoic acid     
   Mean (SD) 49.83 (50.73) 56.23 (53.39) 6.82 (53.97) 0.167 
   CV (%) 101.81 94.9   
   Range 3.36-346.11 2.94-310.31   
4-Hydroxybenzoic acid     
   Mean (SD) 48.15 (98.53) 65.16 (279.48) 18.67 (306.86) 0.505 
   CV (%) 204.63 428.91   
   Range 2.22-917.67 3.70-3279.35   
2,6-Dihydroxybenzoic acid     
   Mean (SD) 199.37 (267.26) 162.17 (187.59) -42.70 (219.87) 0.035 
   CV (%) 134.05 115.67   
   Range 10.40-1625.25 8.60-1157.76   
4-Methylgallic-3-O-sulfate     
   Mean (SD) 62.34 (177.86) 57.07 (158.65) 0.68 (180.49) 0.967 
   CV (%) 285.31 277.97   
   Range 0.00-1200.12 0.00-976.91   
Isovanillic acid 3-O-sulfate     
   Mean (SD) 181.07 (203.44) 364.58 (387.57) 190.48 (367.55) <0.001 
   CV (%) 112.35 106.31   
   Range 5.24-1017.95 6.96-2306.00   

     

Hippuric acids 
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Compound name Visit 1 Visit 2 Paired difference p-
value 

3,5-
Dihydroxyhydrocinnamic 
acid 

    

   Mean (SD) 39.72 (28.63) 40.16 (25.46) 0.44 (25.61) 0.852 
   CV (%) 72.08 63.40   
   Range 11.06-189.66 9.34-136.19   

SD: standard deviation; CV: coefficient of variation. 
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Figure 17: Paired values at visit 1 and visit 2 for each of the 37 plasma metabolites included in the analysis (nM). 

Important inter-individual variability in the bioavailability of the plasma metabolites was 

observed with coefficient of variations ranging from 33.84 % (for S-equol), up to 691.47 % (for 

2-hydroxyhippuric acid) on visit 1 and ranging from 37.21 % (for S-equol), up to 428.91 % (for 
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Figure 18: Plasma concentrations at visit 1 and visit 2 of the (poly)phenol metabolites significantly changed during the intervention (nM). Values are presented as means ± 
standard deviation. 
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Figure 19: Significant Spearman correlations (p<0.05) between cardiovascular changes and plasma concentrations of (poly)phenol metabolites. 
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Little evidence was found in the literature on the effects on FMD after consumption of 

raspberries. In an acute study conducted by our group, consumption of 200 g or 400 g of 

frozen raspberries given as a smoothie to 10 healthy male volunteers aged 18 to 35 years old, 

led to FMD changes of 1.0 % (95 % CI: 0.6, 1.2) and 0.7 % (95 % CI: 0.2, 0.9) 24 h post-

consumption, respectively [120]. The amount provided in our present intervention was 

equivalent to 280 g of fresh raspberries and would therefore be comparable to the one given 

in this trial. However, our breakfast also contained other products and the study population 

was much larger, including both genders and with a broader age range. 

As this study was conducted with three (poly)phenol sources (red raspberries, flaxseeds and 

soy milk), it is also possible that the effects observed resulted from the three different foods 

and possibly from the (poly)phenols contained in such foods. Considering (poly)phenols in 

general, the current literature reports a wide array of cardiovascular responses. For example, 

previous works reported FMD changes ranging between +0.62 % [47] and 1.5-2 % following 

(poly)phenol consumption [49, 157]. For blood pressure, several meta-analysis have reported 

mixed results varying from non-significant changes [47], up to 4-5 mmHg decreases in blood 

pressure [49, 151, 158]. 

Differences observed between our results and previous studies can be related to several 

factors including study design, the intervention product used or the study duration. Regarding 

the duration, the magnitude of the effects on FMD found was lower than those observed in 

other studies conducted by our research group and others, although very few studies have 

investigated short term effects after 24 h post-consumption. Indeed, most studies 

investigating changes in FMD after (poly)phenol consumption have focused on acute effects 

from 1 to 8 hours post consumption [58, 120, 159], or longer-term effects after weeks or 
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A total of 37 metabolites were quantified and used in the analysis (one flavanone, one 

flavone, one isoflavonoid, three lignans, six benzene diol and triols, two benzaldehydes, six 

benzoic acids, four hippuric acids, six cinnamic acids, one hydroxyphenylacetic acid, and five 

phenylpropanoic acids). This important number of different (poly)phenol metabolites 

quantified can be explained by the fact that the breakfast intervention was composed of three 

different (poly)phenol-rich foods and that the method used for quantification had a broad 

coverage in terms of (poly)phenol groups [138]. These were found in concentrations similar 

to those found in studies conducted with cranberry (total dose of 450 mL of juice) and 

blueberries (dose equivalent to 2*100 g of fresh berries per day) [159, 165]. As volunteers 

were required to follow a low-(poly)phenol diet on both visits during the 24 h preceding the 

study, it could be hypothesized that most of the phenolic metabolites observed come from 

the study intervention. Therefore, lignan compounds were likely to come from the flaxseeds 

given in the intervention breakfast as enterolactone and enterodiol have previously been 

described to be typical lignan metabolites [166-168]. Similarly, S-equol was very likely to come 

from the soy milk given as intervention as it is another well described metabolite of food rich 

in isoflavone [109, 110, 169]. The rest of the metabolites include important amounts of 

phenolic acids. Phenolic acids are contained in red raspberries, as well as anthocyanins in 

important amounts [35, 170]. After intake, a part of these anthocyanins is also metabolised 

into phenolic acids by the gut microbiota in the large intestine [171]. These phenolic acids 

measured are therefore also likely to come from the raspberry powder given to the 

volunteers. 

Significant changes in the metabolite concentrations were observed between the two visits. 

Five metabolites were significantly increased over the course of the intervention: isovanillic 











160 
 

(poly)phenol content and composition [35], differences in the food matrix and differences in 

the study population. 

The StratiPol study primarily aimed to investigate the characteristics of different (poly)phenol 

gut microbial metabolites in a UK-based population, and cardiovascular measurements were 

performed as secondary endpoints. To pinpoint metabolites with cardioprotective properties 

more precisely, more randomized controlled trials are needed. Such studies should include 

several time points with collection of blood samples on each visit, to establish the kinetics of 

metabolite production, and correlate these with the different vascular outcomes of interest 

measured at the same time points. By recruiting a larger number of volunteers and stratifying 

the cohort a priori (e.g., by age, sex, BMI or baseline blood pressure), with a control group for 

each subgroup, it would also be feasible to investigate the effects of inter-individual factors 

without loss of statistical power usually associated with subgroup analysis. 

The analysis of the determinants of inter-individual variability performed in this chapter 

showed different responses according to age, sex, BMI, and baseline blood pressure, as well 

as (poly)phenol metabolites production. Our results indicate that the most impacting factor 

is baseline blood pressure, and that baseline cardiovascular risk is an important factor to 

consider when looking at the vascular response following a (poly)phenol intervention. A high 

variability was observed in the bioavailability of (poly)phenol metabolites, however, no strong 

associations could be established with the cardiovascular response as none of the significantly 

changed metabolites correlated significantly with the vascular changes. In this regard, it is 

important to note that the most abundant metabolites of lignans, isoflavones and 

ellagitannins, the major (poly)phenols present in our intervention, were not the focus of this 

analysis. The effect of ellagitannin metabolites on cardiovascular response will be discussed 
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in detail in Chapter 4, while lignans and isoflavone metabolites will be discussed in the PhD 

thesis of Wafa Alotaibi, who acted as a joint investigator in the StratiPol study. 
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 Urolithin metabotypes in the StratiPol study: 

prevalence, demographics, characteristics, and influence 

on vascular response 
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conjugated form) and UMO (Urolithin Metabotype 0, not producing any urolithin) [181]. As 

presented in Chapter 1, these differences in metabolite production seem to be due the gut 

microbial composition as only specific bacteria strains are capable to convert ellagitannin-

derived catabolites into urolithins [123, 187]. 

While these urolithin metabotypes have been reported in several publications, most studies 

have been conducted in Spain which possesses a different environment compared to the UK 

(e.g., climate, diet), and a complete characterisation of the individuals has not been 

performed. It is therefore still unknown if geographic differences would lead to a different 

metabotype repartition. It is still not completely clear which demographic factors characterise 

the UM subgroups and if metabotypes are more at risk to develop cardiovascular disease or 

if the cardiovascular response following intake of ellagitannin would differ depending on the 

metabotype. As stated in the introduction, the main hypothesis of this thesis was that gut 

microbial metabolism would be the main determinant of inter-individual variability in the 

cardiovascular response to our intervention. 

In this chapter we therefore analysed the metabolic profile of urolithins produced following 

consumption of red raspberry ellagitannins and investigated the inter-individual variability in 

gut microbial metabolism and its influence on vascular response. Firstly, we investigated the 

inter-individual variability in gut microbial metabolism of urolithins which were quantified in 

urine and plasma samples.Then we classified the volunteers in urolithin metabotypes and 

evaluated differences in the absorption, metabolism, and excretion of urolithins among 

metabotypes. Next, we characterized the metabotype subgroups of our UK-based population 

by analysing the baseline characteristics and compared those to previous works [116, 125, 

131]. In addition, we investigated the cardiovascular response of each biomarker within each 
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metabotype subgroup between visit 1 and visit 2 and compared the changes between UMA 

and UMB subgroups. Then, we investigated the gut microbiome composition of each 

metabotype and, finally, we analysed whether the differences observed between the 

urolithin metabotypes had an influence on the vascular response following consumption of 

our (poly)phenol-rich breakfast intervention. 

 Results 

 

A total of nine metabolites were quantified in urine and plasma samples. These samples were 

collected in a fasting state (12 h) and after a 24 h low-(poly)phenol diet on day 4, following 

consumption of a (poly)phenol-rich breakfast for three consecutive days (days 1 to 3), 

representing a daily dose of 152 mg of ellagitannins mainly in the form of lambertianin C and 

sanguiin H6. Plasma samples were taken 24 h post-consumption of the last breakfast while 

urine samples were collected during the 24 h following consumption of the last breakfast. 

Urolithin metabolites were measured using LCMS (UHPLC-qToF) and the following were 

quantified using authentic standards: urolithin A, urolithin A-3-O-glucuronide, urolithin A-

sulfate, urolithin B, urolithin B-glucuronide, urolithin B-sulfate, isourolithin A, isourolithin A-

3-O-glucuronide and isourolithin A-sulfate. Urolithin metabolites were measured in both 

plasma and urine samples using UPLC-UHPLC-qToF as described in Chapter 2 and the analysis 

was conducted by Dr Garcia-Villalba and Dr Francisco Tomas-Barberán at CEBAS-CSIC, Murcia, 

Spain. Plasma concentrations could be analysed for 138 volunteers, while urinary excretion 
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Next, we aimed to determine the inter-individual variability in the production of each 

individual metabolite and which metabolites were mainly produced by each metabotype 

subgroup. The individual data is shown in Figure 24 for plasma and Figure 25 for urine. 

 

Figure 24: Plasma urolithin metabolite concentration at visit 2 (nM) stratified by urolithin metabotype subgroup 
after consumption of a (poly)phenol-rich breakfast containing 152 mg of ellagitannins for three consecutive days 
(NUMA=88; NUMB=57 upon removal of UMO and missing data). 
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with UMB. No urolithin A (aglycone) was found in any of the metabolites and only traces of 

isourolithin A (aglycone) and urolithin B (aglycone) were found in plasma of UMB volunteers. 

A similar variability was found in the total production of urolithins in UMA (CV=97.1 %) and 

UMB volunteers (CV=87.1 %). The variability observed in the total isourolithin A-derived 

metabolites was two-fold higher than the variability observed in total urolithin and total 

urolithin A-derived metabolites (Table 16). 

Table 16: Urolithin concentration in plasma (nM) in UMA and UMB subgroups after consumption of a 
(poly)phenol-rich breakfast containing 152 mg of ellagitannins for three consecutive days. 

  UMA 
(N=88) 

UMB 
(N=57) p-value 

Urolithin A       
Mean (SD) 0 (± 0) 0 (± 0) NA 
CV (%) NA NA   

Urolithin A-3-O-glucuronide       
Mean (SD) 120 (± 110) 73 (± 79) 0.008 

CV (%) 88.9 107.8 
 

Urolithin A-sulfate       
Mean (SD) 19 (± 20) 13 (± 20) 0.096 
CV (%) 105.7 148.4   

Total urolithin A       
Mean (SD) 130 (± 120) 82 (± 93) 0.040 
CV (%) 97.1 114   

Isourolithin A       
Mean (SD) NA 0.35 (± 1.8) NA 
CV (%) NA 512.5   

Isourolithin A-3-O-glucuronide       
Mean (SD) NA 16 (± 34) NA 
CV (%) NA 217.4   

Isourolithin A-sulfate       
Mean (SD) NA 24 (± 45) NA 
CV (%) NA 183.4   

Total isourolithin A       
Mean (SD) NA 38 (± 77) NA 
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  UMA 
(N=88) 

UMB 
(N=57) p-value 

CV (%) NA 200.8   
Urolithin B       

Mean (SD) NA 0.67 (± 0.82) NA 
CV (%) NA 123.6   

Urolithin B-glucuronide       
Mean (SD) NA 81 (± 94) NA 
CV (%) NA 116.4   

Urolithin B-sulfate       
Mean (SD) NA 9.3 (± 12) NA 
CV (%) NA 126.5   

Total urolithin B       
Mean (SD) NA 86 (± 100) NA 
CV (%) NA 119.7   

Total urolithin       
Mean (SD) 130 (± 120) 210 (± 180) 0.014 
CV (%) 97.1 87.1   

SD: standard deviation; CV: coefficient of variation; NA: Not Applicable as isourolithin A and urolithin B-derived 
metabolites are not produced in UMA and p-value therefore cannot be computed. 
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We investigated whether the urolithin metabotypes could be differentiated based on the 

demographic characteristics of the individuals belonging to each group, or by their 

cardiovascular risk. Baseline characteristics stratified by metabotype are presented in Table 

19. No differences between metabotypes were found in age, BMI, and baseline SBP, DBP, 

CSBP, CDBP, PWV ,FMD, blood lipids, glucose, or insulin, with one exception(Table 19). UMA 

had significantly higher HDL-cholesterol than UMB. We also observed a significant difference 

in sex distribution when comparing UMA and UMB (p=0.006). UMA was characterized by a 

higher percentage of female (84 %) as compared to males (16 %), while UMB has a higher 

proportion of male volunteers with 63 % female and 37 % male. 

Table 19: Baseline characteristics of the UMA and UMB subgroups. Values are presented as mean (standard 
deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

  UMA 
(N=90) 

UMB 
(N=57) p-value 

Age (years)       
Mean (SD) 40 (± 16) 41 (± 14) 0.331 
CV (%) 40.5 34.4   
Interquartile Range (25-75 %) 30 22   

Sex       
Male 14 (16 %) 21 (37 %) 0.006 
Female 76 (84 %) 36 (63 %)   

BMI (kg/m2)       
Mean (SD) 24 (± 3.6) 24 (± 3.6) 0.605 
CV (%) 15.2 14.7   
Interquartile Range (25-75 %) 4.3 5.5   

SBP (mmHg)       
Mean (SD) 110 (± 13) 110 (± 12) 0.782 
CV (%) 11.8 10.3   
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  UMA 
(N=90) 

UMB 
(N=57) p-value 

Interquartile Range (25-75 %) 19 14   
DBP (mmHg)       

Mean (SD) 74 (± 7.5) 74 (± 8.0) 0.77 
CV (%) 10.1 10.9   
Interquartile Range (25-75 %) 10 12   

CSBP (mmHg)       
Mean (SD) 100 (± 15) 100 (± 12) 0.887 
CV (%) 15 11.5   
Interquartile Range (25-75 %) 23 15   

CDBP (mmHg)       
Mean (SD) 75 (± 8.0) 74 (± 7.8) 0.933 
CV (%) 10.8 10.6   
Interquartile Range (25-75 %) 11 11   

AIx (%)       
Mean (SD) 11 (± 18) 7.4 (± 17) 0.173 
CV (%) 161.8 226.3   
Interquartile Range (25-75 %) 24 23   

PWV (m/s)       
Mean (SD) 6.6 (± 2.5) 6.4 (± 1.8) 0.812 
CV (%) 37.6 28.7   
Interquartile Range (25-75 %) 2.7 1.9   

FMD (%)       
Mean (SD) 6.7 (± 2.3) 6.6 (± 2.2) 0.883 
CV (%) 34.3 32.7   
Interquartile Range (25-75 %) 3.3 3   

Fasting plasma glucose (mmol/L)   
Mean (SD) 4.8 (± 0.50) 4.8 (± 0.45) 0.776 
CV (%) 10.6 9.5   
Interquartile Range (25-75 %) 0.6 0.7   

Total cholesterol (mmol/L)     
Mean (SD) 4.9 (± 1.3) 5.0 (± 0.99) 0.81 
CV (%) 25.9 19.9   
Interquartile Range (25-75 %) 1.3 1.4   

Triglyceride (mmol/L)     
Mean (SD) 0.93 (± 0.45) 0.88 (± 0.50) 0.338 
CV (%) 48.9 56.2   
Interquartile Range (25-75 %) 0.51 0.46   

HDL-cholesterol (mmol/L)     
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  UMA 
(N=90) 

UMB 
(N=57) p-value 

Mean (SD) 2.0 (± 0.62) 1.7 (± 0.45) 0.028 
CV (%) 31.7 25.9   
Interquartile Range (25-75 %) 0.69 0.72   

LDL-cholesterol (mmol/L)     
Mean (SD) 3.2 (± 1.1) 3.4 (± 1.1) 0.276 
CV (%) 35.8 33.2   
Interquartile Range (25-75 %) 1.3 1.3   

Insulin (mU/L)       
Mean (SD) 5.7 (± 4.8) 5.8 (± 4.4) 0.672 
CV (%) 84 75.7   
Interquartile Range (25-75 %) 2.9 3.9   

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 

The percentage of urolithin metabotype (UMA/UMB) per age class is presented in Figure 26. 

We did not observe a clear dynamic in terms of metabotype repartition evolving with age. 

UMA started at around 80 % to decrease to around 37 % at 30 years old. Between 40 and 65 

years old, UMA percentage oscillated between 40 % and 90 % (its peak) reached at 65 years 

old. Between 65 and 70 years it decreased again to around 55 %. By using a Kolmogorov-

Smirnov test, no significant differences in the age distribution between each metabotype 

subgroup UMA and UMB were found (p=0.193). 
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Figure 26: Metabotype repartition per age class in the StratiPol cohort. 

Our initial approach aimed to perform direct comparison for each cardiovascular biomarker 

between each metabotype subgroup. We subsequently investigated whether some potential 

multivariate patterns could differentiate each metabotype using baseline cardiovascular 

biomarker values. To do so, we conducted a principal component analysis using baseline 

vascular biomarker values (blood pressure, arterial, stiffness), as well as the plasma biomarker 

values (lipid profile, insulin, glucose) and BMI. Individuals were coloured according to their 

metabotype to allow the qualitative identification of certain patterns (UMA: red; UMB: green; 

UMO: blue). The projection on the first two axis is presented in Figure 27, representing 35.9 

% and 16.4 % of the variability on axis 1 and 2 respectively. We observed a complete overlap 
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of the volunteers regardless of their metabotype subgroup. These observations were in 

accordance with the non-significant differences observed at baseline for the vascular markers 

as reported in Table 19. The only significant difference observed at baseline was the HDL-

cholesterol which was significantly higher in UMA volunteers as compared to UMB (2.0 ± 0.62 

mmol/L vs 1.7 ± 0.45 mmol/L, p=0.028) (Table 19). 
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both cases, no significant change in arterial stiffness was recorded (Table 20). Between-group 

comparison revealed no statistically different changes when comparing UMA to UMB (Figure 

28). 
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Table 20: Mean values at visit 1 and visit 2, and changes in biomarker of cardiometabolic health stratified by urolithin metabotype (UMA, N=90; UMB, N=57) after consumption 
of a (poly)phenol-rich breakfast for three consecutive days. Values are presented as mean (standard deviation). Comparison for UMO could not be computed due to the lack 
of individuals. 

  UMA UMB 

  Visit1 
(N=90) Visit2 (N=90) 

Paired 
difference 

(N=90) 
p-value Visit1 (N=57) Visit2 (N=57) 

Paired 
difference 

(N=57) 
p-value 

SBP (mmHg)         
   Mean (SD) 111.84 

(13.19) 
109.75 (10.86) -1.89 (8.05) 0.032 111.84 (11.55) 111.22 (10.55) -0.62 (9.14) 0.613 

DBP (mmHg)         
   Mean (SD) 74.28 (7.48) 73.21 (7.67) -0.91 (5.66) 0.143 73.54 (8.04) 72.35 (7.86) -1.19 (7.00) 0.204 
CSBP (mmHg)         
   Mean (SD) 103.18 

(15.43) 
100.76 (12.89) -1.68 (7.95) 0.068 101.70 (11.66) 101.33 (12.93) -0.40 (7.40) 0.698 

CDBP (mmHg)         
   Mean (SD) 74.69 (8.03) 74.00 (7.85) -0.31 (5.77) 0.637 74.02 (7.83) 72.89 (7.76) -0.94 (5.39) 0.209 
PWV (m/s)         
   Mean (SD) 6.63 (2.49) 6.50 (2.20) -0.01 (1.97) 0.978 6.44 (1.85) 6.50 (1.97) -0.03 (1.19) 0.866 
AIx (%)         
   Mean (SD) 10.92 

(17.66) 
8.70 (17.90) -1.80 (12.99) 0.23 7.41 (16.76) 8.74 (14.93) 1.37 (9.94) 0.327 

FMD (%)         
   Mean (SD) 6.75 (2.31) 7.04 (2.34) 0.38 (0.58) <0.001 6.65 (2.18) 7.20 (2.35) 0.46 (1.09) 0.003 

SD: standard deviation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-
mediated dilation. 
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Figure 28: Between-group comparison in cardiometabolic parameters for the different urolithin metabotype 
groups (UMA, N=90; UMB, N=57) after consumption of the (poly)phenol-rich breakfast for three consecutive 
days. Values are presented as mean ± standard deviation. 
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Figure 29: Faecal microbiota community structure in urolithin metabotypes (UM). Ordination of Bray-Curtis distances (A) showing 
clustering of faecal microbiota samples by UM (colour gradient). Alpha diversity across UM (B) was compared with distances 
reflecting species richness (Observed, Chao1) and evenness (Shannon index). Results suggest a higher gut microbial diversity in UMB 
volunteers compared with UMA and UMO. 
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Alpha diversity was higher in UMB compared to UMA individuals (Figure 29 B). Additionally, 

UMB individuals had a higher species richness showed by higher Chao1 indices (p<0.001) and 

a higher number of unique Amplicon Sequence Variant (ASV) (p<0.001) compared to UMA 

individuals. UMB individuals not only had higher species richness but also higher Shannon 

evenness indices (p= 0.03). This suggested that large differences exist between the faecal 

microbiota composition of individuals with different UM, both in the number of species and 

their proportions, therefore indicating that UM shaped the whole faecal microbiota. 

A taxonomic analysis revealed a typical profile dominated by Firmicutes (51 %), Bacteroidota 

(37 %), with Proteobacteria (5.4 %), Verrucomicrobiota (2.6 %) and Actinobacteria (1.1 %). 

Bacteroidota were present at a lower abundance in UMB individuals (35.7 % of total 

abundance), as compared to UMA (41.3 %). Conversely, Firmicutes and Actinobacteria were 

more abundant in UMB individuals (data not shown). 

Analysis of the taxonomic differences at the genus level are presented in Table 21. This 

provided the best resolution for taxonomic evaluations given the number of samples and the 

DNA sequencing strategy used in this study. 

Multivariable association between clinical metadata and taxonomic abundances revealed 

that 17 bacteria genera were present at different abundances between the UM groups (Figure 

30). 
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Table 21: Differences in the composition of the faecal microbiome between UMA and UMB individuals. Amplicon sequence variants were agglomerated at the genus level. 
The relative abundance of bacterial genus is compared in UMA and UMB individuals with linear model with Maaslin2 adjusted for sex, BMI and age. 

Genus UMA UMB coef stderr p-value q-value 

Bacteroides 35.38 % 20.47 % -0.181 0.047 0.0001 0.026 

Caproiciproducens 0.04 % 0.07 % 0.008 0.003 0.014 0.164 

Catenibacterium 0.01 % 0.25 % 0.022 0.006 0.0001 0.026 

Clostridium sensu stricto 1 0.19 % 0.40 % 0.019 0.007 0.006 0.104 

Coprococcus 0.83 % 1.61 % 0.032 0.010 0.003 0.063 

Defluviitaleaceae UCG-011 0.01 % 0.04 % 0.008 0.002 0.001 0.031 

Anaerovoracaceae Family XIII AD3011 0.19 % 0.37 % 0.017 0.007 0.010 0.134 

Anaerovoracaceae Family XIII UCG-001 0.03 % 0.06 % 0.006 0.003 0.029 0.234 

Fournierella 0.02 % 0.12 % 0.015 0.004 0.001 0.030 

Holdemania 0.02 % 0.01 % -0.005 0.002 0.032 0.242 

Lachnoclostridium 1.48 % 0.82 % -0.023 0.009 0.016 0.182 

Oscillospiraceae NK4A214 group 1.03 % 1.72 % 0.037 0.015 0.013 0.159 

Olsenella 0.00 % 0.07 % 0.012 0.003 0.0001 0.026 

Prevotella 4.41 % 13.05 % 0.128 0.059 0.031 0.241 

Terrisporobacter 0.01 % 0.06 % 0.010 0.003 0.001 0.035 

Oscillospiraceae UCG-002 2.03 % 2.99 % 0.039 0.017 0.026 0.232 

Butyricicoccaceae UCG-009 0.01 % 0.07 % 0.009 0.003 0.006 0.104 

Coef: the model coefficient value; stderr, the standard error from the model; p-value, the statistical significance; q-value: the corrected statistical significance adjusted for 
multiple comparisons. Significant differences between metabotypes are highlighted in bold.
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Figure 30: Differences in taxonomic composition between individuals with different (poly)phenol metabotypes. 
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The most substantial difference was a decrease in Bacteroides in UMB. By contrast, relative 

abundance of other taxa was mostly increased such as Olsenella, Coprococcus, 

Catenibacterium, Fournierella, Terrisporobacter and Defluviitaleaceae UCG-011 (Table 21). 

Most other bacterial genera which were differentially abundant were Firmicutes, which were 

found at higher levels in UMB individuals. Since some sequence variants are not annotated 

up to the genus levels, we also investigated whether analysis at the family level could provide 

some insights. This revealed that two families of Verrucomicrobiota (Puniceicoccaceae [+1.8 

% in UMB] and VadinBE97 [+1.6 % in UMB]) were more abundant in UMB individuals. 

Altogether, our analysis corroborates the diversity results showing the UMB individuals have 

a richer microbiome in comparison to UMA individuals. Since faecal microbiota analyses are 

using relative abundance values, it is possible that the decrease in Bacteroides relative 

abundance in UMB is not reflected by a decrease in the number of Bacteroides and that it is 

actually due to increase in the abundance of other species.  

 

We subsequently investigated if demographic or microbiome composition could predict UM 

using a machine learning approach. The model was established with 75 % of the dataset which 

was then used to predict sample classification of the remaining 25 % of the dataset. The 

random forest model appropriately classified UM when both microbiome composition and 

demographic data (age, sex and BMI) were taken into account (Table 22). When using 

microbiome data only, 82% of the volunteers were properly classified in terms of metabotype, 

with a non-significant p-value of 0.13. Similarly, when using only demographic data (sex, age 

and BMI), only 61% of the volunteers were classified in the correct metabotype subgroup but 

the p-value of 0.87 was also not significant. When using all variables together (microbiome 
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Figure 31: Correlations between improvements in vascular function and the composition of the faecal microbiota. 



199 
 

The composition of the microbiota was correlated to the changes observed during the 

intervention (Figure 31). Only three correlations were statistically significant at phylum level, 

between Actinobacteriota and changes in CSBP and AIx, and between Desulfobacteriota and 

CSBP. Though non-significant, we observe that changes in vascular outcomes were positively 

correlated with Bacteroidota and negatively correlated with Firmicutes. 

At genus levels, changes in AIx were correlated positively with Oscillibacter and 

Flavonifractor, while being negatively correlated with Akkermansia. Changes in CDBP were 

positively correlated with Parabacteroides and Anaerostipes. Changes in FMD were positively 

correlated with Lachnoclostridium levels. Changes in CSBP were positively correlated with 

Barnesiella and changes in SBP were negatively correlated with Lachnospiraceae UCG004 

(Figure 31). 
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 Discussion and conclusions 

This chapter focused on the gut microbial metabolism of red raspberry ellagitannins and its 

consequences on cardiovascular risk and the cardiovascular response. We first quantified the 

urolithin metabolites, gut microbial metabolites, in plasma and 24 h-urine samples at visit 2, 

after (poly)phenol consumption for three consecutive days, and then investigated their 

associations with cardiovascular biomarkers. Subsequently we classified the volunteers 

according to their urolithin metabotypes and assessed the characteristics of each subgroup, 

including cardiovascular risk at baseline and cardiovascular response, along with the gut 

microbiome profile assessed using 16S RNA sequencing data. 

Following intake of the (poly)phenol-rich breakfast intervention for three consecutive days, 

the presence of urolithin metabolites was observed in both plasma and 24 h-urine samples. 

In both biofluids, a wide range of metabolite levels could be reported. Almost no aglycone 

urolithins were found in plasma and very low amounts were found in urine. In both cases, 

most of the urolithin metabolites were found in glucuronidated form (82 % in plasma and 98 

% in urine), along with sulfated urolithins in plasma (18 %). The analysis of correlations 

between urolithin levels at visit 2 and vascular biomarker values at visit 2 revealed a 

significant negative correlation between urolithin B-derived metabolites and DBP values 

potentially suggesting that higher levels of these metabolites could have cardioprotective 

effects on blood pressure. An in vivo study conducted with streptozotocin-induced diabetic 

rats showed that urolithins could prevent cardiac dysfunction and better improvements were 

observed with urolithin B metabolites compared with urolithin A metabolites, possibly 

because these metabolites could reach tissues in higher concentrations [188]. In a human 

randomized-controlled trial conducted with pomegranate ellagitannin extract, authors found 
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device used in our intervention (LODHPLC-DAD between 165 and 666 nM; LODUHPLC-qToF between 

0.5 and 2.0 nM) [130, 189]. The more accurate UHPLC-qToF technique used in the present 

study allows to quantify metabolites present in lower concentrations thus reducing the 

percentage of non-producers identified (UMO) [137]. This raises the question whether UMO 

really exist or if all volunteers can produce urolithins, some of which in such low amounts that 

are only detectable with very sensitive techniques [122, 123, 183, 187]. More large human 

clinical trials should be conducted with ellagitannin intervention products and collection of 

plasma, urine and faecal samples, to better understand relationships between ellagitannin 

intake, gut microbial composition and urolithin metabotypes. 

The repartition of urolithin metabotypes has been reportedly linked with aging. In the largest 

study conducted so far, the percentage of UMA was shown to decrease from 80 % to around 

55 % between 0 and 40 years old, while UMB followed the opposite dynamic and UMO 

remained constant at 10 % [116]. In our population we did not observe a similar repartition 

as percentages of UMA and UMB oscillated between 20 and 70 years old. These differences 

may be explained by the lower number of volunteers present in each age category compared 

to the previous study which included 839 volunteers aged between 5 to 90 years of age [116]. 

The comparison of baseline characteristics between UMA and UMB showed no significant 

differences apart from sex (UMA were characterized by a higher percentage of female, while 

UMB were more balanced) and HDL-cholesterol levels, which were higher in UMA. Baseline 

differences in the vascular risk were not significant. In contrast with our findings, a previous 

study conducted with a pomegranate extract containing ellagitannins reported that UMB 

volunteers were at higher vascular risk as compared to UMA when considering biochemical 

markers from plasma (cholesterol levels and apoliproprotein-B) [125]. However, while 
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volunteers included in this study had a BMI>27 kg/m2, which could be a factor affecting the 

results as volunteers were already at higher risk of cardiovascular disease for being 

overweight, in our study volunteers were healthy and not all of them were overweight. 

Additionally, in the pomegranate study, the male/female ratio was higher in UMB compared 

with UMA, which is also in agreement with our study [125].  

When analysing the gut microbial composition of the volunteers, we observed that 

differences were mainly driven by the metabotype groups. Sex, BMI, and age were not 

associated with the differences observed, which is in accordance with previous studies 

investigating the urolithin associated enterotypes of 272 volunteers [117]. Alpha diversity was 

higher in UMB when compared to UMA, as well as species richness by higher Chao1 index, 

unique ASV and evenness by Shannon index. The taxonomic analysis revealed the following 

composition: Firmicutes (51 %) and Bacteroidota (37 %), with Proteobacteria (5.4 %), 

Verrucomicrobiota (2.6 %) and Actinobacteria (1.1 %). A similar profile was observed in the 

study analysing the faecal samples of 272 volunteers mentioned above [117] and was in 

agreement with previously reported in the literature [190]. 

Bacteroidota were present at a lower abundance in UMB individuals (35.7 % of total 

abundance), as compared to UMA (41.3 %). Meanwhile, Firmicutes and Actinobacteria were 

more abundant in UMB individuals. Though the correlations were not significant, we 

observed that individuals with the highest Bacteroidota levels showed the highest vascular 

improvements, while Firmicutes levels were negatively correlated to these same vascular 

parameters. This result agrees with the current literature suggesting that the 

Firmicutes/Bacteroidetes ratio could be an important vascular biomarker as it has been 
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previously shown to be significantly higher in patients with coronary artery disease and 

participants with higher vascular risk [191]. 

Olsenella, a family of Coriobacteriales, was also increased in UMB volunteers, which is also in 

accordance with a previous study [117]. Authors previously reported that Coriobacteriaceae, 

was positively correlated with total cholesterol, LDL-cholesterol, and BMI, suggesting that this 

bacterium could have links with vascular health [117]. We did not analyse the correlations 

between baseline cardiovascular parameters and gut microbial composition, however no 

significant correlation between Coriobacteriaceae and vascular changes were observed. 

A previous work based on the data of 249 volunteers stratified according to their urolithin 

metabotypes reported that, bacterial genera that were different between UMA and UMB 

covered only 15 % of the relative abundance. They observed that UMA had higher levels of 

Lachnospiraceaeincertae sedis, Clostridium XVIII, Prevotella, Gordonibacter, Eggerthella and 

Adlercreutzia. UMB were characterized by higher levels of Clostridium sensu stricto, 

Holdemanella, Parvimonas, Anaerobacter, Intestimonas, Paraprevotella, Cloacibacillus, 

Methanobrevibacter, Methanosphaera, Collinsella, Olsenella, Senegalimassilia, Slackia, and 

Ellagibacter [117]. In this work we were not able to detect differences in Prevotella, however, 

in agreement with the previous study, we did observe significantly higher levels of Olsenella 

in UMB. 

Another previous work also reported that specific bacteria were involved in the production 

of urolithin metabotypes, in particular Gordonibacter urolithinfaciens involved in the 

conversion of ellagic acid into intermediate urolithins [187] and Ellagibacter 

isourolithinifaciens metabolizing ellagic acid into isourolithin A [123]. The 16S RNA sequencing 
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it seems to exist a relationship between metabotype and cardiovascular response, the main 

markers affected and magnitude of changes to be expected are still unclear and metabotype 

alone may not be enough to explain the variability in the response observed. Further studies, 

such as the ongoing CHARM study, assessing vascular health and urolithin metabotypes are 

therefore needed.  

In conclusion, we did observe three different urolithin metabotypes in our study population 

as previously described. The proportion of each of them was however different, especially in 

UMO, who made up 2 % of the cohort. These differences were likely to be due to differences 

in the sensitivity of the analytical methods used to determine the UM. These metabotypes 

were not statistically different from each other from a cardiovascular risk perspective, except 

for HDL-cholesterol levels, which were significantly higher in UMA volunteers. Similarly, 

between-group comparison showed no statistically different cardiovascular response when 

comparing UM subgroups following intake of the breakfast intervention for three consecutive 

days. There was however a trend indicating that UMA were better responders as significant 

improvements were observed in SBP and FMD in UMA, while UMB only improved in FMD. 

The gut microbial characterisation of the different metabotypes on the contrary showed 

significant differences with diversity in UMB, in agreement with the fact that this metabotype 

can produce a broader diversity of urolithin metabolites. Future chronic studies using 

ellagitannin-rich extracts as intervention and performing vascular measurements, along with 

collection of urine, plasma and faecal samples should be conducted to investigate the chronic 

microbiome changes induced by ellagitannin consumption and their effects urolithin in 

metabolite production and on vascular health. 
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 Background diet and (poly)phenol 

consumption as a determinant of cardiovascular risk and 

cardiovascular response 
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 Introduction 

In the previous chapters we investigated how non-behavioural risk factors could influence 

cardiovascular disease risk and the cardiovascular response to a (poly)phenol-rich 

intervention consumed for three consecutive days. In this chapter, we aimed to investigate 

the influence of modifiable factors, diet, and physical activity, on the cardiovascular risk and 

the cardiovascular response to the same intervention as those have been previously reported 

to be factors of influence [194, 195]. 

Objectives of this chapter were to characterise habitual diet of the study population and 

investigate associations between habitual diet (food groups, nutrients and (poly)phenol 

intakes), collected using the EPIC-Norfolk FFQ [146, 149, 196], and i) cardiovascular markers 

at baseline and ii) cardiovascular changes measured between visit 1 and visit 2 (following 

consumption of the breakfast intervention for three consecutive days) as well as to 

investigate the influence of dietary components (food groups, macro nutrients, 

micronutrients, (poly)phenols) on the cardiovascular response. Subsequently, we evaluated 

the influence of habitual diet on the production of (poly)phenol metabolites in plasma. Finally, 

we investigated whether the gut microbial composition was affected by food group intake 

and whether background diet had an influence on the urolithin metabotype classification. 
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apple, orange, banana, tomato, pear) and vegetables (mainly carrot, potato, onion, avocado, 

broccoli) respectively (around 2.6 portions), suggesting variations in the dietary patterns 

across the cohort. The consumption of cereal products was comparable to the fruit intake, as 

volunteers consumed 270 g on average with, once again, a large range across the whole 

population as the interquartile range was as high as 160 g (Table 23). 

Table 23: Daily food intake analysed with FETA from EPIC-Norfolk FFQ. Values are presented as mean (standard 
deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

  Daily estimated intake from FFQ 
(N=132) 

Alcoholic beverages (g)   
Mean (SD) 83 (± 100) 
CV (%) 122.3 
Interquartile Range (25-75 %) 100 

Cereal products (total) (g) 
Mean (SD) 270 (± 220) 
CV (%) 80.8 
Interquartile Range (25-75 %) 160 

Eggs and egg dishes (g)   
Mean (SD) 29 (± 28) 
CV (%) 95.6 
Interquartile Range (25-75 %) 33 

Fats and oils (g) 
Mean (SD) 14 (± 14) 
CV (%) 101.1 
Interquartile Range (25-75 %) 11 

Fish and fish products (g)   
Mean (SD) 55 (± 62) 
CV (%) 113.4 
Interquartile Range (25-75 %) 48 

Fruit (g)   
Mean (SD) 260 (± 240) 
CV (%) 93.9 
Interquartile Range (25-75 %) 210 

Meat and meat products (g)   
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  Daily estimated intake from FFQ 
(N=132) 

Mean (SD) 110 (± 120) 
CV (%) 110.7 
Interquartile Range (25-75 %) 82 

Milk and milk products (g)   
Mean (SD) 300 (± 190) 
CV (%) 64.9 
Interquartile Range (25-75 %) 190 

Non-alcoholic beverages (g) 
Mean (SD) 520 (± 380) 
CV (%) 72.2 
Interquartile Range (25-75 %) 500 

Nuts and seeds (g) 
Mean (SD) 14 (± 20) 
CV (%) 139.7 
Interquartile Range (25-75 %) 18 

Potatoes (g)   
Mean (SD) 47 (± 45) 
CV (%) 96.4 
Interquartile Range (25-75 %) 36 

Soups and sauces (g)   
Mean (SD) 63 (± 59) 
CV (%) 93.2 
Interquartile Range (25-75 %) 56 

Sugars and preserve snacks (g) 
Mean (SD) 35 (± 35) 
CV (%) 101.3 
Interquartile Range (25-75 %) 29 

Vegetables (g)   
Mean (SD) 320 (± 200) 
CV (%) 63.9 
Interquartile Range (25-75 %) 220 

SD: standard deviation; CV: coefficient of variation; Non-alcoholic beverages include tea, coffee, 
powdered/made-up drink, fruit, and vegetable juices; Sugars and preserve snacks include sugars, syrups and 
preserves, chocolate and non-chocolate confectionary, ice lollies and sorbets, sugars, jam, honey.  
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Analysis of the habitual nutrient intake is described in Table 24. Nutrients selected in the 

analysis were also on their potential implications in vascular health [208] and include energy 

intake, micronutrients (calcium, copper, zinc, potassium, magnesium, sodium, selenium), 

vitamins (B12, B6, C, D), carbohydrates (total carbohydrates, starch, sugars, fibre), lipids 

(cholesterol, total fat, monounsaturated fatty acids (MUFA), polyunsaturated fatty acids 

(PUFA), saturated fatty acids (SFA)) and protein intake. 

The daily intake of macronutrient, vitamins and minerals is reported in Table 24. The 

estimated energy intake of the participants was 1800 kcal. Daily carbohydrate intake was 200 

g, with an average free sugar intake of 93 g and 17 g of fibre estimated as non-starch 

polysaccharide, and daily intake of proteins of 83 g. The estimated daily intakes of sodium 

were 2.4 g, total fat 74 g, MUFA 29 g, PUFA 14 g and SFA 25 g. 

Table 24: Daily nutrient intake analysed with FETA from EPIC-Norfolk FFQ. Values are presented as mean 
(standard deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

  Overall intake 
(N=132) 

Energy (kcal)   
Mean (SD) 1800 (± 980) 
CV (%) 55.1 
Interquartile Range (25-75 %) 780 

Protein (g)   
Mean (SD) 83 (± 51) 
CV (%) 60.6 
Interquartile Range (25-75 %) 44 

Total Carbohydrates (g)   
Mean (SD) 200 (± 120) 
CV (%) 59.6 
Interquartile Range (25-75 %) 95 

Starch (g)   
Mean (SD) 100 (± 75) 
CV (%) 72.2 



213 
 

  Overall intake 
(N=132) 

Interquartile Range (25-75 %) 59 
Sugars (g)   

Mean (SD) 93 (± 54) 
CV (%) 57.8 
Interquartile Range (25-75 %) 50 

Fat total (g)   
Mean (SD) 74 (± 44) 
CV (%) 58.9 
Interquartile Range (25-75 %) 38 

Cholesterol (mg)   
Mean (SD) 300 (± 190) 
CV (%) 64.9 
Interquartile Range (25-75 %) 200 

Monounsaturated fatty acids (MUFA) (g) 
Mean (SD) 29 (± 17) 
CV (%) 61 
Interquartile Range (25-75 %) 15 

Polyunsaturated fatty acids (PUFA) (g) 
Mean (SD) 14 (± 9.8) 
CV (%) 71.1 
Interquartile Range (25-75 %) 7 

Saturated fatty acids (SFA) (g) 
Mean (SD) 25 (± 16) 
CV (%) 61.1 
Interquartile Range (25-75 %) 13 

Calcium (mg)   
Mean (SD) 860 (± 530) 
CV (%) 61.9  
Interquartile Range (25-75 %) 490 

Copper (mg)   
Mean (SD) 1.3 (± 1.0) 
CV (%) 74.2 
Interquartile Range (25-75 %) 0.62 

Magnesium (mg)   
Mean (SD) 320 (± 180) 
CV (%) 54.8 
Interquartile Range (25-75 %) 150 

Potassium (mg)   
Mean (SD) 3400 (± 1600) 
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In the (poly)phenol items, we included major families of (poly)phenols, notably the ones 

contained in the breakfast intervention: anthocyanins, flavones, lignans, hydroxycinnamic 

acids, hydroxybenzoic acids, flavan-3-ols, flavanones, flavonols, isoflavonoids, other 

(poly)phenols and total (poly)phenols (Table 25). 

The daily (poly)phenol consumption is reported in Table 25. The total estimated (poly)phenol 

intake was 990 mg per day, with important variations across the cohort as the interquartile 

range was as high as 1200 mg. The major proportion of the (poly)phenol ingested came from 

hydroxycinnamic acids (61.6 %), followed by flavan-3-ols (20.2 %), hydroxybenzoic acids (5.6 

%) and lignans (5 %). Other (poly)phenols were consumed in much lower proportions and 

include alkylmethoxyphenols, alkylphenols, hydroxybenzaldehydes, hydroxybenzoketones, 

hydroxycoumarins, tyrosols, hydroxycinnamaldehydes and furanocoumarins. For some of 

these (poly)phenols ingested in lower proportions, we observed important variations across 

individuals for isoflavonoids (CV=245.9 %) and anthocyanins (CV=168.4 %). 

Table 25: Daily (poly)phenol intake analysed with FETA from EPIC-Norfolk FFQ in combination with the Phenol-
Explorer database. Values are presented as mean (standard deviation), coefficient of variation (CV) expressed in 
% and inter quartile range. 

  Overall 
(N=132) 

Anthocyanins (mg) 
Mean (SD) 3.6 (± 6.0) 
CV (%) 168.4 
Interquartile Range (25-75 %) 3.6 

Flavanols (mg) 
Mean (SD) 200 (± 210) 
CV (%) 105.8 
Interquartile Range (25-75 %) 330 

Flavanones (mg) 
Mean (SD) 26 (± 39) 
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  Overall 
(N=132) 

CV (%) 146.8 
Interquartile Range (25-75 %) 25 

Flavones (mg) 
Mean (SD) 1.6 (± 1.7) 
CV (%) 107.5 
Interquartile Range (25-75 %) 1 

Flavonols (mg) 
Mean (SD) 19 (± 14) 
CV (%) 72.3 
Interquartile Range (25-75 %) 14 

Hydroxybenzoic acids (mg) 
Mean (SD) 55 (± 54) 
CV (%) 98.7 
Interquartile Range (25-75 %) 66 

Hydroxycinnamic acids (mg) 
Mean (SD) 610 (± 640) 
CV (%) 104.9 
Interquartile Range (25-75 %) 770 

Isoflavonoids (mg) 
Mean (SD) 10 (± 25) 
CV (%) 245.9 
Interquartile Range (25-75 %) 12 

Lignans (mg)  

Mean (SD) 50 (± 35) 
CV (%) 70 
Interquartile Range (25-75 %) 48 

Other (poly)phenols (mg) 
Mean (SD) 1.9 (± 2.2) 
CV (%) 115.3 
Interquartile Range (25-75 %) 2.4 

Total (poly)phenols (mg) 
Mean (SD) 990 (± 720) 
CV (%) 72.3 
Interquartile Range (25-75 %) 1200 

SD: standard deviation; CV: coefficient of variation; Other (poly)phenols include alkylmethoxyphenols, 
alkylphenols, hydroxybenzaldehydes, hydroxybenzoketones, hydroxycoumarins, tyrosols, 
hydroxycinnamaldehydes, furanocoumarins. 
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A description of the proportion represented by different food groups and food items in the 

total (poly)phenol intake is presented in Figure 32. Based on the FFQ data, 54 % of the total 

(poly)phenol intake came from coffee, 25 % from tea, 7 % from fruit, 5 % from cereals and 5 

% from fresh fruit without berries included (Figure 32). 

 

Figure 32: Proportion of food and food groups in the total (poly)phenol intake assessed using FFQ. 
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The daily ellagitannin intake was assessed using the EPIC-Norfolk FFQ as an exploratory 

endpoint, as only lambertianin C, sanguiin H6 and ellagic acid were reported in the Phenol-

Explorer database (Table 26). 

Table 26: Daily ellagitannin analysed with FETA from EPIC-Norfolk FFQ in combination with the Phenol-Explorer 
database. Values are presented as mean (standard deviation), coefficient of variation (CV) expressed in % and 
inter quartile range. 

  Overall 
(N=132) 

Lambertianin C (mg) 
Mean (SD) 1.2 (± 2.0) 
CV (%) 177.5 
Interquartile Range (25-75 %) 1.1 

Sanguiin H6 (mg) 
Mean (SD) 2.83 (± 5.0) 
CV (%) 177.5 
Interquartile Range (25-75 %) 2.7 

Ellagic acid (mg) 
Mean (SD) 3.7 (± 5.0) 
CV (%) 135.8 
Interquartile Range (25-75 %) 4.1 

SD: standard deviation; CV: coefficient of variation 
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After assessing the habitual diet of the study volunteers using FFQ data, we investigated 

whether it could be associated with cardiovascular risk represented by the baseline values 

and the cardiovascular response to a (poly)phenol-rich breakfast by using the cardiovascular 

biomarker changes between visit 1 and visit 2. To do so, a correlation analysis was conducted 

using the food intake variables along with the biomarkers of cardiovascular health (baseline 

and changes). In order to highlight potential hidden structures amongst the variables, 

hierarchical clustering was performed using the Euclidian distance. 

 Associations between food intake and biomarkers of cardiovascular health 

The correlations between the food items, the baseline cardiovascular values, and changes are 

presented in Figure 33. The correlation analysis of the food items displayed four different 

clusters (Figure 33). Cluster 1 and 1* include food items clustering together. The second 

cluster is composed of the blood pressure biomarkers (SBP, DBP, CSBP and CSDBP changes). 

These are positively correlated indicating that the individuals who benefited from the 

intervention influenced all biomarkers of blood pressure at once. The third cluster showed a 

negative correlation between baseline blood pressure markers and blood pressure changes. 

This suggests that individuals at higher risk (high baseline values) are more likely to improve 

following the intervention. Finally, the fourth cluster is composed of the baseline vascular of 

blood pressure and arterial stiffness that are positively correlated suggesting that individuals 

with higher vascular risk in terms of blood pressure also have stiffer arteries. Additionally, we 

can observe that alcoholic beverage consumption is negatively correlated with baseline 
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values of AIx, CDBP, SBP and CSBP, indicating that higher consumption leads to higher vascular 

risk (Figure 33). 

 

Figure 33: Spearman correlation between food intake data and vascular variables (baseline and changes). Only 
significant correlations are shown (p<0.05). (C)SBP: (Central) Systolic Blood pressure; (C)DBP: (Central) Diastolic 
Blood Pressure; AIx: Augmentation Index; PWV: Pulse Wave Velocity; FMD: Flow-Mediated Dilation. 

 Associations between nutrient intake and biomarkers of cardiovascular health 

The correlation analysis performed with the nutrients displayed similar clusters as Figure 33, 

with baseline cardiovascular values clustering together and changes clustering together as 

well (Figure 34). Cluster 5 contains all nutrients grouped together and does not bring any 
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specific information. In cluster 6, intake of vitamin B12 and vitamin D from FFQ was positively 

correlated with baseline blood pressure values (Figure 34). 

 

Figure 34: Spearman correlation between nutrient intake data and vascular variables (baseline and changes). 
Only significant correlations are shown (p<0.05). (C)SBP: (Central) Systolic Blood pressure; (C)DBP: (Central) 
Diastolic Blood Pressure; AIx: Augmentation Index; PWV: Pulse Wave Velocity; FMD: Flow-Mediated Dilation; 
SFA: Saturated Fatty Acids; PUFA: Poly-Unsaturated Fatty Acids. 
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 Associations between (poly)phenol intake and biomarkers of cardiovascular health 

The correlation analysis performed with the (poly)phenol intake dataset agreed with the 

previously described clusters grouping baseline vascular values together and changes 

together (Figure 33). Additionally, we observed that lignan intake was positively correlated 

with flavanone and flavone intake (cluster 7), suggesting that volunteers consuming food 

containing lignan also consumed food products containing flavanone and flavone. In cluster 

8, total (poly)phenol, flavonols, flavan-3-ols, hydroxybenzoic acid, anthocyanin and lignans 

clustered together (Figure 35). 

The overall results of this analysis do not suggest that total (poly)phenol intake, or intake of 

individual (poly)phenols, can be associated with a different cardiovascular risk or 

cardiovascular response following consumption of a (poly)phenol-rich breakfast for three 

consecutive days. 
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Figure 35: Spearman correlation between (poly)phenol intake data and vascular variables (baseline and 
changes). Only significant correlations are shown (p<0.05). (C)SBP: (Central) Systolic Blood pressure; (C)DBP: 
(Central) Diastolic Blood Pressure; AIx: Augmentation Index; PWV: Pulse Wave Velocity; FMD: Flow-Mediated 
Dilation. 

 Influence of habitual diet on the vascular response to (poly)phenol consumption 

In this section we aimed to determine the influence of dietary intake on the cardiovascular 

response. Due to the fact that correlations only allow the evaluation of potential associations 

between variables, linear modelling was used to quantify the impact of the background diet 

in the vascular response to the intervention. 
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Table 27: Summary of the significant coefficients (p<0.05) found during the ANCOVA analysis exploring the cardiovascular outcome biomarker values at visit in function of  
food intake items, demographic variables (sex, BMI, IPAQ), along with the baseline value of the biomarker of interest. 

 Biomarker of cardiovascular health 

Intake items SBP DBP CSBP CDBP AIx PWV FMD 

Food group 
Sex 
IPAQ SCORE 
SBP baseline 

SBP baseline 
DBP baseline 

CSBP baseline 
IPAQ SCORE 

CDBP baseline Sex 
AIx baseline 

PWV baseline NA 

Nutrients 

Sex 
IPAQ SCORE 
SBP baseline 
Energy 
Magnesium 
Zinc 
Fat total 
PUFA 
 

Model 1 

SBP baseline 
DBP baseline 
Energy 
 

CSBP baseline 
IPAQ SCORE 

CDBP baseline 
Zinc 
 

Model 2 

AIx baseline PWV baseline Calcium 
Vitamin C 
 

Model 3 

(Poly)phenol 
classes 

Sex 
SBP baseline 

DBP baseline IPAQ score 
CSBP baseline 
Flavanone 
Hydroxybenzoic 
Acid 
 

Model 4 

CDBP baseline 
Hydroxybenzoic 
Acid 
 

Model 5 

NA PWV baseline 
Anthocyanin 
Flavone 
 

Model 6 

NA 

(C)SBP: (Central) Systolic Blood pressure; (C)DBP: (Central) Diastolic Blood Pressure; AIx: Augmentation Index; PWV: Pulse Wave Velocity; FMD: Flow-Mediated Dilation; SFA: 
Saturated Fatty Acids; PUFA: Poly-Unsaturated Fatty Acids; IPAQ: International Physical Activity Questionnaire. Model: For each cardiovascular biomarker of interest, when 
the significant coefficients included at least one food item, a simple linear model is subsequently computed (relevant models are shown here as Model X). 
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As presented in Chapter 1, (poly)phenol from food are metabolised into smaller metabolites 

to reach the different organs where they exert their biological activity. Differences in 

(poly)phenol metabolite bioavailability could therefore potentially affect the vascular 

response after consumption of a (poly)phenol-rich intervention. For this reason, in this 

section, we wanted to investigate associations between habitual diet and phenolic 

compounds bioavailability. To do so, we analysed the correlations between food groups 

containing (poly)phenols and (poly)phenol intake calculated from the FFQ data, and changes 

in plasma concentration of the 37 (poly)phenol metabolites quantified in Chapter 3. 

Significant correlations are shown in Figure 36 and correlations between plasma metabolites 

significantly changed during the intervention and intake data are presented in Figure 37. 

Coefficient values are presented in Appendix 9 and Appendix 10. 
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Figure 36: Significant Spearman correlations (p<0.05) between habitual diet and changes in plasma (poly)phenol metabolites. 
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Figure 37: Significant Spearman correlations (p<0.05) between habitual diet and changes in plasma 
(poly)phenol metabolites significantly changed between the two visits of the intervention. 

The analysis of correlations did not suggest that higher intake of (poly)phenol overall, or 

higher intake of (poly)phenol sources (non-alcoholic beverages including mainly tea and 

coffee, fruit, vegetable, and cereal products) leads systematically to higher production of 
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The final analysis we conducted aimed to evaluate whether habitual diet had an impact on 

the gut microbial composition. To do so, we ran a correlation analysis using the food, nutrient 

and (poly)phenol intake data computed from FFQ and the gut microbial levelsobtained from 

the 16S RNA sequencing of faecal samples. Spearman correlation coefficients between 

(poly)phenol intake gut microbial levels are presented in Figure 38, while the correlation with 

other food items and nutrients is presented in Figure 39. 
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Figure 38: Correlations between (poly)phenol intake calculated from FFQ and faecal microbial composition obtained by 16S RNA sequencing. 
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Figure 39: Correlations between food and nutrient intake calculated from FFQ and faecal microbial composition obtained by 16S RNA sequencing. 
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metabotypes as the individuals were not clustered according to their urolithin metabotypes 

(Figure 40).
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Figure 40: Principal component analysis plot of the urolithin Metaboypes UMA, UMB and UMO computed with the intake date of ellagic acid, lambertianin C and 
sanguiin H6. Axes 1 and 2 explain 100 % of the total variability. Urolithin metabotypes cannot be differentiated by their ellagitannin intake. 
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 Discussion and conclusions 

This chapter aimed to evaluate the impact of habitual diet, a modifiable risk factor of 

cardiovascular diseases on the cardiovascular risk at baseline and investigate its links with the 

variability in the cardiovascular response to a (poly)phenol-rich breakfast consumed for three 

consecutive days. We first evaluated the habitual diet data from EPIC-Norfolk FFQ questionnaires 

and looked for associations with cardiovascular biomarkers. As exploratory endpoints, we also 

investigated if habitual diet could influence the (poly)phenol bioavailability following the 

intervention and if it could also affect the urolithin metabotypes. 

In comparison to general UK population, the dietary profile of our study population is indicative 

of a healthier diet, firstly based on adherence to the UK dietary guidelines [19]. The daily intake 

of fruit and vegetables corresponded to 7.25 portions, more than the recommended 5 portions 

a day. The estimated energy intake of the participants was 1800 kcal, slightly below the UK 

recommended intake of 2000 kcal for women and 2500 kcal for men [209]. Additionally, the 

intake of minerals and vitamins was within the recommended range [210]. The carbohydrate 

intake was slightly below the recommendations, with free sugar consumption higher than 

recommended. Comparisons performed here should however be taken cautiously as daily 

recommendation methods from the UK dietary guideline differ from the methods used here. 

Fibre intake is for example estimated in this study from non-starch polysaccharide, while the 

reference value is based on the AOAC measurement of non-digestible carbohydrates [210]. 

Vitamin D intake from FFQ is also different from vitamin D status which is measure with 

circulating 25-hydroxyvitamin D [25(OH)D] concentration in plasma samples [211].Epic-Norfolk 
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FFQ used in conjunction with FETA are a validated for the assessment of the daily intake of food, 

macro and micronutrients, however it remains dependent on the information present in 

databases to provide accurate intake estimates. To tailor the accuracy of the calculated intakes 

to a specific population, the authors of FETA allowed the possibility to customize the underlying 

data files [146]. For food, macro and micronutrient intake, a tailored database was not used, as 

the decision was made to use the methods proposed in the original standard operating procedure 

to obtain results comparable with other studies [146]. However, this feature allowed us to use 

FETA to calculate and estimate the daily (poly)phenol intake of the volunteers. 

In terms of (poly)phenol intake, the total estimated intake was 990 mg per day, with the major 

proportions coming from hydroxycinnamic acids (61.6 %) and flavan-3-ols (20.2 %). The FFQ data 

revealed that tea and coffee were the major sources of (poly)phenols in the UK, accounting for a 

total of 79 % of the total (poly)phenol intake, while fruit and vegetable represented 12 % 

altogether. Anthocyanin intake was estimated as 3.6 mg per day, isoflavone intake as 10 mg per 

day, lignan intake as 50 mg per day and total phenolic acids as 662 mg per day. As a comparison, 

our intervention contained a total of 1314 mg of (poly)phenols, coming from the raspberry 

powder containing 155 mg of anthocyanins, 685 mg of phenolic acids, 152 mg of ellagitannins, 

the flaxseed powder containing 300 mg of lignans and the soy milk containing 22 mg of 

isoflavones. Our intervention was therefore higher in terms of (poly)phenol content compared 

to the daily intake of volunteers. The intakes observed were similar to those previously reported 

in a large-scale study conducted across Europe (EPIC-Norfolk study, 36 037 adult volunteers), 

which reported daily intakes ranging from 584 mg up to 1786 mg per day depending on the 

country (1521 mg per day in the UK health-conscious group) [212]. In this study, authors reported 
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different patterns in terms of (poly)phenol sources depending on the diet pattern. Phenolic acids 

were the main contributors to the total (poly)phenol intake in non-Mediterranean countries, and 

in women from Mediterranean countries (54 %), then followed by flavonoids. In the UK health-

conscious group and in the group of men from Mediterranean countries, flavonoids were the 

largest contributor to total (poly)phenol intake ranging from 49 to 62 %, followed by phenolic 

acids (34-44 %). Most of the flavonoids were ingested as flavan-3-ols and most of the phenolic 

acids came from hydroxycinnamic acids [212]. Our study did not specifically target health-

conscious volunteers or volunteers adhering to a specific diet however our results were similar, 

showing that most of the (poly)phenol intake came from hydroxycinnamic acid, followed by 

flavan-3-ols. 

Estimated intakes of (poly)phenols specially, should be considered carefully once again as the 

methodology used depends on the accuracy of the databases. A Polish study aiming to assess the 

daily (poly)phenol intake, compared the intakes obtained by using Phenol-Explorer and other 

USDA databases. Differences in the flavonoid intake assessment were as high as 20 %, partly due 

to differences in the methods used to quantify compounds (Folin-Ciocalteu vs HPLC without 

authentic standards vs HPLC with authentic standard) [213]. Another parameter to consider is 

related to the validity of FFQ to assess (poly)phenol intake. Indeed, in the questionnaire, certain 

foods are reported as one line, e.g., strawberries, raspberries and kiwi appear in one line and 

contain different types and amounts of (poly)phenols. For these reasons, the estimated daily 

ellagitannin intake may therefore be underestimated as important sources of ellagitannins, such 

as walnuts and pomegranate [119] do not appear as individual items in the FFQ. This raises the 

need of validated frequency questionnaires capable to assess more precisely the intake of food 
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sources rich in phenolic compounds, along with well-curated databases to obtain precise intake 

estimates. 

Other sources of inaccuracy which may affect all estimated intakes are related to the fact that 

information is collected in a self-reported manner. The fact that volunteers are self-reporting 

their diet tends to introduce a bias as they tend to under-report their real energy intake [214]. 

Additionally, the accuracy is dependent on the method used to collect intake data. There are 

differences between the use of FFQ, 7 days food diaries and biomarkers of cardiovascular health. 

A cross sectional study conducted in 12474 men and women computed a regression between 

biomarkers for vitamin C, sodium, potassium, fibre, carbohydrate, fat, and phytoestrogens with 

intakes derived from food diaries and food frequency questionnaires (FFQ). They observed 

associations between biomarkers and food diaries (p<0.001), while the FFQ-derived model was 

not as accurate. Thus, authors suggested to use biomarkers to improve the accuracy of the intake 

assessment [196]. Seven-day diaries offer also good precision but represent a greater burden for 

volunteers and may be subject to manual-coding errors [215]. Overall, self-reporting methods 

are prone to errors as participants may under or overestimate their food intake. However, FFQ 

allow to distinguish diet patterns and have been validated as a good method to assess food and 

nutrient intake in big cohorts [216]. 

The correlation analysis conducted in this chapter showed an inverse association between 

baseline cardiovascular marker values and cardiovascular changes, suggesting that volunteers at 

a higher risk of cardiovascular diseases characterized by higher baseline values are more likely to 

respond better to the intervention. We also observed that vitamin B12 and vitamin D positively 
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correlated with baseline values of the blood pressure biomarkers (SBP, DBP, CSBP, CDBP). This is 

surprising as a meta-analysis of randomized-controlled trials investigating the effects of lowering 

homocysteine levels via vitamin B12 supplementation on cerebrovascular disease risk, found no 

significant effects [217]. In another trial looking specifically at the dietary intake of vitamin B12 

and its effects on blood pressure in preschool Japanese children, found that high intakes of 

vitamin B12 are associated with lower levels of blood pressure among preschool children [218]. 

Regarding vitamin D, the current literature similarly suggests that low vitamin D levels could be 

associated with hypertension [219-223]. Again, our results should be compared with such work 

keeping in mind that the estimation of vitamin D intake does not represent the vitamin D status 

[211], and that, databases used in FETA, may not be up-to-date. Indeed, the current version of 

the software dates from 2013, and does not consider the changes in food fortification in recent 

years, for example [224]. It is also important to take into consideration that the version 6 of the 

EPIC-Norfolk FFQ does not ask volunteers for their intake of nutritional supplements. Volunteers 

were asked to stop taking any dietary supplement during the intervention study; it is however 

possible that some of them were taking supplements in their habitual diet, in which case, the 

nutrient intake estimate from the FFQ would be underestimated.  

From the regression analysis, we observed higher improvements in SBP, CSBP, CDBP and PWV 

for volunteers with higher baseline values, in agreement with the associations found in the 

correlation analysis. On the contrary, we observed lower improvements in SBP for volunteers 

with a higher PUFA intake along with lower improvements in PWV for volunteers eating more 

anthocyanin and flavones. Physical activity expressed as IPAQ score was not a determinant 

affecting the cardiovascular response. These results confirm the current literature supporting the 
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idea that consumption of PUFA has cardioprotective effects, possibly by reducing blood-

circulating fats [225, 226]. Though the anthocyanin was nearly null, the analysis still suggests that 

higher intakes of anthocyanins (mainly reported as raspberry, strawberry, and grape in FFQ) and 

flavones (mainly reported as beans, cabbage, potatoes, cauliflower, olive oil, orange, onion, 

broccoli, cucumber, rapeseed oil, Brussel sprouts and apricots in FFQ), lead to lower 

improvements in arterial stiffness. The main outtake from this analysis lies in the fact that 

volunteers with higher baseline values of blood pressure and arterial stiffness, are more likely to 

respond positively to a (poly)phenol intervention, which agrees with the findings from several 

meta-analysis [47, 48, 151, 227]. 

Correlations between plasma (poly)phenol changes and (poly)phenol sources and (poly)phenol 

intake, assessed from FFQ, did not suggest that consumption of food rich in (poly)phenol leads 

to a higher production of metabolites, as we did not consistently observe positive correlations 

between (poly)phenol metabolites and food intake data. The same trend was found when 

considering (poly)phenol intake data, including total (poly)phenol consumption. When looking 

specifically at the plasma metabolites that were significantly changed during the study, we 

observed that enterolactone-glucuronide had the most correlations. It correlated with food items 

(fruit, non-alcoholic beverages), nutrient (non-starch polysaccharide fibre) and several 

(poly)phenol intake items including lignans, which was not the case for enterolactone-sulfate. 

This suggests different associations for different metabolites of a same (poly)phenol group 

(lignan in this case). The influence of food intake including (poly)phenols and (poly)phenol 

bioavailability therefore remains unclear. A possible explanation for this absence of association 

is that, even though the analytical method used to quantify plasma (poly)phenol was 
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comprehensive and covered several groups, it is also possible that the quantified metabolites just 

did not include those that would have been associated if they had been quantified. 

Conducting human clinical trials with different diets and (poly)phenol sources in each 

intervention arm, especially in crossover would allow to obtain a better understanding of the 

influence of the consumption of certain (poly)phenol sources and nutrients on the (poly)phenol 

bioavailability in plasma. In these studies, it would be particularly important to use 

comprehensive analytical methods to obtain an accurate metabolite quantification with a wide 

coverage, in combination with comprehensive food and (poly)phenol database to ensure a 

precise estimation of food intake. 

The correlation analysis conducted using the background diet data along with the microbial 

composition data revealed that the faecal composition was influenced by (poly)phenol intake. 

Total (poly)phenol intake was significantly negatively correlated with Bacteroidota and 

Proteobacteria, while being positively correlated with Firmicutes and Verrucomicrobiota. Non-

alcoholic beverages (the highest source of (poly)phenols from the intake data) were also 

positively correlated with Firmicutes and negatively correlated with Proteobacteria. This result is 

particularly relevant to health. Indeed, the ratio Firmicutes/Bacteroidetes has been previously 

reported as a potential marker of vascular health [228]. Some studies suggest that this ratio 

increases inversely with BMI [229-232]. At genus level, we could observe that Akkermansia 

populations were only correlating with carbohydrate intake but not (poly)phenol intake. 

Similarly, Bifidobacteria populations were not correlating with (poly)phenol intake or 

(poly)phenol source while previous have work have reported prebiotic effects of (poly)phenol for 
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both of these bacteria genus [233-236] that are known for their health-promoting effects in 

human studies and animal models [237-240]. The fact that no correlation was found significant 

could be attributed to the fact that the estimated (poly)phenol data is underestimated as the 

EPIC-Norfolk questionnaire used in conjunction with the Phenol-Explorer database do not offer 

a great precision to estimate intake amounts. 

While the link between background diet and microbial composition could be established in this 

work, we were not able to do so with the urolithin metabotypes. Once again, the inaccuracy of 

the EPIC-FFQ to quantify the real (poly)phenol intake may be at least a partial reason for this 

finding. The current knowledge available remains limited as these metabotypes have been 

established and documented in the past 8 years with studies principally aiming to determine the 

cardiometabolic profile of the different metabotypes [125] or the demographic determinants 

driving the urolithin metabotype repartition [116], but not dietary profile and habitual diet of 

each urolithin metabotype subgroup. More studies investigating such associations are therefore 

needed. 

Through this analysis of the habitual diet data, we were not able to establish strong links between 

habitual diet and cardiovascular risk or cardiovascular response. On the contrary, we were able 

to see that baseline values are a major determinant in the response. Volunteers with healthier 

baseline values were more likely to have lower changes after the days of the intervention. 

Conducting longer clinical trials will allow to assess if this tendency remains the same 

independently of the study duration. Additionally, based on the FFQ data, we were not able to 

link (poly)phenol bioavailability with (poly)phenol consumption. A similar analysis should 



247 
 

however be reconducted with FFQ validated to assess the (poly)phenol content with a higher 

accuracy. 
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 General discussion and conclusion 
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 Summary of main findings and discussion 

The overall objective of this work was to investigate the individual factors affecting the variability 

in vascular response to a (poly)phenol-rich intervention consumed for three consecutive days in 

a cohort of healthy male and female aged 20 to 70 years, based in the UK. 

In Chapter 3 we investigated the overall effects of the intervention on biomarkers of 

cardiovascular health and subsequently conducted a subgroup analysis stratified by age, sex, BMI 

and baseline blood pressure. Significant improvements in FMD were observed following 

consumption of a (poly)phenol-rich breakfast containing ellagitannins, lignans and isoflavones 

for three days, but no differences were detected in blood pressure or arterial stiffness. Upon 

stratification, significant FMD improvements were still observed for each subgroup. 

Improvements in arterial stiffness (AIx) were observed only in the female subgroup and 

improvements in central blood pressure were observed only in pre-hypertensive volunteers 

(CSBP). Office blood pressure was significantly decreased in volunteers aged 40 to 70 years old 

(SBP), male (SBP, DBP), overweight or with obesity (SBP) and pre-hypertensive (SBP, DBP). A wide 

range of vascular responses was observed, however, it clearly appeared that pre-hypertensive 

volunteers responded better to the intervention (Figure 41). A total of 37 plasma (poly)phenol 

metabolites were quantified after consumption of the intervention, and a high inter-individual 

variability in concentrations was equally found. Nine metabolites exhibited significant changes in 

concentrations but none of them correlated with the changes in cardiovascular biomarkers. 



250 
 

In Chapter 4 we quantified the urolithin metabolites present in urine and plasma samples of 

volunteers after consumption of 152 mg of red raspberry ellagitannins for three consecutive 

days. A high variability in the production of urolithin metabolites was observed across the cohort. 

A significant negative correlation was found between total urolithin-B derived metabolites and 

DBP values at visit 2, suggesting that lower DBP values were found for volunteers with higher 

levels of urolithin B-derived metabolites, potentially indicating cardioprotective effects of 

urolithin B-derived metabolites. The urolithin metabotype distribution in our cohort was 

established as 60 % UMA, 38 % UMB and 2 % UMO. In terms of urolithin profiles, high variability 

in concentration and excretion of the individual metabolites was found. Statistical comparison of 

the means showed that total urolithin metabolites were significantly higher in UMB compared to 

UMA for both plasma and urine. When looking at individual metabolites, however, we observed 

that urolithin A-3-O-glucuronide plasma concentration was significantly higher in UMA compared 

to UMB. When looking at the conjugation profile of the urolithin metabolites, total non-

conjugated and total sulfated urolithin metabolite concentrations in plasma were significantly 

higher in UMB compared with UMA, while in urine total non-conjugated and total glucuronidated 

urolithin metabolite excretions were significantly higher in UMB compared with UMA. From a 

demographic characteristic perspective, UMA metabotype had a higher proportion of females 

compared with UMB. HDL-cholesterol levels were significantly higher in UMA metabotypes 

compared with UMB at baseline, with no other differences in blood lipid profile among 

metabotypes. In terms of vascular response, only UMA responded in blood pressure with 

significant decreases in SBP observed, while both urolithin metabotypes showed FMD 

improvements of similar magnitude. The sequencing data revealed that the microbiome 
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composition was driven by age and urolithin metabotypes, as differences in the microbiome 

characteristics of each urolithin metabotype subgroup were observed. In this sense, microbial 

diversity (alpha diversity) was higher in UMB compared to UMA, along with species richness. 

Differences in gut microbial composition were also found as Bacteroidetes levels were 

significantly higher in UMA compared with UMB, while Firmicutes and Actinobacteria levels were 

higher in the latter. 

From the subgroup analysis conducted in Chapter 3 and Chapter 4, it could be clearly observed 

that pre-hypertensive volunteers had the highest improvements in terms of office blood pressure 

(Figure 41, a higher resolution figure is provided in Appendix 11). 
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Figure 41: Waterfall plot of the changes observed between visit 1 and visit 2 in each subgroup for each cardiovascular 
biomarker. Values are plotted in ascending order and shown as mean ± standard error or the mean. The dotted line 
represents the mean change observed for the whole cohort (without stratification). 

In Chapter 5 we investigated the impact of habitual diet, a modifiable risk factor of cardiovascular 

diseases, on the cardiovascular risk and response. We were not able to establish associations 

between intake of specific foods, nutrients or (poly)phenol, and cardiovascular risk at baseline, 

or cardiovascular response. We consistently observed, however, that volunteers who were at 

higher risk of cardiovascular disease (based on baseline values) were more likely to respond 

better to the intervention. When we looked at the impact of consumption of (poly)phenol food 

sources or (poly)phenols in the habitual diet, on the (poly)phenol bioavailability following 
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consumption of our breakfast intervention for three consecutive days, we were also unable to 

establish any association. At the microbiome level, however, we observed that Firmicutes and 

Verrucomicrobiota were positively correlated to (poly)phenol intake, while Bacteroidota and 

Proteobacteria levels were negatively correlated with it. Finally, urolithin metabotypes did not 

appear associated with dietary background nor intake of ellagitannins. 

The results from this work suggest that (poly)phenol consumption, even consumed during a short 

period may allow for an improvement in cardiovascular health. In addition, an important inter-

individual variability was however found across the whole cohort. It appeared that the main 

contributor to this variability lies in the baseline health status of participants as at-risk 

participants in the pre-hypertensive range responded more positively to the intervention. Our 

initial hypothesis that the gut microbiome metabotypes were the main drivers of the response 

could therefore not be verified. However, differences in the response between metabotypes 

UMA and UMB were observed, with FMD improvements recorded in both metabotypes but 

improvements in SBP in UMA only. Finally, the dietary intake analysis conducted suggested that 

the cardiovascular response to (poly)phenol consumption was higher in volunteers with a lower 

consumption of (poly)phenol sources as part of their daily diet. 
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 General Discussion 

Consumption of a (poly)phenol-rich breakfast intervention for three consecutive days resulted in 

an improvement of the endothelial function of 0.41 % overall, in the whole cohort. This result is 

particularly relevant from a clinical standpoint as endothelial function is an important factor in 

cardiovascular health. In this sense, the evidence from meta-analysis suggests that, for each 

percent point increase of FMD, the incidence of cardiovascular event lowers by 8 to 13 % [241-

244]. Considering that changes were observed even after a short timeframe, introducing 

additional (poly)phenol sources to the normal diet may lead to a decrease in cardiovascular risk. 

While the overall improvement above mentioned is the average, for every measurement, a high 

inter-individual variability in the cardiovascular response was observed among volunteers, in 

agreement with what has been previously reported [245]. For this reason, a subgroup analysis 

was conducted, with the objective of establishing the main determinants of such variability. 

Despite the loss of statistical power resulting from stratifying the cohort, conducting a subgroup 

analysis helped identifiy the characteristics that might be responsible for the variability in the 

cardiovascular response following intake of a (poly)phenol-rich breakfast for three consecutive 

days. After conducting such stratification, the group showing the highest beneficial response was 

the pre-hypertensive group, who showed improvements in both blood pressure markers and 

FMD. This finding suggests that the consumption of raspberry, soy milk and flaxseeds by pre-

hypertensive groups might help them lower the cardiovascular risk. Moreover, we observed that 

other inter-individual factors had an impact on the vascular response such as sex, BMI and age, 

highlighting the importance of accounting for diversity when conducting clinical trials as 
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metabolites were observed even after following a 24 h low-(poly)phenol diet, in agreement with 

a previous trial conducted by our group [173]. This might be due to the fact that certain phenolic 

compounds, especially gut microbial metabolites, can stay in circulation and be detectable in 

plasma even after 72 h [253]. A total of 37 metabolites were quantified and used in the analysis, 

of which, nine had significant changes in concentrations after three days of intervention. 

However, none of the significantly changed metabolites correlated with the cardiovascular 

changes, thus not allowing to establish a direct relationship between the variability in 

(poly)phenol metabolite bioavailability and the variability in cardiovascular response. It is also 

important to note that the (poly)phenol metabolite quantified in this work were extractable 

(poly)phenols which are solubilized by aqueous organic solvents and those that could be 

extracted during the solid-phase extraction process. Other non-extractable (poly)phenols were 

not quantified, and their health effects therefore remain unclear as it has been previously 

reported that non-extractable (poly)phenols represent the major part of dietary (poly)phenols 

[254]. Development of high-yield (poly)phenol extraction methods is therefore required to better 

investigate the links between (poly)phenol consumption and health properties. In addition, 

further work will be needed to identify the target tissues and mechanisms involved for 

(poly)phenol metabolites to exert their cardioprotective effects. 

As this thesis focused on the gut microbial metabolism of ellagitannins, urolithins were analysed 

separately and an important variability in the production of urolithins was observed across the 

cohort. Urolithins were quantified in fasting plasma and 24 h-urine samples. We observed a 

significant negative correlation between DBP values and plasma concentrations of total urolithin 

B-derived metabolites at visit 2, potentially indicating cardioprotective properties for these 
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metabolites, as previously suggested in an animal model study [188]. Additionally, in a human 

RCT, authors reported that pomegranate ellagitannin improved plasma lipids in volunteers 

producing urolithin B-derived metabolites (UMB), but not in those who were not able to produce 

them (UMA) [125]. All this evidence tends to indicate that urolithin B metabolites have 

cardioprotective effects. We were not able to make any similar association with urolithin A-

derived metabolites while a short-term study conducted previously with red raspberry reported 

that significant changes in FMD 24 hours post-consumption were positively correlated with 

changes in urolithin A-3-O-glucuronide levels [120]. The evidence regarding the cardioprotective 

effect remains unclear and further studies are therefore needed to investigate the 

cardioprotective effects of urolithins, specifically using red raspberry ellagitannins as the only 

intervention product. 

Using the urolithin quantification data, we classified our volunteers into urolithin metabotype 

subgroups as this classification was previously reported to be consistently observed across 

different study populations [117, 119, 124]. The proportion of each metabotype we observed in 

a UK-based population was 60 % UMA, 38 % UMB and 2 % UMO, and it was different from 

previously reported, notably for UMO who were estimated as representing 10 to 14.3 % of the 

population [116, 119, 124, 125]. These differences observed are likely due to the differences in 

the sensitivity of the analytical methods used to quantify the urolithin metabolites. This raises 

the question of whether UMO exists or if their urolithin production levels is too low to be 

detected. Conducting larger scale studies using sensitive techniques would allow to understand 

this controversy and it might help identify more UMO and investigate further the characteristics 

of such subgroup. After characterising UMA and UMB volunteers, we observed a higher 
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available literature, as a pomegranate study conducted with 49 overweight volunteers, reported 

significant decreases in lipid profile and apolipoprotein-B occurring only in UMB volunteers [125]. 

In conclusion to the analysis of the urolithin metabotypes conducted in this project, it appears 

that more RCTs are needed to get a better understanding of the differences in the cardiovascular 

response between urolithin metabotypes. When conducting these randomized controlled trials, 

it is important to ensure that (poly)phenol metabolites are quantified using authentic standards 

with up-to-date devices. It will be particularly interesting to compare the findings of future 

studies regarding the proportion of UMO in the population as our results tend to indicate that 

this metabotype may have been identified only due to the lack of sensitivity of the analytical 

devices used. 

Finally, we wanted to investigate if the variability in the habitual diet of the volunteers, a 

modifiable risk factor of CVD, could affect the cardiovascular risk at baseline and the 

cardiovascular response to our intervention. Overall, the intakes observed in our cohort were 

within the recommended ranges, or very close, for both food (including fruit and vegetable 

consumption), and nutrient consumption [19, 209, 210]. The estimated (poly)phenol intakes 

were also similar to those reported in the EPIC-Norfolk study, which used the same FFQ [212]. 

Most of the (poly)phenol came from tea and coffee, representing a total of 79 % of the total 

(poly)phenol intake. The main findings from the analysis of this chapter showed that worse 

baseline vascular values (higher blood pressure, higher arterial stiffness, lower FMD) would lead 

to a better response to the intervention. This finding agreed with our previous result showing 

that pre-hypertensive responded better after the three days intervention. Additionally, we 

observed that volunteers with higher PUFA intake benefited less from the intervention. PUFA 
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While an overall beneficial effect has been reported following our (poly)phenol-rich intervention, 

mechanisms remain unclear. The most recent literature advances possible reasons to explain the 

difficulty to attribute direct beneficial health properties to phenolic metabolites. It is for example 

possible that cardioprotective effects are due to a synergistic interaction between (poly)phenol 

metabolites and other metabolites (e.g., vitamins, amino acids). Other important factors that 

were not taken into consideration in this study include genetic polymorphisms, especially in 

relationship with the ADME of (poly)phenols [252]. Although we were not able to investigate all 

these factors that may affect variability in the vascular response to a (poly)phenol-rich 

intervention, our approach and methodology still offers a comprehensive evaluation of several 

determinants which influence was previously reported [248, 258, 259]. 

As we observed important inter-individual responses across the cohort and important differences 

in bioavailability, along with links between (poly)phenol intake, metabotype and gut microbial 

composition, this work highlights the importance of having a comprehensive approach when 

looking at the effects of nutritional interventions on health. This approach combining a variety of 

data sources and accounting for the variability existing between every subject, namely precision 

nutrition [260, 261], does not give all mechanisms involved in the cardioprotective effects of 

(poly)phenol consumption. However, by predicting metabolic responses, it allows to provide 

applicable recommendations to improve metabolic health as it has been demonstrated in the 

context of glycaemic control (time-in-range, HbA1c) in diabetic and prediabetic subjects using 

machine-learning algorithms modelled with dietary questionnaires, faecal sample 16S RNA 

sequencing, baseline continuous blood glucose measurement and demographic variables [262-

265]. Now that the evidence regarding the cardioprotective effects of (poly)phenols starts to 
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 Limitations 

The StratiPol study was designed specifically to investigate the (poly)phenol metabotypes 

following consumption of ellagitannins, lignans and isoflavones. This explains why the study was 

conducted in a one-arm, open label design, with several (poly)phenol sources as intervention 

products. The design allowed to recruit an important number of volunteers to estimate more 

accurately the proportion of each (poly)phenol metabotype in a UK-based population. Vascular 

biomarkers were measured as a secondary endpoint. To assess more precisely the 

cardioprotective effects of our breakfast intervention, conducting a double-blind randomized 

control trial with at least one placebo and one treatment arm would be more appropriate. 

Additionally, interventions should be conducted with (poly)phenol extracts to assess more 

accurately the cardioprotective effects of (poly)phenol compounds, especially in study designs 

with a strict control of the diet and physical activity. 

As we observed (poly)phenol metabolites present even at baseline, it would have been more 

accurate to ask volunteers to follow a low-(poly)phenol diet for more than 24 h and ask them to 

fill dietary recalls. Additionally, by asking them to collect a 24 h-urine samples prior to the visit 1, 

we would have been able to assess the (poly)phenol excretion changes in urine between the two 

visits. Adding all these supplementary constraints however implies a high burden for the 

volunteers and would have made recruitment more difficult. 

From our analysis of the habitual diet, we also observed that the current method used to assess 

the daily (poly)phenol intake of volunteers was not perfectly adequate. One part is due to the 
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completeness and accuracy of databases, the other part is due to the design of the EPIC-Norfolk 

FFQ. In the current version, several fruit and vegetables appear on the same line which does not 

allow to estimate accurately the portion intake for each item. Moreover, several (poly)phenol 

sources do not appear in the questionnaire, such as walnuts, a well-known source of 

ellagitannins. 

Finally, we found limitations in the analysis of the gut microbiome. To reduce the number of 

visits, we asked volunteers to collect a faecal sample only on one occasion. Research has shown 

that the faecal composition can be altered within five days by shifting from an omnivore diet to 

a plant-based only diet [266]. By collecting two faecal samples, it would been possible to identify 

the enterotype changes occurring by introducing our (poly)phenol-rich breakfast in the diet of 

our volunteers. Additionally, the analysis was conducted using a 16S RNA sequencing, which did 

not allow to detect bacterial taxa in low abundance as efficiently as a shotgun sequencing. For 

this reason, we were not able to identify and quantify the bacteria species previously reported 

to be involved in the metabolism of ellagitannins to produce urolithins [123, 187]. It was however 

sufficient to perform an analysis at phylum and genus level in order to assess their potential links 

with cardiovascular health [267]. 
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 Conclusions 

The overall objective of this thesis was to investigate the factors affecting the variability in 

vascular response to a (poly)phenol intervention, with a focus on the role of the gut microbial 

metabolism of ellagitannins and associated gut microbiome composition in the vascular response 

and cardiometabolic risk of a UK-based population. Our initial hypothesis was that the capacity 

of the gut microbiome to metabolize urolithins would be the most important factor affecting 

cardiometabolic risk and vascular response to ellagitannin consumption. Our results suggest that 

the main determinant affecting the variability in response is the cardiovascular risk at baseline 

characterized by baseline blood pressure. 

In agreement with the literature, we observed a high variability in the vascular response to our 

(poly)phenol-rich intervention consumed for three consecutive days by a healthy UK-based 

population. After stratifying our population, significant improvements were found in each age, 

sex, BMI and baseline blood pressure subgroup. Two factors however appeared as more relevant: 

baseline blood pressure and sex. Indeed, pre-hypertensive volunteers were those showing the 

most improvements in office and central blood pressure, as well as FMD. Improvements in 

arterial stiffness were found only in female volunteers with significant improvements in AIx. 

When stratifying the population according to the urolithin metabotypes, significant 

improvements in cardiovascular biomarkers were still observed and differences in response were 

also observed in each subgroup as UMA significantly improved in both SBP and FMD, while UMB 

improved only in FMD. At the same time, a significant negative correlation was found between 
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DBP values at visit 2 and total urolithin B-derived metabolites. From these results, though we can 

report differences in the vascular response due to the gut microbial metabolism of red raspberry 

ellagitannins, no conclusion can be taken regarding the direction and amplitude of the effects. 

The results from this study show promising potential in introducing (poly)phenol sources as part 

of the diet, even in healthy populations, especially to pre-hypertensive subjects, as it may help 

prevent and delay cardiovascular events by improving both blood pressure and endothelial 

function. 
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 Ongoing and future work 

This work highlights that several individual factors may affect the cardiovascular response to a 

(poly)phenol-rich intervention. Pre-hypertensive seemed to be an important group to target in 

future interventions as they showed a good response to our intervention. Similarly, females were 

the only subgroup to respond to the intervention in arterial stiffness. Future randomized-

controlled trials should be conducted in these subgroups to confirm our findings. 

It is also important that future studies report their results in such way that factors of inter-

individual variability can be assessed. To do so, several authors have suggested the use of a 

quality index and the use of reporting guidelines [268]. They recommended the systematic use 

of several statistical parameters and indicators including sample size/power calculation, data 

distribution, p-value, effect size, general characteristics and measures of central tendencies and 

dispersion parameters, for both the general analysis and subgroup analysis. Additional 

parameters include minimum, maximum, interquartile range, and coefficient of variation [268]. 

The importance of quality presentation was also highlighted, especially the use of scatter plots, 

boxplots, or heatmaps linking data with the primary outcome [268]. Finally, individual data 

reporting for each timepoint was also recommended [268]. 

Differences in the characteristics of the different urolithin metabotype subgroups could be 

observed. However, links between them and cardiovascular health are still unclear. Additionally, 

due to the very low number of UMO, it is still unclear whether this subgroup truly exists or 

whether it only includes volunteers with urolithin production below the limit of detection of the 
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policies emphasizing  the consumption of high (poly)phenol sources, more studies are needed 

with a special attention to clinical study designs using different doses, duration of intervention 

and including diverse populations with different demographic characteristics. 
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7. Appendix 

Appendix 1: Baseline characteristics of the study population including missing values (N=156). Values are presented 
as mean (standard deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

 Overall 
(N=156) 

Age (years)  

Mean (SD) 40 (± 15) 

CV (%) 38.4 

Interquartile Range (25-75 %) 28 

Missing values 0 

Sex  

Male 37 (24 %) 

Female 119 (76 %) 

BMI (kg/m2)  

Mean (SD) 24 (± 3.6) 

CV (%) 14.9 

Interquartile Range (25-75 %) 4.8 

Missing values 0 

SBP (mmHg)  

Mean (SD) 110 (± 12) 

CV (%) 11.2 

Interquartile Range (25-75 %) 17 

Missing values 0 

DBP (mmHg)  

Mean (SD) 74 (± 7.7) 

CV (%) 10.4 

Interquartile Range (25-75 %) 11 

Missing values 0 
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 Overall 
(N=156) 

CSBP (mmHg)  

Mean (SD) 100 (± 14) 

CV (%) 13.5 

Interquartile Range (25-75 %) 19 

Missing values 9 

CDBP (mmHg)  

Mean (SD) 74 (± 7.9) 

CV (%) 10.6 

Interquartile Range (25-75 %) 11 

Missing values 9 

AIx (%)  

Mean (SD) 9.9 (± 17) 

CV (%) 171.6 

Interquartile Range (25-75 %) 22 

Missing values 10 

PWV (m/s)  

Mean (SD) 6.5 (± 2.2) 

CV (%) 33.9 

Interquartile Range (25-75 %) 2.2 

Missing values 52 

FMD (%)  

Mean (SD) 6.8 (± 2.3) 

CV (%) 33.8 

Interquartile Range (25-75 %) 3.2 

Missing values 2 

Fasting plasma glucose (mmol/L)  

Mean (SD) 4.8 (± 0.48) 

CV (%) 10.2 

Interquartile Range (25-75 %) 0.60 
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 Overall 
(N=156) 

Missing values 6 

Total cholesterol (mmol/L)  

Mean (SD) 4.9 (± 1.1) 

CV (%) 23.3 

Interquartile Range (25-75 %) 1.4 

Missing values 6 

Triglyceride (mmol/L)  

Mean (SD) 0.91 (± 0.46) 

CV (%) 51.3 

Interquartile Range (25-75 %) 0.49 

Missing values 6.0 

HDL-cholesterol (mmol/L)  

Mean (SD) 1.9 (± 0.57) 

CV (%) 30.3 

Interquartile Range (25-75 %) 0.73 

Missing values 6 

LDL-cholesterol (mmol/L)  

Mean (SD) 3.2 (± 1.1) 

CV (%) 34.4 

Interquartile Range (25-75 %) 1.3 

Missing values 6 

Insulin (mU/L)  

Mean (SD) 5.7 (± 4.5) 

CV (%) 79.4 

Interquartile Range (25-75 %) 3.0 

Missing values 6 

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 2: Baseline characteristics for the different age subgroups including missing values (20-39 years old, N=83; 
40 to 70 years old, N=73). Values are presented as mean (standard deviation), coefficient of variation (CV) expressed 
in % and inter quartile range. 

 20-39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

Age (years)    

Mean (SD) 27 (± 5.0) 55 (± 8.8) <0.001 

CV (%) 18.4 15.9  

Interquartile Range (25-75 %) 6.5 15  

Missing values 0 0  

Sex    

Male 18 (22 %) 19 (26 %) 0.655 

Female 65 (78 %) 54 (74 %)  

BMI (kg/m2)    

Mean (SD) 23 (± 3.1) 25 (± 4.0) 0.077 

CV (%) 13.3 16.1  

Interquartile Range (25-75 %) 4.3 5.9  

Missing values 0 0  

SBP (mmHg)    

Mean (SD) 110 (± 11) 120 (± 13) <0.001 

CV (%) 9.8 10.9  

Interquartile Range (25-75 %) 15 18  

Missing values 0 0  

DBP (mmHg)    

Mean (SD) 71 (± 7.0) 77 (± 7.6) <0.001 

CV (%) 9.7 9.9  

Interquartile Range (25-75 %) 9.3 10  
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 20-39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

Missing values 0 0  

CSBP (mmHg)    

Mean (SD) 95 (± 9.4) 110 (± 13) <0.001 

CV (%) 9.9 11.7  

Interquartile Range (25-75 %) 12 19  

Missing values 7 2  

CDBP (mmHg)    

Mean (SD) 72 (± 7.6) 77 (± 7.4) <0.001 

CV (%) 10.5 9.7  

Interquartile Range (25-75 %) 10 9.5  

Missing values 7   

AIx (%)    

Mean (SD) 1.4 (± 14) 19 (± 15) <0.001 

CV (%) 968.2 80.0  

Interquartile Range (25-75 %) 18 17  

Missing values 7 3  

PWV (m/s)    

Mean (SD) 5.5 (± 1.9) 7.4 (± 2.1) <0.001 

CV (%) 34.2 28.2  

Interquartile Range (25-75 %) 1.2 2.5  

Missing values 34 18  

FMD (%)    

Mean (SD) 7.0 (± 2.4) 6.4 (± 2.1) 0.191 

CV (%) 34.7 32.1  

Interquartile Range (25-75 %) 3.3 3.0  
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 20-39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

Missing values 0 2  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.6 (± 0.41) 4.9 (± 0.51) <0.001 

CV (%) 8.9 10.4  

Interquartile Range (25-75 %) 0.40 0.50  

Missing values 2 4  

Total cholesterol (mmol/L)    

Mean (SD) 4.6 (± 1.1) 5.3 (± 1.1) <0.001 

CV (%) 24.1 20.6  

Interquartile Range (25-75 %) 1.4 1.3  

Missing values 2 4  

Triglyceride (mmol/L)    

Mean (SD) 0.83 (± 0.42) 0.99 (± 0.51) 0.027 

CV (%) 49.8 51.2  

Interquartile Range (25-75 %) 0.45 0.56  

Missing values 2 4  

HDL-cholesterol (mmol/L)    

Mean (SD) 1.8 (± 0.53) 2.0 (± 0.61) 0.150 

CV (%) 29.2 31.1  

Interquartile Range (25-75 %) 0.57 0.69  

Missing values 2 4  

LDL-cholesterol (mmol/L)    

Mean (SD) 2.9 (± 0.90) 3.6 (± 1.2) <0.001 

CV (%) 30.6 34.4  

Interquartile Range (25-75 %) 1.2 1.5  
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 20-39 years old 
(N=83) 

40 to 70 years old 
(N=73) p-value 

Missing values 2 4  

Insulin (mU/L)    

Mean (SD) 6.2 (± 5.0) 5.1 (± 3.9) 0.042 

CV (%) 80.3 76.1  

Interquartile Range (25-75 %) 3.8 2.6  

Missing values 2 4  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 3: Baseline characteristics of the different sex subgroups including missing values (male, N=37; female, 
N=119). Values are presented as mean (standard deviation), coefficient of variation (CV) expressed in % and inter 
quartile range. 

 Male 
(N=37) 

Female 
(N=119) p-value 

Age (years)    

Mean (SD) 42 (± 14) 40 (± 16) 0.214 

CV (%) 33.5 40.0  

Interquartile Range (25-75 %) 25 28  

Missing values 0 0  

BMI (kg/m2)    

Mean (SD) 25 (± 2.7) 24 (± 3.8) 0.008 

CV (%) 10.7 15.9  

Interquartile Range (25-75 %) 3.7 5.0  

Missing values 0 0  

SBP (mmHg)    

Mean (SD) 120 (± 10) 110 (± 13) 0.001 

CV (%) 8.6 11.6  

Interquartile Range (25-75 %) 14 17  

Missing values 0 0  

DBP (mmHg)    

Mean (SD) 75 (± 7.5) 74 (± 7.8) 0.310 

CV (%) 10.0 10.6  

Interquartile Range (25-75 %) 10 11  

Missing values 0 0  

CSBP (mmHg)    

Mean (SD) 110 (± 12) 100 (± 14) 0.078 
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 Male 
(N=37) 

Female 
(N=119) p-value 

CV (%) 11.5 14.0  

Interquartile Range (25-75 %) 15 20  

Missing values 4 5  

CDBP (mmHg)    

Mean (SD) 76 (± 7.7) 74 (± 8.0) 0.200 

CV (%) 10.3 10.8  

Interquartile Range (25-75 %) 10 11  

Missing values 4 5  

AIx (%)    

Mean (SD) -0.52 (± 18) 13 (± 16) <0.001 

CV (%) 3516.3 119.5  

Interquartile Range (25-75 %) 19 22  

Missing values 4 6  

PWV (m/s)    

Mean (SD) 7.1 (± 3.1) 6.4 (± 2.0) 0.210 

CV (%) 43.1 30.7  

Interquartile Range (25-75 %) 2.5 2.1  

Missing values 18 34  

FMD (%)    

Mean (SD) 5.9 (± 2.3) 7.0 (± 2.2) 0.004 

CV (%) 39.3 31.6  

Interquartile Range (25-75 %) 2.4 3.1  

Missing values 0 2  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.9 (± 0.43) 4.7 (± 0.49) 0.021 
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 Male 
(N=37) 

Female 
(N=119) p-value 

CV (%) 8.8 10.5  

Interquartile Range (25-75 %) 0.66 0.60  

Missing values 1 5  

Total cholesterol (mmol/L)    

Mean (SD) 4.7 (± 0.97) 5.0 (± 1.2) 0.113 

CV (%) 20.6 23.9  

Interquartile Range (25-75 %) 1.3 1.4  

Missing values 1 5  

Triglyceride (mmol/L)    

Mean (SD) 1.0 (± 0.62) 0.87 (± 0.40) 0.394 

CV (%) 60.5 46.0  

Interquartile Range (25-75 %) 0.56 0.45  

Missing values 1 5  

HDL-cholesterol (mmol/L)    

Mean (SD) 1.5 (± 0.51) 2.0 (± 0.55) <0.001 

CV (%) 32.8 27.7  

Interquartile Range (25-75 %) 0.46 0.73  

Missing values 1 5  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.2 (± 1.1) 3.3 (± 1.1) 0.802 

CV (%) 33.8 34.7  

Interquartile Range (25-75 %) 1.4 1.3  

Missing values 1 5  

Insulin (mU/L)    

Mean (SD) 6.2 (± 5.0) 5.5 (± 4.4) 0.499 
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 Male 
(N=37) 

Female 
(N=119) p-value 

CV (%) 79.5 79.4  

Interquartile Range (25-75 %) 2.9 3.2  

Missing values 1 5  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 4: Baseline characteristics of the different BMI subgroups including missing values (healthy weight, N=99; 
overweight or with obesity, N=57). Values are presented as mean (standard deviation), coefficient of variation (CV) 
expressed in % and inter quartile range. 

 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Age (years)    

Mean (SD) 38 (± 16) 44 (± 15) 0.008 

CV (%) 40.7 33.7  

Interquartile Range (25-75 %) 26 29  

Missing values 0 0  

Sex    

Male 19 (19 %) 18 (32 %) 0.120 

Female 80 (81 %) 39 (68 %)  

BMI (kg/m2)    

Mean (SD) 22 (± 1.9) 28 (± 2.4) <0.001 

CV (%) 8.5 8.6  

Interquartile Range (25-75 %) 3.1 3.4  

Missing values 0 0  

SBP (mmHg)    

Mean (SD) 110 (± 11) 120 (± 12) <0.001 

CV (%) 10.6 10.5  

Interquartile Range (25-75 %) 16 17  

Missing values 0 0  

DBP (mmHg)    

Mean (SD) 72 (± 7.0) 77 (± 8.1) <0.001 

CV (%) 9.7 10.5  

Interquartile Range (25-75 %) 10 11  



283 
 

 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Missing values 0 0  

CSBP (mmHg)    

Mean (SD) 100 (± 13) 110 (± 13) <0.001 

CV (%) 13.3 12.5  

Interquartile Range (25-75 %) 20 22  

Missing values 4 5  

CDBP (mmHg)    

Mean (SD) 73 (± 7.3) 78 (± 8.1) <0.001 

CV (%) 10.0 10.5  

Interquartile Range (25-75 %) 11 11  

Missing values 4 5  

AIx (%)    

Mean (SD) 8.4 (± 17) 13 (± 17) 0.091 

CV (%) 202.9 132.7  

Interquartile Range (25-75 %) 21 23  

Missing values 5 5  

PWV (m/s)    

Mean (SD) 6.3 (± 2.3) 7.1 (± 1.8) 0.015 

CV (%) 36.3 25.3  

Interquartile Range (25-75 %) 2.2 2.3  

Missing values 20 32  

FMD (%)    

Mean (SD) 6.6 (± 2.4) 7.1 (± 2.1) 0.145 

CV (%) 36.3 29.6  

Interquartile Range (25-75 %) 3.5 2.1  
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 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Missing values 2 0  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.6 (± 0.39) 5.0 (± 0.56) <0.001 

CV (%) 8.4 11.2  

Interquartile Range (25-75 %) 0.50 0.70  

Missing values 4 2  

Total cholesterol (mmol/L)    

Mean (SD) 4.8 (± 1.1) 5.2 (± 1.1) 0.057 

CV (%) 23.6 22.1  

Interquartile Range (25-75 %) 1.3 1.2  

Missing values 4 2  

Triglyceride (mmol/L)    

Mean (SD) 0.82 (± 0.39) 1.0 (± 0.54) 0.006 

CV (%) 47.7 51.9  

Interquartile Range (25-75 %) 0.46 0.55  

Missing values 4 2  

HDL-cholesterol (mmol/L)    

Mean (SD) 2.0 (± 0.60) 1.6 (± 0.42) <0.001 

CV (%) 30.0 25.7  

Interquartile Range (25-75 %) 0.76 0.67  

Missing values 4 2  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.1 (± 0.99) 3.6 (± 1.2) 0.028 

CV (%) 32.5 34.8  

Interquartile Range (25-75 %) 1.3 1.4  
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 Healthy weight 
(N=99) 

Overweight or 
with obesity 

(N=57) 
p-value 

Missing values 4 2  

Insulin (mU/L)    

Mean (SD) 4.7 (± 3.6) 7.4 (± 5.5) <0.001 

CV (%) 75.6 73.9  

Interquartile Range (25-75 %) 2.4 6.0  

Missing values 4 2  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 5: Baseline characteristics of the different baseline blood pressure subgroups including missing values 
(normotensive, N=104; pre-hypertensive, N=52). Values are presented as mean (standard deviation), coefficient of 
variation (CV) expressed in % and inter quartile range. 

 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Age (years)    

Mean (SD) 35 (± 13) 50 (± 15) <0.001 

CV (%) 37.5 30.2  

Interquartile Range (25-75 %) 22 25  

Missing values 0 0  

Sex    

Male 20 (19 %) 17 (33 %) 0.096 

Female 84 (81 %) 35 (67 %)  

BMI (kg/m2)    

Mean (SD) 23 (± 3.1) 26 (± 3.6) <0.001 

CV (%) 13.5 13.8  

Interquartile Range (25-75 %) 4.4 4.8  

Missing values 0 0  

SBP (mmHg)    

Mean (SD) 110 (± 8.6) 120 (± 9.0) <0.001 

CV (%) 8.1 7.2  

Interquartile Range (25-75 %) 14 10  

Missing values 0 0  

DBP (mmHg)    

Mean (SD) 70 (± 5.5) 81 (± 5.9) <0.001 

CV (%) 7.8 7.2  

Interquartile Range (25-75 %) 9.0 8.0  
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 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Missing values 0 0  

CSBP (mmHg)    

Mean (SD) 96 (± 9.2) 120 (± 11) <0.001 

CV (%) 9.6 9.1  

Interquartile Range (25-75 %) 15 15  

Missing values 5 4  

CDBP (mmHg)    

Mean (SD) 71 (± 5.7) 82 (± 5.6) <0.001 

CV (%) 8.0 6.8  

Interquartile Range (25-75 %) 8.5 6.5  

Missing values 5 4  

AIx (%)    

Mean (SD) 6.8 (± 17) 16 (± 16) <0.001 

CV (%) 245.2 96.9  

Interquartile Range (25-75 %) 21 21  

Missing values 5 5  

PWV (m/s)    

Mean (SD) 6.1 (± 2.0) 7.5 (± 2.4) <0.001 

CV (%) 32.7 32.2  

Interquartile Range (25-75 %) 1.9 2.4  

Missing values 29 23  

FMD (%)    

Mean (SD) 7.0 (± 2.4) 6.2 (± 2.0) 0.047 

CV (%) 33.7 32.8  

Interquartile Range (25-75 %) 3.5 2.8  
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 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Missing values 1 1  

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.7 (± 0.43) 4.9 (± 0.56) 0.039 

CV (%) 9.1 11.5  

Interquartile Range (25-75 %) 0.60 0.62  

Missing values 5 1  

Total cholesterol (mmol/L)    

Mean (SD) 4.7 (± 1.1) 5.3 (± 1.2) 0.016 

CV (%) 23.0 22.5  

Interquartile Range (25-75 %) 1.3 1.6  

Missing values 5 1  

Triglyceride (mmol/L)    

Mean (SD) 0.85 (± 0.43) 1.0 (± 0.52) 0.047 

CV (%) 49.9 51.6  

Interquartile Range (25-75 %) 0.44 0.53  

Missing values 5 1  

HDL-cholesterol (mmol/L)    

Mean (SD) 1.9 (± 0.59) 1.8 (± 0.52) 0.182 

CV (%) 30.6 29.2  

Interquartile Range (25-75 %) 0.71 0.83  

Missing values 5 1  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.0 (± 1.0) 3.7 (± 1.2) <0.001 

CV (%) 33.3 32.3  

Interquartile Range (25-75 %) 1.2 1.5  
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 Normotensive 
(N=104) 

Pre-
hypertensive 

(N=52) 
p-value 

Missing values 5 1  

Insulin (mU/L)    

Mean (SD) 5.1 (± 4.3) 6.9 (± 4.7) 0.008 

CV (%) 85.1 68.3  

Interquartile Range (25-75 %) 2.6 5.5  

Missing values 5 1  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 7: Significant Spearman correlations (p<0.05) between cardiovascular changes and plasma concentrations of (poly)phenol metabolites including 
coefficient of correlation.
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Appendix 8: Baseline characteristics of the UMA and UMB subgroups including missing values. Values are presented 
as mean (standard deviation), coefficient of variation (CV) expressed in % and inter quartile range. 

 UMA 
(N=90) 

UMB 
(N=57) p-value 

Age (years)    

Mean (SD) 40 (± 16) 41 (± 14) 0.331 

CV (%) 40.5 34.4  

Interquartile Range (25-75 %) 30 22  

Missing values 0 0  

Sex    

Male 14 (16 %) 21 (37 %) 0.006 

Female 76 (84 %) 36 (63 %)  

BMI (kg/m2)    

Mean (SD) 24 (± 3.6) 24 (± 3.6) 0.605 

CV (%) 15.2 14.7  

Interquartile Range (25-75 %) 4.3 5.5  

Missing values 0 0  

SBP (mmHg)    

Mean (SD) 110 (± 13) 110 (± 12) 0.782 

CV (%) 11.8 10.3  

Interquartile Range (25-75 %) 19 14  

Missing values 0 0  

DBP (mmHg)    

Mean (SD) 74 (± 7.5) 74 (± 8.0) 0.770 

CV (%) 10.1 10.9  

Interquartile Range (25-75 %) 10 12  

Missing values 0 0  
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 UMA 
(N=90) 

UMB 
(N=57) p-value 

CSBP (mmHg)    

Mean (SD) 100 (± 15) 100 (± 12) 0.887 

CV (%) 15.0 11.5  

Interquartile Range (25-75 %) 23 15  

Missing values 5 3  

CDBP (mmHg)    

Mean (SD) 75 (± 8.0) 74 (± 7.8) 0.933 

CV (%) 10.8 10.6  

Interquartile Range (25-75 %) 11 11  

Missing values 5 3  

AIx (%)    

Mean (SD) 11 (± 18) 7.4 (± 17) 0.173 

CV (%) 161.8 226.3  

Interquartile Range (25-75 %) 24 23  

Missing values 6 3  

PWV (m/s)    

Mean (SD) 6.6 (± 2.5) 6.4 (± 1.8) 0.812 

CV (%) 37.6 28.7  

Interquartile Range (25-75 %) 2.7 1.9  

Missing values 30 21  

FMD (%)    

Mean (SD) 6.7 (± 2.3) 6.6 (± 2.2) 0.883 

CV (%) 34.3 32.7  

Interquartile Range (25-75 %) 3.3 3.0  

Missing values 0 2  
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 UMA 
(N=90) 

UMB 
(N=57) p-value 

Fasting plasma glucose (mmol/L)    

Mean (SD) 4.8 (± 0.50) 4.8 (± 0.45) 0.776 

CV (%) 10.6 9.5  

Interquartile Range (25-75 %) 0.60 0.70  

Missing values 3 1  

Total cholesterol (mmol/L)    

Mean (SD) 4.9 (± 1.3) 5.0 (± 0.99) 0.810 

CV (%) 25.9 19.9  

Interquartile Range (25-75 %) 1.3 1.4  

Missing values 3 1  

Triglyceride (mmol/L)    

Mean (SD) 0.93 (± 0.45) 0.88 (± 0.50) 0.338 

CV (%) 48.9 56.2  

Interquartile Range (25-75 %) 0.51 0.46  

Missing values 3 1  

HDL-cholesterol (mmol/L)    

Mean (SD) 2.0 (± 0.62) 1.7 (± 0.45) 0.028 

CV (%) 31.7 25.9  

Interquartile Range (25-75 %) 0.69 0.72  

Missing values 3 1  

LDL-cholesterol (mmol/L)    

Mean (SD) 3.2 (± 1.1) 3.4 (± 1.1) 0.276 

CV (%) 35.8 33.2  

Interquartile Range (25-75 %) 1.3 1.3  

Missing values 3 1  
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 UMA 
(N=90) 

UMB 
(N=57) p-value 

Insulin (mU/L)    

Mean (SD) 5.7 (± 4.8) 5.8 (± 4.4) 0.672 

CV (%) 84.0 75.7  

Interquartile Range (25-75 %) 2.9 3.9  

Missing values 3 1  

SD: standard deviation; CV: coefficient of variation; (C)SBP: (central) systolic blood pressure; (C)DBP: (central) 
diastolic blood pressure; PWV: pulse wave velocity; AIx: augmentation index; FMD: flow-mediated dilation; HDL-
cholesterol: high-density lipoprotein cholesterol; LDL-cholesterol: low-density lipoprotein cholesterol. 
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Appendix 9: Significant Spearman correlations (p<0.05) between habitual diet and changes in plasma (poly)phenol metabolites with correlation coefficient values.
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Appendix 10: Significant Spearman correlations (p<0.05) between habitual diet and changes in plasma (poly)phenol 
metabolites significantly changed between the two visits of the intervention with correlation coefficient values. 
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Appendix 11: Waterfall plot of the changes observed between visit 1 and visit 2 in each subgroup for each cardiovascular biomarker. Values are plotted in 
ascending order and shown as mean ± standard error or the mean. The dotted line represents the mean change observed for the whole cohort (without 
stratification). 
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